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ChaMets, tuttels, dnd rctateti Jeat"res oJ oqueous otiqia on Mdts üe oJ pro-
louü inpoftance in conparattue planetoloS!. Manian oufiow channeß Jamed
by laryeacale fuid ou$o|| ftuh subsurlace sources. Elede4ß oJ catacbsnic
foodiks, debis aktl ice fowase, os nodifed t4 rottdnßh oad vihd .ction,
seetu best to explain obsened norpholögies. Maftian nlle! ketworks shov
thzir grcatest siniLatit! to tefresttial netwotks formed br sappins os woter etua-
tuted lron seeps .nd sprinss. Exoseretic sources of re.haße (P4.ipitation)
or endogenetic cJ.linE ( hrdtothzttul stst.fts ) vould be rcquired to achieve the
ißlica@.] efienstue talley derelopwnt during the heary bonbardneat ptu'se oJ
Ma/tian hßtory. Recent stutlies oJ valle! network derelopnent associdte.l eith
nlcaün sugqest thot ehdoqenetic cy.ling is likeb an.I that it hq not be
necessary to inwkc exte.sire epo.hs oJ eam, eet atnospheric corditions to
eVlainüt er her,otkJomation on Mdrs.
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I. INTRODUCTION

Mars is the only planet besides Earth known to manifest the dynamic
workings of a hldrological clcle. The channels and !"llels of Mar; dre a
bold testament to the pasi operation of that cycle and its Fofound implica-
tions for environmental change on thar ptanet. Howevet m understand envi_
ronmental change on Maft, one must have an exact ünderstandinq of the
genesis of channels and vallels. The ;mponance ol lhis probtem Fa;es back
to James Hutton, the acknowledged founaler of geology, who ascribed the
origin of valleys on Earah to the protonged denudational action of riveß (Hu!
ton 1788,1795).

To ascertain the origin of Martian charmels and valleys, genesis is first
inferred from detailed study of lüdforms imaged by remore sensing devices
on spaceclaft. Hypotheses are geneüted by the reasoning process of abduc_
tion (Engelhardr and Zimmerman 1988), whereby local details of momhol_
ogy are used Lo infer probable mechanical processes. geologic conrrols. and
ultimately the exogeneaic and endogenetic environments of formation. This
is a nontrivial exercise involving a rype of reasoning (Cilbert 1886) that lies
at the heart of geology. Application of the methodology in planehry studies
is discussed by Mutch (1979) and Baker (1984,1985).

Alrhough mosr geneBlly recogniz€d ftorD imagery of the l9?2 Mariner
9 mission (Masursky 1973; Mccauley et al. 1972; Milron 19?3), the nuvial
forms on Mars were also infeüed from studies of Mariner 6 and 7 imases
showing sigh of cmler dissection by valleys (Schültz and hgerson tail.
Because of the incompatibility of the implied liquid water wirh the modem
Martian environment, it was quickly hypothesized that the forms must be
relica irom an ancient warm, dense armospherc (Sagan et al. 1973a,.Sharp
and Malin 1975; Mutch et at. 1976c). Indeed, rhe valtey networks in partic,
ular have become a princrpal element ofevidence rhat rhe Marian atmorphere
evolved from an early volatite-rich state to its present condition (Walker l9?g:
Pollack 1979; Cess et al. 1980; Squlres 1984; Kahn 1985; Carr 198?;pollack
et al. 1987; see chapter 32). Because of the importance of this inference, the
present review will examine rhe evidence in some detail.

II. OUTFLOW CHANNELS

Martian outflow channels are la.rge-scale complexes of fluid_eroded
troughs. The flows which formed ahese channels app€ar to have emanated
ftom discrere collapse zones known as chaolic rerrai; rFig. t).Thechannels
arc immense by teresrrial standards, as much as 100 kln wide and 2000 km
in length. Gradienrs of channel fl oors lange from neady zero to 2.5 m km- 1.
Many reaches of outflow channels appear ro include closed deEessions. Mor_
phological attributes of rhe channets are extensively discussed by Ba}er
(1982), whose conclusions are briefly ßviewed and updared here.
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Fig. 1� Chaolic te.rain at Hydaspis Chaos (H) The ldge oudoe channel exlending nofthwüd

fron rhe chaos zon€ is Iiü Vallis (1). (Irt inag€s m a poftion oi JPL Viking Olbner Mosaic

2ll-5556,)

Macroscale Features

The major elements of outflow-channel pattems are the la4e-scale flow
features (Table I). A regional anastomosing paltem is noted for many of the
outflow channels including Arcs, Simud, Tiu (Baker and Milton 1974), Kasei
and Maja Valles (Baker and Kochel 1979). Other examples of anastomosing
or braiding of outflow channels are described by Carr (1974d,1979), Mars
Channel Working Group (1983), Komar (1980), SharP and Malin (1975) and
Hartnann (1974).

The issuance of channels from discrete source regions is a feature com-
mon to almost all outflow channels. These discrete source regions can take
the form of fractures or elongate depressions (Schultz et aI 1979; Wise 1984;
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TABLE I
Mscm- and M6o€{al€ F€lturer of Ourfow-Channel Morphotogy and their

Consistency (x) or hconslstency (-) wirh Hr"othejtftd cenettc M€chanisns.
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Christiansen 1985: Can 19744,1979) or they can b€ areas ofjumbled blocks

on the floors of large vaguely circular dePressions termed chaotic ternin
(Sham l9?3d). Chaotic terrain consists of slump and collapse blocks in steep-

walled arcuate depressions at channel heads lt is generally assumed that re-

moval of fluid from below the surface causes loss of support, and the material

collapses under its own weight, leaving iregular blocks of varying sizes on

the deFession ffoor.
fesidual uplands separating channels and panially to fuly strean ined

uoland remnants are common in oütflow channels (Fig 2) These residual

upma" t"t" two forms: one roughly similar to a single lemniscate loop,

dua y wider towad the upst eam end and tap€ring downstream narrowing

to a ooint ßaker and Kochel l9?8ü). The other common form is ftombic or

di;ond shaDed. Other macroscale featües that hav€ been desüibed include

exoansions ä;d constrictions to 8ow I Baler and M ilton I q74i B aker and Ko-

ctret tglta. tglSr Baler lq82), upper elevarional limils on eroded terrain'

fis.2. sftdmlined uplMds \A at t lhe mouh oi AEr vallis in chrvs amtua \ok lhe opffed

;om!üem lailrC) dd $ee6'ion ol ele.ra blanle'' fom mtF at up'hm röouihm\e0d'

o! tle uplmds. A! urcoded cnler can be @npaFd at (D). The eosive nuid noved 'orib in

nassi;qudrities, $owirg be<lr@k as showo bv the temce_like bench6 on the upled fla'*s

rE'. A;mrnenr 'r.entsshaped s.ou hole o.ers al lhr up:bem endo! rhe small islandat

(D. rh; ,cair "urcundi0g üe lemncdF upland 'At is aboü 60Gm hieh dd thd sümud'

ing isldd Gt is about 4OO_n hi8i, (JPL Viking Orbircr Mdaic 211 4985 )
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tansected divides, hanging vrlleys, low sinuosities, and high widtb (o'depth
ratios (Baker and Milton 1974; Baker 1982; Baker and Kochel 1979; Mars
Channel Working Group 1983).

M€soscale Features

A variety of bedforms are located on the floors of the outflon channels
(Table I). Inner channels with either residurl or recessional headcuts, scorf
marks around presumed flow obstacles, and longitudinal grooves (Baker and
Milton 1974: Baker 1979,1982; Baker and Kochel 1978a,1979; Can 1979.
1986: Carr and Clow l98l; Komar 1983,1984; Lucchitta 1982d; Lucchitta et
al. 1981; Mars Channel Working Groüp 1983; Cutts and Blasius 1981;
Thornpson 1979) which parallel .he presumed flow direction are particularly
common on the floors of the larger outflow channels (Baler 1978d,1982;
Baker and Kochel 1978d,1979). These grooves converge in areas of channel
constriction, and diverge around flow obstacles and in areas of channel ex-
pansion (Fig. 3).

Srnall streamlined featwes or pendant fbrms (Baker 1982) are present in
many channels. FIom their rnorphology, it is impossible to determine if they
are residuals similar to the larger strean ined hills, or if drey are some type
of depositional bar (Baker 1982). Other bedforms, such as expansion-bar
complexes and fan deltas (Baker 1982; Baler and Kochel 1978a,19'79) a&
probably depositional in nalure. The expansion bärs appear to have been gen-
erat€d in areas where the flow diverged and the velocity decreas€d.

