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ABSTRACT 

A mudflow-like deposit resting on the bottom of the East 

Gorgonum Crater (Mars; 37.4°S, 168.DOW) may provide new 

insight regarding the debate on the existence of water over the 

Martian surface. Because water in a mudflow is confined to a 

porous medium, we analyse this case from the perspective of 

non-equilibrium systems. Fluids confined to porous media 

behave in a special way, the system being ruled by kinetic 

restrictions, which alter the expected thermodynamic equilib­

rium. These non-equilibrium conditions allow the existence of 

pure I iqu id water to temperatures as low as - 40°C, and even 

less if the system includes brines. Thus, application of the triple 

point diagram of water on the Martian surface may constitute a 

simplistic approach if we are dealing with confined, and yet 

moving, water in the form of a mudflow. We further suggest 

that the V-shaped channels excavated alongside the mudflow 

may have been caused by water rejected by syneresis from the 

moving sediment. We finally indicate that the series of deeply 

entrenched channels and debris aprons that occur only in the 

northern half of the crater might be related to the regional 

slope, which decreases in altitude to the south. 

Introduction 

The debate on the existence of water 

on Mars has lasted for many years. 

Contrary to what might have been 

foreseen, the arrival of high-resolution 

images from the Mars Global Sur­

veyor has merely stirred the debate 

further (e.g. Hoffman, 2000; Malin 

and Edget, 2000, among others). Sev­

eral papers strongly suggest the exist­

ence of water beneath the Martian 

surface (e.g. Malin and Edget, 2000; 

Baker, 2001; Costard et aI., 2001, 

2002; Hartrnann, 2001; Jakosky and 

Phillips, 2001; Mellon and Phillips, 

2001; Gilmore and Phillips, 2002; 

Knauth and Burt, 2002; Christensen, 

2003, among others). This idea is 

supported by geomorphic features on 

Martian impact craters, south polar 

pits and valleys indicating groundwa­

ter seepage and surface runoff. In 

contrast, Hoffman (2000) proposes 

that many of these geomorphic fea­

tures may have been originated by 

flows generated by the extensional 
collapse of unstable rock masses at 
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the foot of cliffs, closely resembling 

volcanic avalanches. In fact the anal­

ogy goes further, because Hoffman 

(2000) suggests that these flows would 

be akin to terrestrial gas-supported 

pyroclastic flows such as ignimbrites 

or surges, only at very low tempera­

tures, with CO2 as the main gaseous 

phase. 

We here discuss an elongated sedi­

mentary deposit in East Gorgonum 

Crater on Mars (37.4°S, 168.0°W) 

(Fig. 1) resembling in many aspects a 

terrestrial mudflow-type deposit 

(Fig. 2), which strongly suggests that 

liquid water may be, or may have 

been, present in Gorgonum. We sug­

gest a possible mechanism to account 

for the integrity of liquid water within 

a moving fluidized sediment despite 

restrictive external P-T conditions. 

Mudflow deposits in East 
Gorgonum crater: thermodynamic 
considerations 

Mudflows are common in arid and 

semi-arid regions that receive short 

but intense rainstorms (Fig. 2). Snow 

melting may provide an additional 

source of saturation water. These 

factors convert the regolith into a 

mass of viscous mud that can move 

downslope at high velocity. Mud­

flows (or muddy debris flows) are 

considered a type of gravity mass 

flows characterized by non-Newto­

nian viscoplastic rheology, for which 

the whole sediment concentration by 

volume is 50-90% (note that not 

much water is involved in large 

mobilized volumes) with a fine frac­

tion above 10% (e.g. Coussot and 

Meunier, 1996). Thus, mudflows are 

flows of transient nature, comprising 

a mixture of liquid water - solid 

matter in which both components 

move in unison, in most cases under 

a laminar regime. The high volumet­

ric sediment concentration distingui­

shes mudflows and debris flows from 

natural Newtonian flows (such as 

'normal' density currents and water 

two-phase floods) which normally 

have a volumetric sediment content 

below 25%. Mudflows and debris 

flows must be considered as materi­

als that undergo changes of state. 

They originate from nearly rigid 

state, move fluidly and eventually 

form deposits in a nearly rigid state. 

Mudflows may have a Newtonian 

hyperconcentrated flow tail when the 

solid concentration becomes smaller 

than a critical value, which may be 

caused by water/sediment availability 

during the flow. Thus, most shear 

resistance in debris flows is generated 

by Coulomb friction [1' = cr(tancps), 

where l' represents bulk intergranular 



Fig. 1 Northoro smor of the EilSt O""gonum cuter. No .. the head alcove (a). 
represwting a source morphology (Malin and Ed#t. 2(00); detail of a mudtlow·like 
deposit (b): and � V·shaped channel (c). MOC im�ges M0701873. M1401830. 
M1501466: see also MOS MOC ReleilSe No. MOCl·241. 

Mudflow 
--
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Fig. 2 Recent mudtlow in the Atacama de=t (northern OUle). Road from COp"�p6 
to Marirung� (2300 m �bove sea level). Note the &Ssociated lateral clJ.annel on the 
right 

shear stress. (J intergranular normal 
me", and '1'. the natic frictional 
angle]. 

A dose impaction of images from 
the 12·hn·wide Ean Gorgonum Cra· 
ter crater (Fig. la) reveili a series of 

deeply mtrencW chanmt.. debrn 
aprom (Malin Spaa Systerm. 2001) 
and a well·documented � 2·l:m·long. 
350·m·wide (maximum). front·lobed 
geomorphic feature that d",ely 
res=bt. a terrenrial mudfiow depm;it 
(Fig. la.b). We a� awa� of the many 
thermodynamic comideratiom ruling 
out the exior\e� of liquid water on 
the surfaa of Mars (e.g. Hoffman. 
2000. among otku). Forexampk. the 

extr=ly low pressures in the �gion 
of Gorgonum (4.5 5.5 mbar; Na"" 
Ames Mars Ge�ral arculation Mod· 
el. 2002) are below that of the water 
triple point (� 6.1 mbar). Thm. 
although the highest temperatures in 
thio; :ro� may reach up to 29{) K 

(Na"" Ames Mars Ger=al Circula· 
tion Model. 2002). pressure con· 
straint. only allow a phase change 
from solid to gM. Ho_ver. in the 
Gorgonum CMe we would not be deal· 
ing with a typical CMe of on·mIface· 
f�e·water. but with water confined to 
a porom material (i.e. a mudflow). 
"fhio; ma1:es a comiderable difference 
became under such conditiom the 
das!E thermodynamic approach 
(phase diagram for water) may not 
apply. For example. as early as the 
1961)s it WM rerogni=::l. that das!E 
thermodynamic,,; WM of limiW use 
for many soil water interactiom 
(Ta1:agi. 19(6). and that the amount 
of unfrozm water below 0 "C WM. 
among other factors. related to the 
particle size of the sodimmt. i.e. the 
fimr the sedimmt. the greater the 
amount of unfrozm water (Neneova 
and T1ytovich. 1%6). Modem studies 
have shown that liquid water can be 
found in soit. and other porom modia 
at temperatures M low as - 40 ·C. i.e. 
well below the bull: melting tempera· 
tures (Cahn et al.. 1992; Maruyama 
et al.. 1992. among others) or evm at 
- 80 ·C in the interstices of shallow 
hypersline soill in the Antarctic cold 
deseru. a plamible oquivalmt to Mar· 
tian environmental conditiom (Wynn· 
Willi= et al.. 2(01). � proce" hM 
bem at.o nudied by Lanm. (2001). 
who relates the lowering of the f�ez· 
ing point to capillary·pore effect!; 
(- 63 "C). Although soill do freeze 
(e.g. permafroru in cold �giom). the 
process io; not nece"arily complete. 
and a good example io; provided by the 
so·callod talib. i.e. localizod unfrozen 
layers locaW under=ath or within 
ma",es of permafron (Arcone. 2001; 



Pidwirny, 2002). Taliks occur below 
rivers and lakes, where strong springs 

emerge, or can be totally detached 

from the surface, surrounded by per­

mafrost (closed taliks; Pidwirny, 

2002). This hydrological feature may 

be particularly relevant to the Gorgo­

num case, because as Costard et al. 
(2001) have noted, the most spectacu­

lar erosion landforms on Mars occur 

precisely at the intersection between 

crater rims and wrinkle ridges, which 

display similar characteristics to taliks 

observed in Siberia, suggesting that 

these Martian features may represent 

perched taliks. Furthermore, Ander­

sen et al. (2002) relate the existence of 

cold springs (+ 6°C; low-tempera­

ture brines) in permafrost from the 

Canadian High Artic (Axel Heiberg 

Island; mean annual temperature of 

- 15°C) to possible equivalent sce­

narios on Mars. 