On .he floor of some charnels, üregular bright patches occur that are
similar to the scabland topography described by Br€tz et al. (1956). Scabland
results from erosional plucking wherein pieces of surface rnaterial are
stripped away due to high-velocity turbulent fluid flow (Baker 1982).

Altermtive HJTothes€s for Chamel Genesis

The moryhology and scale of the outflow channels clearly indicates gen-
esis by fluid flows of irnmense magnitude. Several fluids have be€n sug-
gested, including liquid hydrocarbons (Yung and Pinto 1978), lavas (Carr
l974dj Schonfeld 1976), glaciers or ice streans (Lucchitta 1982a; Lucchi$a
et al. 1981; Lucchitta and Ferguson 1983), winds (Cutts and Blasius 1981),
debris flows or mud flows (Nummedal 1978; Nunmedal and Pior 1981;
Thompson 1979), or cataclysmic water floods (Baler and Milton 1974;Bater
1978a,b,19 79 ,1982t CaIr 1979; Mars Channel Working Group 1983 i Komar
1979.1980). Each of these mechanisms can Droduce some of the observed
rnoryhological features associated wi.h üe channels Gee Baker 1982, Tabl€
I), but the hyporhesis which most parsimoniously accoun s for the entire suite
of features is calaclysnic flooding.

Lava erosion was originally prcposed as a me.chanisrn of outflow channel
genesis because of channel occurrences in volcanically produced terrains and
apparent neff contempofaneity of channelization and lava enptacemenr in
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Fig. 3. A portion of Maja Vallis i. Chrys Planüa. nuid flow followed the bpognphic Cradient
sloping to the est (neh on the pho!o). Fluid ponded uPstr4d (rest) of the n@lik€ ndge
(A) dd spilled thrcugh Saps (B) as it overnowed low Poinß in the ridge tt then spill€d mund
the ciatei (c), $ouing chanieh dd grcoves (D) ifto the ej@ta hldket (vikine oöitd rme
20467.)

some regions. Typical terrestrial lava flows do not produce observed channel
bedforms, but low-viscosity flows (Carr 1974d; Schonfeld 1976) could move
turbulendy and erode into underlying and surrounding material by heating it
and entraining it in the flow In theory, low-viscosity lava flows might mimic
fluvially produced featues. The most obvious advantages of this model in-
clude the abundance of volcanic features on Mars, the stability of la!€ in the
current Martian environment, and local channel occuüences in volcanic ter-
nins and even on the flanks of volcanic constructs. Disadvantages of this
nodel include: (1) dre lack of large lava deposits at channel terminations; (2)
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the fact that lava channels usually have distributaries at their distal reaches
which are tacking in outflow channels; and (3) regional anastomosis of the
channels is not seen in terrestrial la\ä channels, since flowing tava, once
channelized, tends not to move laterally,

Another proposat is that winds carrying saltating grains may have pro-
duced the outflow channels (Cutts and Blasius 1981). Advantages of this
a€olian hypo6esis include documerted aeolian activity in the cunent envi-
ronment and the lack of sediment sourcehirk Foblerns (Nummedal et al.
1983; Baker 1982; Cutts and Blasius l98l; Murty et al. 1984). The source
for saltating grains could presumably have been übiquitous, although at the
two Viking Lander sites there was a marked absence of grains in the proper
range for saltation (Nummedal et al. 1983). The sinlß for the wind-blown
sediments coüld be the geat polar ergs, or the material could have been
widely dispeßed by üe tansporting winds. Streamlined hills could be anal-
ogoirs to terrestrial yardangs, and longitudinal grooving similar to that within
the channels is observed on Ea h in desert regions like the Sahara. Howevet
lhere are many problerns with this model. Winds on Earth do not cüt chan-
nels, and it is difrcult to envision how Martian winds could be localized
enough to cut a channel and yet leave the surrounding terrain unmodified
(Nummedal etal. 1983;Mürty et al. 1984). Also, winds donot have to follow
topographic gradients, yet the outnow channels all indicate flow dire€tions
down topogmphic gradient. (Baker l9'78a,b,1982; Lucchitta and Ferguson
1983). Finally, fealures like trim lines and indicated fluid spillage into cmters
document that the eroding agent had a free upper surface (Baker and Kochel
1978d,1979), which is difrcult to reconcile with an aeolian origin (Murty et
al. 1984; Baker 1982; Nummedal et al. 1983). Although wind is highly un-
likely as an originator of outflow channels, secondary modifications to al-
ready existing channel features by aeolian processes are much more aenable
flucchit a 1982dr Baker 1982).

A fluid which does have a fte€ upper boundary and rnay be locally stable
under curent Ma ian conditions is ice. Lucchitta and Anderson (1980) PIo-
posed that the outflow channels were produced via glacier or ice-stream erc-
sion, and subsequent papers extend this model (Lucchitta 1982di Lucchitta
and Ferguson 1983; Lucchitla et al. l98l). These authors demonstrated that
glaciers rnay be stable and move on the suface of Ma$, but flow under
cürent conditions might be extremely slow Additional efiects, like the ad-
dition of brine (Lucchitta et al. 1981), frictional heating due to travel down a
steep topo$aphic gradient (Lucchitta 1982a) or subglacial water lubrication
(Lucchitta 1982u; Lucchitta et al- 1981) are required for the increased-
glacial-mobility hypothesis. A change in the Manian climate could also
change üe velocity at which glaciers could tmvel down the channels. The
ad\antages of the glaciavice-steam model ,re the surface stability of ice for
present Madan conditions, the similar scales of terrestdal glacial features
and Martian channel features. and similarities of channel bedforms and gla-
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cial featules. The latter include similarities among streamlined hills and

&umlins or Antarctic subglacial forms, longibdinal grooving similar to that

seen in arcas of Canada, anasaomosing pattems, scouring, and U_shaped
channel cross sections (Lucchitta 1982?; Lucchitta et al. 1981). The difrcul-
ties with an Earthlike glacial model include the slow movement of hvpothe-
sized glaciers on Mars given cunent conditions, a lack of cirques at the heads

of the channels, the lack of glacial deposits at channel ends, and the difrculty

of getting precipitation to produ€e the glacier on the surface. Lucchitta et al.
(1981) and Lucchitta (1982d) suggested that lhe glaciers could have been
gown from subsurface water feeding up onto the surface, and lhat this might
also produ€e the chaotic termin at the channel heads. Allhough not stricdy
glaciers by dennition, such seepage-fed ice masses might, in theory' move
downgradient and be intimately associated with impounded and released
water flows (floods).

Numrn€dal (1978) and Nummedal and Prior (1981) proposed that mud
flows or debds flows could have cut the Martian outflow chännels' suggesting
that the high-fluid content in Martran sudace rocks may lead to induced liq_
uefaction (loss of cohesion) via shock or strain-induced pore-Fessure in-
crease followed by Iapid floq as observed terestrially in Scandinavian quick

clays. The chaotic terrain is seen as the equivalent to quick-clay collapse
depressions (Nummedal l9?8: Nummedal and Prior l98l). Grooving is ob-
served in areas where quick clays flow (Thompson 1979). An interesnng
related model was proposed (Komar 1979,1980) suggesting an analogy be-
tween outflow channels and features observed in submarine lurbidity currents
and debris flows due to the similar etrects of Mars' lesser surface gmvity and

buoyancy in terestdal submarine settings. Erosion by tuftidity currents on
Ea h produces features of similar scale to outflow chännels as well as many
simild bedforms. Debds flows begin their movement as Iaminar flows. but
indease in turbulence as they tavel do*ichannel and lose tnnsPorted male-
rial, Foducing fearures consistent with regional anastomosis and paitial to
fully streamlined residuals downchannel from the sources ln debris flows and
mud flows, longitudinal roller Yorticas can b€come stable and could Produce
longitualinal grooves consistent with those obse ed in €hannels The prob-

lems with this mechanism are the small size of soürce rcgions compared to
the amount of mud or debris requir€d to have eroded hundreds to thousands
of kilometers, and the apparent lask of vast debris deposits (Baker 1982).
Moreovet the high turbulence suggested by scabland-stripped zones' scouF
ing around flow obstacles, and rccessional inner channel headcuts are dificult
to reconcile with flows satumted or supersaturated by debris and mud (Baker

1979.1982).

The Cataclysmic Flood Model

Baker and Mitton (1974) pointed out the many similarities between the
Madan outflow channels and the Channeled Scabland in Washington State
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formed by breakout flooding irom Fehistoric Lake Missoüla. By analogy
they proposed that the outflow channels were the products of catastophic
floods of immense proportions. Numercus other workers haye since analyzed
and expanded upon this hypothesis. Analytic studies have been mäde of ero-
sion and hyd.aulics for channelized flows, chaotic terrain, longitudinal
gooving, scouring and strean ining of rcsidual terrain. Highly turbulent cat
astrophic flows arc extemely efective erosion agents (Bal@r 1982). The en-
tire suite of outflow-channel landforms is also obseNed in the Channeled
Scablad, and the scale ofthe features, although not equal, is ce ainly closer
than that of usual tenes$ial fluvial features. Catastrophic floods are charac-
terized by high-velocity, high-density, low-viscosity water flows with large
discharges (Baker 1973,1982; Baker and Kornar 1987). Usually, catastrophic
floods produce channels that are not very sinuous, with high width-to-depth
ratios. Features that are produced by catastrophic floods include anastomosis,
streamlined rellmants, longitudinal grooving, inner channels with recessional
headcuts, scouring arcund flow obstacles, scabland-plucked erosional scaß,
and many other features similar to those obsened in the Manian outflow
channels. Komar (1983,1984) argues that some streamlining within the out-
flow channels could only be produced by water flow.

The advantage of the catastrophic flood model is that aI of the Madian
channel fonns are also seen in analogous tenestrial catasEophic flood regions
(Baker and Milton 1974; Baker 1982; Komar 1979). The major difficulties
associated with this model include:

1� The genenl instability of water on Mars' sudace under current climatic
condilions;

2. The lack of obvious fluvial depositional areas at channel termini;
3. The source areas seem to be too small to account for the amount of water

required to fill and erode the outflow channels.

In relation to dificulty (3), Baker (1982) proposed that the chaotic termin
zones probably represent only the final stages of progressive channel growth
by headward growth as rnore and more te.rain collapses. Each subsequent
collapse releases new water which erodes the downchannel chaotic terain
froin an eärlier phase of the flood, so that evidence for the early sources of
the channel water are oblitemted by subsequent outflows down the sarne chan-
nel. Associated ice and debris must have also contributed to the genesis of
the evolving channel system. Low-sinuosity channels headed by chaotic-
collapse termin have been modeled by ManlGr and Johnson (1982) who con-
structed scaled-down physical models of Martian near-surface rnaterials in-
tused with ground ice. When tilted and heated from below, the models yielded
collapse-headed channels of low sinuosity similar to observed chaotic terrain.

Carr (1979) proposed a nechanism for outflow in which confined ground
water is released when an aquifer is breached by sorne rupturing or fmcturing
event. Masursky et al. (1986r) proposed that the water stored as ground ice
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in Martian regolith might be nelted bv localized heating due to intusive

masrna empla;ement and ma) escape calaslrophically creäling lhe channels

B.i-uu,e ,eLu,e pro..sre. occuned in lhe Manian 'ubsurfäce lhese and olher

mechanisms (Clirk 1978; Milton 1974u; Peale et al. 1975) are very dificult

to confirm with present information.
The Droblem of maintaining surface-water flows on Mars under Fesent

condition; do€s not se€m particularly serious for short-dura'ion floods Even

Drolonsed flows could be marntained as ice-covered dvers (Lingenfelter et al'

1968;Wanace and Sägan 1979) or seePage flows (CaIr 1983) Freezing-point

deoressants could be present (Ingersoll 1970; Brass 1980) Mol€ovel the low

at;spheric pressure would actuallv facilitate the etrective flood erosional

Droc;s of;vitation (Baker 1979,1982; Bater and Cotta 1987) Cavitation

occu." I'hen dynamic-pressure väriations in a flow Foduce vapor bubbles

whose subsequent collapse shatters channel-bed materials which are then re

moved by thi flow (Baker 19?9) Scabland etching is probably produced by

cavitatio; and the plücking action of kolks and is conrrolled by inherent bed'

rock structure (Baler 1979)
Kornar (1979) examin€d Martian outflow'channel hy'kaulics by com

oarison to similar scaleal terestrial features, concluding that outflow channels

;d the Channeled Scablands were hydraulically similar to terrestrial turbid-

ity currents in terms of scale, velocity, discharge, stress and sediment trans-

oärt capacilv. Blocks over one meter in diameter may be canied in susPension

in th"r" nä.lv., demonstrating their enormous erosion potentials Larye

amounts of sediment can be transpo ed as wash load in the Martian floods

(Komar 1980) allowing very rapid erosion The paucity of depositional fea-

tures near outflow-channel mouths and the great extent of channels compared

to soürce-region sizes may both be as a rcsult of extensive washload trans-

oort (Komar 1980).
Longitudinal grooving se€n in Martian outflow channels was analyzed

bv Thon;son (1979) and Baker (19?9) who conclude that it was most likely

D;duced bv lonrirudinrl rotlel vorlicei which are generäted in high-relocit)

h"*r fgri;r toist or nows trith vedically stralrfied vilco'ilies rThompson

1979). Scouring around flow obstacles was studiod bv Konar (1985) in flune

exoerinents. Siour mark* produced around lemnr\cate{hdp€d flo$ obslacle'

in'rtre flume comoare taro;ablv lo \cour mark' ob<erved in oulnou channels

on Mars. Kornar (1985) inalicates that flow stengtbs easily exceed those re

ouired to enbain channel s€diments
Calacllsmic flooding al'o seems consistenr qith the quanliralrve deraik

of observed streamlined forms. Flow obstacles are modified into forms which

are the least resistant to the now by a Fogressive process of erosion and

deDosition inlo lenniscale (airfoil' 'hape. Minimization oflolaldrag around

an obstacle ir ächieted by a compromi'e between drag due Io an obcracle s

form anal the friction over its surface (Baker 1979) Komar (1983' 1984) ex-

amined streamlining of Yarious features such as glacial drumlins, aeolian yar_
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dangs and fluvial tear drop islands. In geneml, drun ins are more elliptical
than riverine lemniscates, whereas yardangs may have much greater lengrh-
to-width ratios (although these mnge widely) compared to rhose Foduc€d
fluvially. Cornparisons belween Channeled Scabland and leümiscate foms in
Martian outflow channels show good agreement, suggesting that streamlined
residuals within Maitian outflow channels were produced by a high-velocity,
very turbulent water flow

Because of the difrculries in explaining all the complexities of outflow
channels with a single, Earth-based analogy model, it may be that the unique
Ma-rtian en!ironment modjfied flow processe.. Condiljons of enhanced wa.h-
load sediment tansport (Komar 1980) plus ice formarion, wirh ice flowase
{Lucchina l9821lr. mdy have acte.d in complex combinarion. These evenrs
could even have produced interlayered ice-rich debris flows in troughs sub-
sequently invaded by lava and modified by wind deflation.

Fat€ of Flood Water and Sediment

The large channels around Chryse and nortbwest of Etysium deboüch
onto the low-lying northem plains, and all traces of the channels are lost
between latitudes 45'N ro 65'N. The plains in rhese areas display a l"riety of
distinctive features that have been attributed to the presence of grounat ice
(Caü and Schaber 1977; Rossbacher and Judson 1981; Lucchitra l98l). The
most pervasive and striking characterisrics are a widespread polygonal pattem
of ftactures and a mottled appeaftnca caused by bdght qater ejecra super-
imposed on a dark surface. Mccill (1985) and Lucchitta et. al.(1986) suggest
that the distinctive features of these aieas are caused by the presence of se-
dimentary deposits from the large floods. Parker et al. (1989) describe the
regional extent of northem plains features that night reflect the accumulated
ponding of outflow sediment and water discharges.