An alternative view: 
non-equilibrium systems 

The concept of hysteresis basically 

refers to a retardation of the effect 

when forces acting upon a body are 

changed. In the case of liquids, the 

hysteresis freezing temperature, as 

opposed to the thermodynamic freez­

ing temperature, is defined as the 

limit of metastability of the liquid 

phase during freezing (Radhakrish­

nan et aI., 2000). Cooling runs on 

water in porous materials show still 

pure liquid at - 29°C. An abrupt 

change from liquid to solid is 

observed at - 31 cC, whereas a com­

plete transformation to the solid 

phase occurs at - 45°C (Morishigue 

and Kawano, 1999). Liquids can be 

supercooled below the thermody­

namic freezing transition because of 

the presence of a kinetic barrier to 

crystallization (Morishigue and Kaw­

ano, 1999). This phenomenon is 

particularly important in small, com­

pletely confined spaces where kinetic 

energy is substantially reduced. In 

other words, the freezing tempera­

ture, as compared to the bulk tem­

perature, can be severely depressed 

in confined spaces, i.e. porous media 

(Radhakrishnan et aI., 2000): 

�Tm = Tm.pore - Tm.bulk < 0 

where Tm is the temperature of melt­

ing, Tm.pore is the temperature of 

melting in the pores and T m.bulk is 
the temperature of melting in the bulk, 

thus allowing the existence of liquid 

water up to extremely low tempera­

tures (Cahn et aI., 1992; Maruyama 

et aI., 1992; Morishigue and Kawano, 

1999; Radhakrishnan et al., 2000, 

among others). In turn, the depression 

of Tm is proportional to ]11 (where 

H is the pore width) as predicted 

by the Gibbs-Thompson equation 

(Sliwinska-Bartkowiak et al., 1999). 

If dissolved salts are present (e.g. as 

is probable on Mars; Wynn-Williams 

et al. 2001; Knauth and Burt, 2002), 

these effects can be enhanced by two 

mechanisms: (a) further depression of 

the freezing point, controlled by the 

concentration and nature of salts in 

solution (e.g. about - 56°C for the 

H,O-NaCI-KCI-CaCI, system; 

Konnerup-Madsen, 1979); and (b) salt 

rejection, because pure water tends to 

freeze at a freezing front, leaving a 

progressively more concentrated solu­

tion (and therefore with an even more 

depressed freezing point) (e.g. Para­

meswaran and Mackay, 1996). Addi­

tionally, as noted by Dickinson and 

Rosen (2003), a variety of brine solu­

tions can maintain an aqueous phase 

to - 50°C, which is well within the 

range of summer surface temperatures 

on Mars. 

The pressure governing the liquid­

solid system in the Martian case under 

study is the internal pressure (Pin;) 
within the mudflow, and not the 

atmospheric pressure acting on the 

surface of the planet. Given the 

extremely low values of the atmo­

spheric pressure (Patmos) on the Mar­

tian surface, then Pint > P atmos, which 

will further increase stability of the 

liquid phase. For example, given a 

mudflow thickness of 10 m (a reason­

able estimate for a 2-km-Iong deposit), 

a point in the middle of the flow would 

be subjected internal pressures of 

about 1470 g cm-2 (sediment - liquid 

water 1 1; GMars = Gearth x 0.375), 

i.e. the equivalent to t"V 1440 mbar. 

One may argue that metastable 

water would freeze under a noticeable 

strain, such as the movement of a 

mudflow (metastability breaking); 

however, although this may be a 

reasonable argument in the case of 

free (bulk) water, it can hardly apply 

to the case under consideration. Given 

that: (1) viscosity has an exponential 

dependence on temperature (e.g. Mur-

rei and Jenkins, 1994); (2) we are 

dealing with a very low-temperature 

fluid (confined to a porous medium), 

and therefore of higher viscosity; and 

(3) metastibility of a fluid phase 

depends (among other factors) on 

viscosity, i.e. the higher the viscosity 

the harder to break metastability, it 

follows that we may expect the integ­

rity of a mudflow to be maintained, at 

least for a short distance, as shown by 

the example of Gorgonum crater. 

Thus we suggest that the metastable 

behaviour of water in a porous mater­

ial (coupled with the effective pressure 

within the sediment: Pint, and high 

salinity) offers an alternative and 

plausible explanation for the stability 

of liquid water, thus opening new 

perspectives for understanding sedi­

ment transport under fluidized condi­

tions on the Martian surface. We 

further suggest that the physics of 

non-equilibrium systems may also 

provide an alternative or complement­

ary approach for understanding taliks 

on Earth. 