It seems clear thar the floodwaters that cut ahe outflow channels must
have pooled in low arcas at the ends of the channels. If. when the floods
occurred, climatic conditions were the same as at presenr, (hen the pooled
water would hdve immedialely frozen over to lorm an ice-covered Iak;. Sed-
iment would have settled out and freezing would have continued until an ice
deposit was left over frozen sediments. The amount of water that would have
sublimed into the atmosphere during the flood änd while the r,erninal lake
was freezing was probably tdvial compared to ihe size of the flood (Carr
1983). Recent modeling (Carr 1990) indicates that the ultimate fate of the
water from these highlatitude ice deposits would depend targety on wherher
the deposit became covered with debris. ff the ice were €ontinuallv sweDt
free or debris lhen the ice $ouid \lowty subl;me into rhe arrnosphere, and rhe
water would be trapped at the poles. On the orher hand, if the ice becane
covered with a few meters of material, rhen ar .hes€ high latitudes the ice
would be permanently stable ard the ice deposit would remain for the life of
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the planet (Farmer and Doms 1979; Z€nt et al 1986) The recurrence of dust
storms, the lilelihood of a sediment-lag accumulation on the ice, and photo-
geologic evidence of the accumulation of debris at high latitudes (Soderblom

et al. l9?4), all suggest that the ice deposits would have quickly become
covercd with debns and stabilized. A similar reasoning applies to the deposits
at the ends of the large channels in Hellas ln contrast, the terminal ice de-
posits from those channels, such as Mangala Vallis, that end at low latitudes
woulal have been permanently unstable. The ice {iom these dePosits would

have continued to sublime into the atmosphere until all the water had been

III. MARTIAN VALLEYS

Martian valeys are distinguished ftom channels by the absence of b€d-

forms which are direct indicators of fluid flow (Mars Channel Working Group

1983). Although the valleys may contain channels, only in mre instances can

rhe lauer be detected with the resolution of the existing imagery Most (Per-

haps 989o) of the valleys are located in the old cmtered-teüain regions
Younger valleys are located on the south wall of Ius Chasma and on the flanks
of some Martian volcanoes. Valleys arc concenträt€d in the 65"5 to 65"N
latitude belt, and deffease in nunber toward the high latitudes Because most

of the \älley networks are located only in the oldest tenains, the \"lley net-

works themselves are thought.o be otd (Pieri 1976; Carr and CIow 1981),

with formation ceasing just alter the end of heavy bombadment, approxi-
mately 3.8 to 3.9 Gyr. Altemative explanations for the alrnost exclusive for-

mation of valleys in the older terains alre that these regions were mor€ easily
eroded by valleys and that water was Preferentially located in the ancient
terains (CarI 1984). A notable group of young Martian valleys is located on

Alba Patem (Gulick and Baker 1989, l99O) These \alleys formed well after

the period of heavy bombardment and thus have important paleoclimatic im'
plications for Mars. Many origins which are similar to those proposed for the
outflow channels have also been considered for the formation of the Martian
valleys, including wind, water, lava and volcanic density curents As in the

case of the outflow channels, erosion by running water is considered to be

the primary mechanism responsible for the formation of valley networks
(Märs Channel working Group 1983).

Gercral Morphology

The Ma ian valleys have widths ßnging from < I km to nearlv 10 km

and lengths ranging fron < 5 km to neady 1000 kn (Mars Channel Working

Croup 1983). Unlike the channels, valleys exhibit a wide varietv of drainage
pattems ßnging fmm well-integrated to mono-filament networks Cross \al-
ley profrles range fron V-shaped to U-shaPed to valleys with steep, nearlv
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vertical walls and broad, flat flooß. Although there is a wide vadety of valley
twes, most individual valleys have some characteristics in common. Upper
reaches ftequen ly appear degraded and have higher drainage densities üan
the lower rcaches (Baker and Partridse 1986). In general, drainage densities
for the Martian valley networks are much lower than those for terrestrial
networks (Pieri 1980a). Notable exceptions are the fluvial valleys located on
the Martian volcanoes Ceraunius Tholus. Hecates Tholus and Alba Patera.
These valleys are morphologically similar and have similar dminage densities
to those formed on tbe Hawaiian volcanoes (Gulick and Baker 1986). An-
other characteristic common to most of the valley netwo*s is that tributaries
comrnonly have blunt, theater-headed terminations. Netwo*s have numerous
s.ubby first-order tributaries. Dninage pattems often are stuctually con-
trolled (Schultz et al. 1982; Gulick 1986), with \alleys commonly following
fractures and other linear features. Interfluves remain largely undissected,
reflecting the inemciency of lrlley networks al filling space within their own
drainage basin (Pieri l980a,bi Bal(er 1982). Unlike most tenestrial riler val-
leys, tributaries often appear to be as deep as the main trunk. Most Martian
valleys have steep sidewalls with a relatively constant downvalley width.
Tributaries join main trunk valleys at low mean jungtion angles when com-
pared to terrestrial &ainages (Pieri 1980l').

Madan valleys have b€en classified in many ditrerent ways: by plani-
rnetric pattem (Pieri 1980a), by size and general location (Baker 1982) and
by cornbined planimetdc pattems/cross valley profiles (Brakenridge et al.
1985). For the sake of discussion. we will use a modified version of the
classification scherne Fesented in Baker (1982)

Valley lYpes

Longitudiwl Uallej Slster'lr. Longitudnd or elongate \älley systems
(Fig. 4) are by far the largest of the l"lley networks. Examples of this type
are Nirgal, Nanedi, Ba})ram, Ma'adim and Al Qahira Valles. These valloys
are typically several hundrcds of kilometeß in length and several tens of
kilometeß in width. Upper reaches usually have short theater-headed tribu-
taries with the exception of Ma'adim Vallis which has long branching tribü-
taries. Inwer reaches are usually sinuous and have broad, flat floors. Valley
walls in the lower reaches have a scalloped appearance which is attributed to
subsequent modification by landsliding, undercutting and other mass-wasting
processes (Baker 1982). There is a general lack of dissection of adjacent
uplands by these valley systerns which are usually local€d in the old cratered
uplands region. lt is thought that these valleys may have been initia.ed as
srnall valleys and then became enlarged by wall retreat as lower courses b€-
came deeply incised (Baker 1982). The undiss€€ted nature of the inteduves
and the short accordant tributaries with wid.h-.o-depth ratios equalling that
of the main trunl are thought to provide strong arguments against a formation
by direct minfall and surface runotr relationships (Pieri 1980r; Baker 1982).
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Snall uallq S)"st.ns. Sma 

 

valley sysrems are ubiquilous in rhe heav
rlv cratercd terrain. However, an unusrilly large nuürber ot snall valley types
arc ooncenlrxted in thc Margaririier Sinus region (Cr.tnt t987) (Fig. 5). Many
of thcse valle)'s afe located in thc hilly and crarered rcrrain, which formed
during the period of heavy bombardment (Cltn 1984), änd drain into thc
cratered plateau region. The cratered piateau consjsts ol smooth inrcrcraier

!i! 5. Sniall valleys ,n the hcrvitl crarf lerain Mono_til,Jhenr valtcls radixte.ul ftom rhe
craü nn. lm€sratcd slnenN are l)carcd ndjacenr r. crarer 1n lhe rtcr.rller reüari. (lhc
rmaecs fe apon(in ot IPL Vikin.c OrbitefNloraic 2]l 520t.)
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plains which postdate the hilly and cratered terrain. The intercrater plains
have buried or pardy buried some cnters. Linear valleys, also rctbrred to as
endogenic deFessions (Baker 1982), are concentmted along fractures and
drain into linear troughs. Small parallel valleys are concentrated along crater
rims suggesting outward akainage of fluids. These valleys are common Äround
large craters and clearly postdate the period of heavy bombardment (Baker
1982). Snall valleys inthe heavily cntered teüain, in general, exhibit a wide
r€riety of norphologic pattems (Pieri 1980d). Valleys forming rectängula(
drainage pattems are structurally controlled, probabty by underlying fracture
systems. Tbese valleys generally have low tributary junction angles and very
low drainage densities. Monofilament parallel valleys are concentrated along
crater dms and have liltle or no tibutary devetopment Digitate to transitional
dendritic \dleys, which are more similär to terrestrial river välleys, haYe the
highest drainage densities in the heavily cratered termin.