Other related phenomena 
in East Gorgonum Crater 

We suggest that the origin of the 

deeply entrenched channels bounding 

the Gorgonum mudflow deposit 

(Fig. 1 b,c) may be related to syner­

esis-type phenomena (separation of a 

liquid from a gel; or in this case, from 

a fluidized sediment). If, as expected, a 

mudflow laterally leaks water during 

movement, then lateral water-excava­

ted channels may form (Fig. 2). In 

turn, this water may both promote 

rapid erosion and sediment transport 

of fine unconsolidated sediments. In 

the Gorgonum case the erosion chan­

nels are not much longer than the 

associated mudflow (Fig. 1b,c), which 

indicates that channel-forming proces­

ses may have been related to lateral 

water segregation from the fluidized 

sediment (see also Fig. 2 for compar­

ison). Furthermore, if the rejected 

liquid is a brine (e.g. Wynn-Williams 

et aI., 2001), then we would expect a 

lower freezing point and higher boiling 

point. Because liquid water would rap­

idly evaporate (in this case Patmos 
controls the system) it is clear that this 

phenomenon is highly transient. How­

ever, given that a phase change from 

liquid to gas would not be instantane­

ous for the total amount of rejected 



--- Rejection of water by syneresis t Evaporation of water "Movement of mudflow 

Fig. 3 Simplified model [or East Gorgonum type mudflows on Mars. Note the 
associated lateral channels (compare with Fig. 2) that may be excavated by water 

rejected by syneresis. 

water, part of it would remain as such 
during the downslope movement of the 

mudflow. Moreover, as the mudflow 
advances, more liquid water would be 

laterally rejected and added to the 
system as a result of syneresis (Fig. 3). 
The steeper the slope (as in Gorgonum) 

(Fig. l a), the higher the energy of the 
running water, and therefore, the dee­

per the trenches (V-type channels) that 
can be excavated in the unconsolidated 

sediments (Fig. 1 b,c). 
Finally, inspection of the crater 

image (Fig. la) shows that the series 
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of deeply entrenched channels and 
debris aprons occur only in the nor­

thern half of the crater. Malin and 
Edget (2000) suggest that this is due to 

climatic and geographical factors. An 
alternative explanation for this asym­
metrical phenomenon might be rela­
ted to the regional slope, which 
decreases in altitude to the south. If 
groundwater exists within a specific 

regional stratigraphic horizon, this 
should leak along the northern face 

of basins and/or craters, following the 

regional slope (Fig. 4), which is also 

observed in the northern faces of 
canyons in the so-called Gorgonum 
Chaos, some 100 km to the west of the 

crater (Malin Space Systems, 2001). 

Conclusions 

The physics of non-equilibrium sys­
tems offers an alternative view regard­
ing the debate on the existence of 
liquid water over the Martian surface. 
We provide theoretical evidence sug­

gesting that liquid water can defy 
thermodynamics rules, providing that 

it is confined to porous media (as we 
would expect within a mudfiow). 
Kinetic restnctlOns during phase 
changes of water (and not equilibrium 

temperatures) need to be taken into 
account. The process can be enhanced 
if dissolved salts are present. T nternal 
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Fig. 4 (a) Viking image mosaic showing the location of East Gorgonum crater and Gorgonum Chaos. (b) Vertically exagerated 

N-S topographic profile (see location in a; High-Resolution MOLA Digital Elevation Model; http://marsoweb.nas.nasa.gov/ 
data Viz/). Arrows indicate the possible pathway for groundwater moving along the regional slope. A.m.p.r. = above mean 
planetary radius. 



pressure within the flow, and not that 
acting on the Martian surface, needs 

to be considered. The non-equilibrium 

conditions met within a downslope 

moving mudflow provide a plausible 

environment to allow liquid water 

displacement on the Martian surface 

(Fig. 3). Furthermore, although we 

may be describing a highly transient 

phenomenon, water rejection from the 

mudflow due to syneresis-type phe­

nomena provides an alternative mech­

anism to account for the deeply 

entrenched channels flanking mudflow 

deposits on the Martian surface 

(Figs la-c and 3). 

Acknowledgments 

This paper benefited from comments from 
Dr P. B. Black. We thank Dr F. Anguita 
for his encouragement and help v,rith the 
manuscript. 

References 

Andersen, D.T., Pollard, W.H., McKay, 
C.P. and Heldman, J., 2002. Cold 
springs in permafrost on Earth and 
Mars. J. Geophys. Res., 107, Digital 
Object Identifier (DOI): 10.1029/ 
2000JE001436. 