Small valley systems also dissect some Martian volcanoes (Fig. 6) Both
lava (Can l9?4d) and volcanic density-flow (Reimers and Komar 1979) ori-
gins have been proposed for the volcano valleys. Recent studies (Mouginis-
MaIk et al. 1982b,1988; Wilson and Mouginis-Mark 1987; Gulick and BaLer
1990, 1991) show that some valleys are probabjy fluvial. The morphology of
most valleys present on lhe volcanoes Hecates Tholus, Ceraunius Tholus and
Alba Patera is compatible with a fluvial origin (Gulick and Baker 1989,
1990). These valleys forned in regions of subdued läva-flow moryhology
where the surface appears to be composed of fine_grained sedinents, prob-
ably ash. They are inset into the surounding land surface, widen slightly in

Fig. 6. Snall nuvial valleys dissecting th€ volcmo Hecates Tholus. Healy bla.k line denotes
reas of valley enlargen€nr. piobably by sapping. The 6güre is latcn frcn Cdick rnd Balier
( 1989d). Ghe inaees m a ponion of tPL vikine Orbiler Mosaics 2l I 5601 and 2l I 578? )
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the downstream direction, form integated ributary networks, and have
clrainage-densiry values which arc comparable to those of Ruvial valleys on
the Hawaiian volcanoes (culick and Bak€r 1989). Valleys are atso present on
the volcano€s Hadriaca Patera, Apollinaris patera and Tynhena piten. The
morphology of valleys on these particular volcanoes suggests that a combi,
nation of seveml genetic processes (watet volcanic densitv flows and lava)
mr, have been imporlanr in rheir formalion,Cutick and B;er lSq0). How-
evet extensive subsequenr modification of rhese valleys by one or more of
these processes bas obscured the original moryhology.

Other small \"lleys, referred to as slope systems by Baker (1982),
formed along the walls of Valles Marineris in rhe Ius Chasma resion. These
valle). dilpiay primitire. angutar, dendriric drainage pauem.. T-he apparent
structural control of these pattems in addiaion to the rheater-headed tr$utffy
lerminations provide a \trong argumenr tor a qapping origin lKochel er j.
1985).

Local G€neaic Processes

Although it is widely accepted rhat rhe Martian valleys formed by fluviat
processes (Ma Channel Working Goup t9g3), the way in which fluvial
processes form mlleys has a profound impact on the resulting morphology.
Runofi \.?lleys form from the rransport of flowing water across the surfaii.
while sapping ldleys form from rho outflow of ground water inro the surface
environment. Both processes exhibit unique morphologic charactedstics. Be_
low is a brief sumrnary of how ldleys are formed by surface runof and
Srouno-wa@r sappmg.

Surface Runot. Fluvial \.?lleys and channets, resutting hom surface_
ßrnoff processes. form in tocalion\ where $ater runofl concentrares and flows
with enough force ro erode the land surface. In order to have water alailable
at the surface for channel cuning, the raae of runotr over the surface must
exceed the mte of infiltration. Once these conditions arc met, warer from
dispersed souce areas migrates across the surface and collects in topo_
graphically low areas. Thi. acrion concenüares rhe flow of warer movinp
down\lope. rhereby increa,rng rhe abrtiry ot waler ro erode the rurface and
establish a channel. Once established, channels provide a locus for the con_
vergence of surface flow leading to further incision. This process is oarticu_
laJl) $ell described by Knighron (t984r. As drainage oi the land surface
becomes more efficient, channels integrate and eventually form a complex

Fluvial runof valleys and channels are erosional features which are inset
rnto lhe land surface. Tributaries aro ptesent except during the early stage of
developmena where channeis form simple. rrough-shap€d pattems (Macdon_
ald el al. 1983). In plan view, these dminages have tapered tributary heads, a
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continuous valley form and an increasing valley width in the downstream
direction.

Cround-water Sappitle. Sapping valleys are formed by the undermin-
ing of rock and sediment by ground-water outflow ln the model of sapping
valley network formation propos€d by Dunne (1980.), subsurface wate.
ernerging from valley sides and headwalls disrupts ground-water flow pat-
tems. Ground water converges and concentrates along weatness planes rc-
moving material which supports the overlying surface. This rernoval of sup-
port evenlually results in the collapse of overburden into the valley, causing
!älley sides to widen and the headwall to retreat. The rates of headward ero-
sion in these valleys are faster than the mtes of valley widening because the
headwall is the region of greatest flow convergence. The Focess is self-
enhancing in that the greater the amount of emsion that takes place, the more
flow convergence is produced and the higher the rate of retreat of the head-
wall. This process eventually halts when the flow of ground water becomes
insufrcient to maintain tuther sapping.

Sapping \aIeys have 6eater-headed tributaries (Baker 1982) and anom-
alously large \alley width-to-depth ratios when compared to runotr \alleys.
Because giound-water flow tends to exploit planes of weakness in the terain,
sapping valleys will often form along fractures and joints in the bedrock,
resulting in a rectilinear or structwally controlled paltem. Sapping pmcesses
will often modify the mor?hology of runotr valeys which have downcut into
the ground-water system. This modification resuLs in valley enlargenent in
which the V-shaped, cross-valley Fofiles t'?i€al of runofi-dominated sys-
tems on volcanic landscapes ale eroded into broad U-shaped or flatfloored
valleys with steep walls. The overdll efiect of sapping modification to an
existing drainage system is to change the network panem to one that is sim-
pler and less inte$ated. Bal(er (1990) rcviews the origin of valleys by sap-
ping.

Numemus compamtive planetology studies (Laity and Malin 1985; Ko-
chel and Piper 1986; Gulick and Baker 198?r, 1989, 1990) have recogniz.ed
the importance of both surface runofi and ground-water sapping processes in
the lalley developrnent and have distinguished the morphologic characteris-
tics resulting from each of these processes. In addition to these field-based
studies, a fairly extensive series of experimental flume studies (see, e.9.,
Kochel and Piper 1986; Kochel et al. 1985,1988) of drainage networks
formed by sapping processes have be€n conducted in soft and weally con-
solidated, layered sediments. These flume studies have been able to replicate
much of the sapping morphologic characteristics and con$ols in drainage
networks, including, theater-headed tributaries, joint control of ground-water
flow, subsequent orientation of drainages and the importance of lithology
(i.e-, Fesence of permeable and imp€rmeable stmta) in conüolling ground-
water sapping processes. The rcsults of these experimental studies are being
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used to develop numerical simulation models of the sapping process (Howard
1988; Howard and McLane 1988).

Regional Genetic Conditions

While the morphology of the large, longihrdinal l"lleys is genenlly con-
sistent with a sapping origin, rhe genesis of the small valleys is less clear.
Valleys in the heavily cratered terrain exhibit a complex moryhology (Baker
and Partridge 1986). These valley systems have rclarively fresh,appearing,
low-density n€twork segments in their lower reaches and higher,density net-
work segments in their upper reaches. Bater and Partridge (1986) concluded
that the dense upper networks formed during th€ period of heavy bombard,
ment and the pdstine lower reaches formed afrer the emplacement of the
intercrater plains. The pristine valley segments subsequently evolved by
headward growth into the regions occupied by the degraded valleys. Baker
and Partddge suggested that the relatively higher-network densiry of the de-
gaded valleys may imply a greater influence of surface runof processes in
their gercsis.

A similar complex mor?hologic patlem is exhibited by the fluvial valleys
developed on older Manian volcanoes (culick and Baker 1990). Fluvial val-
leys present on volcanoes Ceraunius and Hecates Tholi, which form€d during
the p€riod of heavy bombardment (Barlow 1988c; Neukun and Hiller 1981).
exhibit a parallel drainage pattem of inregrated valley systems. Some ulleys
on Cemunius appear pdstine and less integrated while others appear degraded
and better integrated. The pristine valleys appear re-activated. Valleys on He-
cates also exhibit a parallel drainage patrem, but the valley systems are better
inl,egrated *lan those on Ceraunius. Unlike rhe valleys on Cemunius, how-
evet only the lower reaches of some valleys appear pristine and enlarged.
Fluvial valleys developed on Alba Patera, a volcano which formed well after
the period of heavy bombadment (Barlow 1988c; Neukum and Hiller 1981),
exhibit only the better-integrated upper-rcach mor?hology (Fig. ?). Indeed,
these valleys are the most integrated and mosr tenestrial-like fluvial ldleys
on the suface of Mars. The Alba \dleys have tapered tributary heads that
blend in gadually with the surrounding landscape and V-shaped cross-r"lley
profiles. The Alba valleys appear morphologically similar to those formed by
rainfall-runotr Focesses on the Hawaiian volcanoes. In addirion, this same
complex morphologic pattem of better-integrated upper reaches and less-
integmted lower reaches is also apparcnt on the Hawaiian volcanoes. Recent
morphologic snrdies of the Hawaüan valleys (Guli€k 1987; culick and Baker
1987ä; Kochel and Piper 1986) concluded that Hawaiian !€[eys forned ini-
tially by surface runotr and were subsequendy enlarged by ground-water sap-
ping. Based on comparison morphologic srudies with the Hawaiian r"lleys,
valleys on the Maraian volcanoes probably evolved in a similar manner (cul-
ick and Baker 1990).
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lis. ?. Fluvial valleys on the noihem nank of Alba Patera. Valleys exh,bir a well-i egaied
drainage patlcm shich n notpbologically sinild !o fluvial vall€ys fo.med bv surlace runof

or lhe Easaiian {lcanoes (€.s. , Mauna Kea lolcdo, Havaii). The Alba valley syslems d
tn€ best developed md lhe most tereslriaUike nuvial netsorks on the surface or Mß The

fiCu@ is laten frcm Guli.k a.d Balcr (1990). The inages m frcn viking Orbiter Mosaics
MrM45107.)

IV RELAIED LANDFORMS

Erosional processes modified all varieties of Martian landforms, includ-
ing chamels and valleys. Mass wasting, aeolian, thermokarst and periglacial
processes have subsequently acted to modify the walls and flools of channels
and valleys originally carved by fluvial processes. The most extreme modili-
cation processes may have formed the fretted channels and ftetled terrain
(Fig. 8). The alteration ofthe original landfonns has been so complete, how
ever, that it is not known if the fretted channels formed by modifying pre-
existing valleys or not. In this section, we fißt examine the fretted channels
and terrain and then consider the other secondary processes which have mod-
ified the channels and valleys.
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Fig, 8. lEned tenain ih ihe Nilos}flis rgion ncd 34.N. 282T 1he isolated üDtdd mssifs re
lJmunded by vr.le)\ rhd appee ro be i ed $rLr debn\ dsveJ rrcm ddr,;nr .toF5 Sub-
pdd lerndse\  üa  groo \e .  rmnb Rot r ,Ce or  üe  oebn.  , tp t  \ , . ins  Orbre ,  Mo,a ic  , t l
52!?.J

Fr€tted lbrrain and Channels

Fretted teüain is defined as a complex of smoorh, flar lowland areas
::Pu."t"g !y abrupt escarpments from relarively heavily cratered uplands
(Sharp 1973d). The scarps are typically I to 2 kn high and nay indic;te rhe
depih of a geologic unit, perhaps the megaregolith or rhe transirion to ice,
nch perrnaftosi (Sharp 1973d; Davis and colombek 1989: chaDter 16). The
'errain t ben de!eloped atong rhe crarercd uptand and nonhem ptains bound_
ary (Mutch ei al. 1976c). Fretted channels are steep-walled vaü;vs with wide
flat floor, and rndfnled xall\-

Both the frefted reüain and channels exhibit complex planjmetric pat_
tems with isolated butte and mesa ou(liers (Baler 1982). The channels exhibit
structuml control but no fluid flow bedforms (Baker 1982). The fretted chan_
nels are generally located in the region ofthe fretted ierain bur occasionallv
e\tend hundreds ol kilomerer, back from lhe mäin scarp. inlo lhe otder hea;
ily cratered terrain (Baker 1982). The g€onorphotogy ;f the fretre{t tenain is
discu\qed in detail by Kochel and Peale (t984J

A conmon aspect of both the floors of the ftened channets and the low_
lands of the ftetted tenain is the presence of debris ffows (Carr and Schaber
1977; Squyres 1978). In the fre(ed terrain, debris flows emanate from the
scarps and flow onto the surrounding lowlands, often forming aprons around
isolaaed mesas. The lobate debris flows characreristic of the ftefted teffain are
found in two planer,wide 25' larirude swarhs centered at 40oN and 45oS
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(Squyres 1979d). When unconfined, these flows may reach lengths of 10 to
20 km- Therc may be a correlation between scarp face orientation and apron
widü (Eppler and Malin 1982; Kochel and Peale 1984) The floors of some
of the fretted channels aI€ also covercd by lineated deposits which appear to
be debris flows. The debns aprons generally have a convex profile (Squyres

1978), although some charinel and outlier escarpments exhibit a noatlike
depression or swale on the aPron at the base of the escarpment (Weiss and
Fagan 1982). ln a crater-counting sludy, Squyres (1978) found that both li-
neated and unlineated debris are younger than the uplands, escarpments and
sürounding lowland. This may imply that the debris-forming process may
still be operating today. It is unknown whether mass wasting and debns flow-
age are secondary-modification proc€sses acting on features formed by an_
other mechanism, or whether they are the Fimary mechanism that formed
the fretted terrain.

The best evidence that flow of debris indeed took place is the presence
of numerous striae in the debris deposits. In the fretted terrain the stiae are
mierted at nght angles to scarp faces, and they diverge and converge around
obstacles. These characteristics are generally accepted as implying flow from
the scarp faces. In the fretted channels, where the striae typically run paüllel

to the ahannel length (Fig. 8), the interpretation of the striae is more problem-
atic. Squyr€s (1978) interyreted the striae orientation as inplying flow from
the channel walls meeting in the centet the resulting comFession-producing
stdae paratlel with the walls. Squyres states that litde or no down\alley flow
has taken place. Lucchitta (1983d) argued against this interpretation, noting
that side-canyon debris bends downvalley, that striae split at obstacles' änd
that striae are always oriented downvalley, even at the base of mesas where
right-angle-oriented flow would be expected. The main problem with Luc-
chitta's interpretation of considerable dowNalley flow is the lack of deposi
tional features at the mouths of most channels.

Fretted channels typically extend into plateaus and have snrbby tribu-
taries. They are best developed along the boundaries of the northem tenain
and other older elevated terrains. There is typically a $adation from channels
cutting plateau to ftetted terrains to plains with piateau outliers (Carr 1981).
As distance from the cmtered uplands and northem plains boundary scarp
increases, the number and size of the outliers b€comes smaller while the areal
volume of the plains material increases (Kochel and Peake 1984) The sirnF
larity of the channels and terrain led Baker (1982) to conclude lhat both were
formed by the same erosional proc€ss Under such a scenario the channels
would erode back into escarpments along zones of leasl resistance As the
channels widened and dissected the highländs, the landscape would eventu-
ally take the form of the fretted terrain. Kochel and Perle (1984) also con-
cluded that progressive degradation and retreat of lhe boundary scarp was
responsible for the fretted terain. While an appealing concept, no thorough
study of lhis fretted'lerrain degradation process bas yet be€n made.
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Beyond the questions of do\'r'n\,?lley transpo( and frettedlerrain evolu-
don is the simple question of what caused rhe scarp-forming and debris-
tansport process in the lirst place. Mass-wasting Focesses probably under-
mined escaryments and provid€d rnaterials which flowed down onro the
sunounding lowlands. Shary (1973d) proposed dry sapping as the principle
mass-wasting process. Dry sapping proc€€ds as exposed ice is sublimated
ftom scarp faces. As ice is lost, support is removed from overlying material
which then collapses. Squyres (1978) Foposed more conventional mass-
wasting processes in which material was supplied from eroding angle of re-
pose scarps. Both processes require an initial clitr or valley ro provide the
face from which the ice sublimates or mass wasting occurs. Wet sapping is
another possibility that cannot be ruled out (Sharp and Malin l9?5; Baker
1982). Resolution of this question will probably require much higher-
resolution imagery and topographt or acrual field reconnaissance.

Once the debris material has been wasted otr the sunounding scarps, ir
must then be fiansported away fiom the scarp and perhaps down the valley.
This lransport removes the talus and allows mass wasting from the scarp to
continne (Carr 1984). Most authoß agre€ that ice facilitates the floq but
there is less agreement on the source of the ice. Squyres (19?8) favors sea,
sonal frost deposits being covered over by subsequent mass wasting. This
Focess would result in interstitial ice similar ro that in terestrial rock glaciers
(for discussions of terrestrial rock glaciers, see rhe cotlection edited by ciar-
dino et al- t19871). Lucchitta and Persky (1982) argue instead that the ice
contained in the gound over which the debris flows is sufficient to lubricate
the transport. The problem with this mechanism is that, in similar situations
on Earth, a basal shear of approximately 1 bar is requitd to initiate the flow
On Mars this requires flows 2.ro 5 km thick (Lucchiua 1983d). which is
thicker than observed. Howevet the renestrial criteria may be inapplicable
b€€ause of the long time scale needed to maintain Martian flows (Lucchitta
1983l'). Another possible mechanism for removing debris from scarp bases
is weathering followed by aeolian deflation (Squyres 1978). Fina[y, .he most
provocative mechanism suggested for escarpment formation and debris re-
moval is wave action at the shores of an ancient Marrian ocean Garker et al.
1989).

The fretted channels and terrain may represent importanr examples of an
ongoing Martian geologic process. Lucchitta (1983a) notes that, in those la!
itudes where fretted termin is locared, the current ctimate allo\rs for th€ re-
tention of ic€ in the ground. Thus, ground ice is presena ro be exposed ar
scarps for &y sapping and to lubricate movement of ice-rich materials. At
high latitudes with colder tempemtures, it may be too cold for rock glaciers
to be mobilized. Since the observed fretted rerrain coüesponds with those
regions where present conditions allow ice borh ro be rerained in the ground
and to lubricate the flow of material, ftefting may srilt be occurring_
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Since the channels seem to be nodified at low temperatures by a process

which is probably associated with ice, the fretting process may be an arche-
typical Martian mechanism. As such, the process and the associated features
deserve more study. Specifically, the mass{ransport process and the question
of whether downvalley transport is opemting should be rosolved. If these
processes b€come better understood, they may help provide a record of the
rccent Martian climate. High-resolution imagery of the e$rarpments' tribu-
tary junctions, %lley mourhs and topographic information is needed in order
to answer such questions.

Other Secondary hocess€s

once a \älley or channel has been formed, it rcpresents a system of steep
walts and valley floors which other secondary geologic processes can exploit
Th€ results of secondäry processes can be found in and along most channels
and valleys. Wind, for example, can act as an erosive agent by transporting
saltating padcles. While inadequate to actually carve channels or \alleys'
aeolian processes can subsequently modify lhe landfonns Valleys can also

Fovide sheltered areas for deposition by wind and the formation of dunes.
In the mid to low latitudes, dunes are present mainly in the protected areas of
canyons and \alleys (Carr 1984). Another se€ondary process, mass washng'
rcmoves material from scarps and slopes under the influenc€ of graviry Most
dopes sunounding channels and \alleys have probably been modified by
these processes, as they have been on Eartb. SapPing and hillsloPe-reftat
processes may have eilarged the width of the outflow channels (Baker and
Kochel 1979). Such processes arc impoltant, for if they are not taken into
account when considedng channel volume, anomalously large quantities of
water may be derived as necessary for channel formation (Baker 1982). Mass
wasting is also important in the formation or modification of the fretted land-
forms.

Processes which depend on the melting of ground ice can also modify
channels and valleys. The very large landslides found around the margins of
some of the outflow channels were probably lubricated by ground ice-derived
water (Ma$ Channel Working Group 1983). Thermokarst topographv forms
when melting of ground ice pmduces local collaPse depressions which should
not be confused with channels or valleys. Chapter 16 discusses'these pro-
cesses in more detail.

V. IMPLICATIONS FOR PALEOENVIRONMENTAL CHANGE

Global Martian llhter Budget

The channels provide a crude wäy of estimating the total amount of
water outgassed ftom the planet (Cärr 1986,1987). The calculation utilizes
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the volumes of material removed to form the various canyons, channels and
chaotic teffain around the Chryse basin. Ignoring the volumes of Ius and
Copmtes canyons, in which faulting is most evident, then there is a negative
regolith volume of roughly 5 x 105 km3 in the renaining canyon, channels
and chaotic terrain. If this volume was all rcmoved by watet and the water
caried its maximum sediment load, or 40% by volume (Komar 1980), then
?.5 x lff km3 of water would be requircd, which is the equivalent of 50-m
spread over the entire planet. Clearly there is considerable uncertainty in this
number since it is unlnown precisely how much of the negative volume of
the canyons is due ao erosion and how much is due to tectonic forces. More-
over, it is unlil@ly that all the water caried the maximum sediment load-

Further assumptions are required to estimate how much water has out-
gassed from the planet. The planelwide distribution of valley rctworks (Pieri
19?6; Carr and Clow 1981) suggests that, eady in the planet's history waaer
was distributed globally and not concentrated in the local areas such as around
Chryse Planitia. The concen$ation of floods around Chryse Fobably repre-
sonts later ground-waü9r accumulation in the region as a result of slow migra-
tion of ground water from the sunounding higher tenains (Caü 1979). The
drainage basin around Ckyse Planitia can be roughly outlined from drainage
pattems and topography. It constitutes roüghly one sixth to one eighth of the
planet's surface. Thus, assuming that water was initially distributed evenly
over the planet, and that the Chryse düinage basin contained at least 50 m of
watet the indicaled global inventory is at least 300 to 400 m. This is a very
rough esdmat€- It would b€ too high if the same water passed several times
thmugh the circum-Chryse channels. However, most of the circum-Chryse
outflow channels fom€d after the period of intense %lley formation for
which wamer climatic conditions have been proposed- Climatic conditions
during formation of Ore outflow channels are likely to have been sirnilar to
modem conditions, which cause a thick, planelwide permaftost. As de-
scribed above, the water that eroded the channels probably formed permanent
ice deposits in the lowlying no hem plains, and was not rccycled through
some global aquifer syslem. The estimate of 300 to 400 m may also be too
low because ia ignores the ground water within the Chryse drainage basin that
failed to rcach rhe surface. For comparison, the Earth is estimated to have
outgassed 3 km of water (Turekian and Clark 1975).

From the volume of volcanic rocks that have accumulated on the surface,
Greetey (1987) estimated lhat the planet has outgassed approximately 50 m
of water in the last 3.8 Gyr. This number is entirely €onsistent with the 500
m estimated (Carr 1987) for the total outgassed water since most of the out-
gassing is believed to have occurred very early in the history of the planet,
before the geologic record was retained. Mast geochemical estimates (sum-
marized in Pepin 1987d) are lower than both the Greeley and Carr estimaaes
but can b€ reconcilod if Mars tost part of its early atrnosphere by impact
erosion (Carneron 1983; Melosh and Vickery 1989) or hydrodynamic escape
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(Hunten et al. 1989). The volatile invenlory and evolution is reviewed in

chaplers 4, 6 and 32.

Paleoclimatic Implications

The lalley networks have been uridely cited as evidence of a fbrmer

thicker atmosphere alrd surface temperature substantially warmer than thos€

al present (see, e.g., Sagan et al. 1973d; Masursky 1973; Pollack 1979;Toon

et al. 1980; Pollack et al. 1987). However the climatic conditions required

to form channels and valleys are unclear' Outflow channels could probably

form uder present climaaic conditions They involve floods of such magni-
tude that the anount of fteezing ünder present climatic conditions would be

trivial (Lingenfelter et al. 1968; Carr 1979). Cold climatic conditions with

temperature well below freezing may even be required for the fonnation of
those floods caused by eruption of ground water. A thick permafrost may

have been needed to contain the gmund watet thereby allowing artesian ples-

surcs to build alrd eventually cause massive outflows (Car 1979).
The valley rctworks are much smaller than the ffood outflow channels

and are presumed to have fomed from correspondingly smaller discharges.
Moreover, the valleys divide into smaller valleys upstream lf temperatures
were well below freezing, it is rcasonable to assume that, inespective of the

source of the watet small streams in the distal parts of the networks would

freeze, thereby cutting otr flow into the laryer channels downstream and ar-

resting further development of the valleys. The presum€d walmer conditions

arc believed to have occüred mainly ve.y early in the planet's history The

valley networks are almost entirely restncted to lhe oldest terrains on Ma$'

in contast to the outflow channels which cut into materials with a wide range

of ages (Carr and Clow 1981; Baker and Partridge 1986). The simplest ex-
phn;tion of the alnost comPlete restdction of vatleys to the oldest tenains is

ihat the valleys thenselves are old, and that conditions required for \äIey

formation werc commonly met early in the planet's history but only rarely

throughout the planea's subsequent history. These two inferences' that warm

conilitions are required for lalley formation and that the valleys ale mostly

old, have led to a perception ahat early Mars was warm and wet' and thal

climatic conditions then changed such that conditions similar to those pre-

vailing today were maintained for much of the later planetary history We

caution that these conclusions are by no means pmven.
The climatic conditions rcquired for valley formation arc not clear The

assumption of warm wet conditions is based on the premise that the valleys

formed by slow ercsion of running water. The arguments for water as the

erosive agent arc based on analogy with terrestdal ulleys änd the abundant

conobo€tive evidence, in addition to dle valleys, for the preserce of water

at the Mafüan surface. Agents other than water or ice, such as wind' carbon-

dioxide ice and lal"� are very unlikely for a number of reasons (for summades,
see Baker 19821 CarI 1981). However, as described above, many of the net_
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ltorks have a dr.tincrly diflerenl appedrance from rerresnial river la els.
Be{ause ot rhese diferencel and lhe dimcutLv ot mainlainrng tiquid ware; al
the Martian surface, and, given the abundani evidence for waterand ice, thepossibilil) should be hfr op€n rhar many. perhap. mosr va els formed nol b'
bdnh-lrke lluvial processes. bLrr by ,ome orher mechanism, ruch as masr
waslrng, that involves water or ice_

- If the valleys were fomed by running water rhen rhe water could come
trom two possible sources, the ground or the atmosphere. Many \."lley net_
work. ha! e characrerisdcc \uggesl i! e of ground- warer sapp ing irieri t oAOzr,
barer I  vb2. nrggrns lq82: Kochel el  at .  t985' .  One requüemenr for ground_
water sapping is that liquid water is stable sufficiently close ro the surf;ce rhat
rr can seep onto the sur{ace. This implies r}al remperdtures aJe abo\e the
rreeTrng poinr al deplhs comparable to rhe scale of tocal topognphjc reliet.
This can be achie\ed in L\ro waj\: ( I I rhe surface re.p.*,"""".,"y U "f.r.
Iree-zrng: or.f2) if surface rempera(ures are beto$ freering. rhe temperarure
I,radienr is large enough io allo\r liquid water close to üe sunace. Sr,erp
thermäl gradienß are lilely on MarJ. Hear ot accretion and core formarion
would have resulted in heat flows more than a factor of fO farger than at
fresenl 

during the.fir\t.few hundred Mlr ot üe pJanet.s hislor) (;ee chaprer
),. I nr\. combrned $ idr tos conductiviues erpecred of rhe breccrared miga.
fg" l l l , . : i ,  

have resuked rn t iqurd qarer ar shatro$ deplh\ earty in ;heplanel s hi{or} irrespecli!e ot üe surface rempemlure\.
|| sunace temperatures uere below free,,ing and wäler reached the sur

face, then it nay have been possible for sreams ro survive and cut the valley
Ty"t. YSlirC of the freezing of small sreams (Wa ace and Sagan
1979; Can 1983) suggests that if a srream t_rn deep or more can be srar;d
then the_ water could flow for a few 100 km, depending on slope and other
factors, before it froze solid. Howeve! such cat;kionJ." fr*irty ta"ui;;
and do not tale inro account the garies of natural ,yst".". St "ums t om
tere<bi"l springs under arcrjc condirions are Upicall) arresled wirhjn d reta_
lrlely short dßrance ot lhe spring as a resutt ot formation oi icings rCarey
l9?3; Childers er al. 1977; Sloan et al. 1976). Thus, white theo;icat cai_
curanons suggest streams could survive and cut channels under present con_
ditions, analogy with terrestrial streams indicates the conaary. Moreover, if
temperatures were permanenll] b€low freezing. rhen the water rejeä\e.d onro
lhe sur,sce could not readrl) re-enrer lhe ground_\aarer \)(lem and recharge.
An) rechargrng \routd have to be trom iuvenile suurces.

... . 
lf lhe valleys formed from precipirarion. rhen sudace remperatures mosr

ulel) had Lo be above fr€ezing. While ir ha5 been su8gesred rhar ice could beprecipirated ar low latitudes during periods oi high ;btiqujty rJafto![] and
Lafi reö51 and lhat rhe ice (ould rnek and generale runog de\pite lo$ Lem.
pemlures lclow 1987i. rhe anounl ol tiquid warer generared under lhe.e
condrlrons rs ver) smatt. and il is doubrfut lhal it $outd be sufficienr to cur
dre vallevs.
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Endogenetic Hydrologic Cycling

Local water budgets must be balanced to achieve the development of
valley rctworks. For water to flow at the surface, it must be al"ilable at
sowce areas. For spring sapping, a hydraulic gradient is ultimately achieved
for terreslnal examples as solar energy generates an aamospheric hydrological
cycle that transports e\äporated or transpired water as vapor bank to river
headwaters, where it pr€cipitates and infiltrates to recharge aquifer sys.ems.
Howevor i. may also be possible to supply energy geothemrally to rccycle
water in the subsurface.

The ancient %lleys of the heavily cratered termins are associated with
very high cratedng rates and with widesFead volcanism. The former ässo-
ciation led Bratenridse et al. (1985) to hypothesize that some of the \alleys
might have originated through the interaction of ground ice and hot sp ngs
located along the semi-permeable fringes of slowly cooling impact melts.
They concluded that, with widespread operation of impact-Ielated hydro-
thermal systems, the possible existence of which was proposed by Newsom
(1980) and Schultz et al. (1982), it is not necessary to infer major atmo-
spheric change to explain valley forrnation. Gulick (1992) estimated lifetimes
of hydrothermal systems associated with impact crater and volcano forma-
tion. She concluded that hydrothermal systems could remain active for long
enough peiods to form the valley networks that are associated with theso
features.

Hydrothermal systems are an inevitable consequence of volcano or cra-
ter formation, tectonism, sill intusion, or other plutonic intusions into per-
meable, liquid water or ice-rich subsurface environments. Such g€ologic
events generate local thernal anornalies which induce density pe urbations
in the ground water as heat is dissipated out in o the suüounding country
rcck. Water near the anomaly migrates upward in response to buoyancy
forces. This action results in the flow of ground water towards the thermal
anomaly. Hydroüermal systems can focus, transport and reciculate large
amounts of gmund water to dynamic surface water environments for periods
in excess of 10r yr (Gulick 1992). As pointed out by Gulick and Baker
(1987d) water flow tansport€d to the suface, via seeps and springs, rnay
initiate va eys if there is a low pemeability, erodible surfac€ (e.g., ash) and
sufficient runof. However, if the surface is permeable (e.g., basalt flows),
water will infiltmte and recharge near surface (perched) aquifers. These aqui-
feß may eventually intersect with the surface farther downslope and initiate
sapping at these locations. However, some of the upward migrating water
may recharge highlevel aquifers without ever flowing on the suiface.

Squ''res (1989,) proposes that the higher heat flow and steeper thermal
gadient that existed early in Mars' history would have resulted in the melting
of ground ice to a minimum depth of 350 m (see also chapter 32). However
in order to forrn sapping valleys, water would have to intersect with the sur-
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face environment and exploit a pre-existing (runotr) valley, joint, fault or
ftacture system as indicated by several rerrestrial sapping proc€ss studies. The
remaining problem, then, is in getting the subsurface water up into rhe surface
environment, so that valleys can be initiated and eroded down ro depths of
the melted-ground ice reservoirs. The generation of hydrcthermal systems,
as discussed above. may Fovide a way of rransporring and circulating rhis
water through the suface environment.

The complex sequences of ancient cratered plateaus on Mars apparently
include interstratified impact breccia, reworked aeolian sediments, lam flows
or sills, and ice (Tanaka 1986; Wilhelms and Baldwin 1989r). The coinci-
denc€ of very heavy cratering, extensive volcanism and regional l"lley for-
mation suggests an association with endogenetic energy sources driving a
dynamic hyalrological system. As with the outflow channels, the subsuface
character of this hypothesized system precludes its dired snrdy

VI. CONCLUSIONS

The spectacular relict channels and valley networks of Man represent
ancient hydrological conditions gready diferent ftom those seen to be active
on the planet today. The outflow channels are relatively young, late Hesperian
or Amazonian in age (Thnaka 1986). They forrned by immense outbursrs of
flüid from subsurface sources. Complexity in ourflow-channel morphology
was generated by \."rying amounts of sediment and ice in the aqueous-fluid
flow systems. The overall cataclysmic-flood morphology thus may be locally
tansitional to morphologies genemted by ice and debris flowage. Moreover
secondary processes, including wind, lava ffows and mass movement, exten-
sively modified some channel systems.

Although local ar€as of valley networks, such as on Alba Patem, formed
coevally with outflow channel activity, regionally extensive networks domi
nate in the heavily cmtered temins. These networks are Noachian and early
Hespedan in age. The mor?hology of many valleys suggests genesis by
ground-water sapping; for some valleys, suface nrnof may have been more
impo(ant. The morphologic evidence is consistent with bur does not require
atmospheric or climatic change for its explanation. Endog€nic cycling of
watet as in volcanic or impaclrelated hydrothermal systems, Fovides an
altemative explanaaion.
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