Arcone, S.A, 2001. Stratigraphic profiling 
v,rith ground-penetrating radar in per­
mafrost: possible analog for Mars. Con­
ference on Geophysical Detection of 
Subsurface Water on Mars (http://www. 
Ipi.usra.edu/meetings/geomars200 1 / 
geomars200 l .resource.html.). 

Baker, YR., 2001. Water and the Martian 
landscape. Nature, 412, 228-236. 

Cahn, J.W., Dash, J.G. and Haiying, F, 
1992. Theory of ice premelting in 
monosized powders. J. Crystal Growth, 
123, 101-108. 

Christensen, P.R., 2003. Formation of 
recent Martian gullies through melting 
of extensive water-rich snow deposits. 
Nature, 422, 425-427. 

Costard, F., Forget, F., Mangold, N., 
Mercier, D. and Peulvast, J.P., 2001. 
Debris flows on Mars: comparison 
v,rith Terrestrial analogs. Conference 
on the Geophysical Detection of 
Subsurface Water on Mars (http:// 

www.lpi.usra.edu/meetings/ 
geomacs200 1 jpdfj70 17 .pdf ). 

Costard, F, Forget, F., Mangold, N. and 
Peulvast, J.P., 2002. Foonation of recent 
Martian debris flows by melting of near­
surface ground ice at high obliquety. 
Science, 295, 110-113. 

Coussot, P. and Meunier, M., 1996. 
Recognition, classification and mechan­
ical description of debris flows. Earth­
Sci. Rev., 40, 209-227. 

Dickinson, W.W. and Rosen, M.R., 2003. 
Antarctic peonafrost: an analogue for 
water and diagenetic minerals on Mars. 
Geology, 31, 199-202. 

Gilmore, M.S. and Phillips, E.L., 2002. 
Role of aquicludes in foonation of 
Martian gullies. Geology, 30, 1107-1110. 

Hartmann, W.K., 2001. Martian seeps and 
their relation to youthful geothermal 
activity. In: Chronology and Evolution of 
Mars (R. Kallenbach, J. Geiss and W. K. 
Hartmann, eds), pp. 405-410. Kluwer, 
New York. 

Hoffman, N., 2000. Wbite Mars: a new 
model for Mars'surface and atmosphere 
based on CO2. Icarus, 146, 326-342. 

Jakosky, B.M. and Phillips, R.J., 2001. 
Mars' volatile and climate history. 
Nature, 412, 237-244. 

Knauth, L.P. and Burt, D.M., 2002. 
Eutectic brines on Mars: origin and 
possible relation to young seepage 
features. Icarus, 158, 267-271. 

Konnerup-Madsen, J., 1979. Fluid inclu­
sions in quartz from deep-seated granitic 
intrusions, south Norway. Lithos, 12, 
13-23. 

Landis, G.A, 2001. Martian water: are 
there extant halobacteria on Mars? 
Astrobiology, 1, 161-164. 

Malin Space Systems, 2001. Evidence for 
recent liquid water on Mars: channels 
and aprons in East Gorgonum Crater, 
http://mars jpl. nasa. gOY /mgs /msss/ 
camera/images /june2000 / e. g._crater / 
index.html. 

Malin, M.C. and Edget, K.S., 2000. Evi­
dence for recent groundwater seepage 
and surface runoff on Mars. Science, 
288, 2330-2335. 

Maruyama, M., Bienfait, M., Dash, J.G. 
and Coddens, G., 1992. Interfacial 
melting of ice in graphite and talc pow­
ders. J. Crystal Growth, 118, 33-40. 

Mellon, M.T. and Phillips, R.J., 2001. 
Recent gullies on Mars and the source of 

liquid Water. J. Geophys. Res., 106, 
23,165-23,179. 

Morishigue, K. and Kawano, K., 1999. 
Freezing and melting of water in a single 
cylindrical pore: the pore-size depend­
ence of freezing and melting behavior. 
J. Chem. Physics, 110, 4867-4872. 

Murrel, J.N. and Jenkins, AD., 1994. 
Properties of Liquids and Solutions. John 
Wiley & Sons, New York. 

Nasa Ames Mars General Circulation 
Model, 2002. Climate Catalog. http:// 
humbabe.arc.nasa.gov/mcc/CC.htm1; 
accessed, September 2002. 

Nerseova, Z.A and Tsytovich, YA, 1966. 
Unfrozen water in frozen soils. In: Pro­
ceedings, Permafrost International Con­
ference, wfayette, November 1963 (K.B. 
Woods, ed.), pp 230-234. National 
Academy of Sciences - National 
Research Council. 

Parameswaran, YR. and Mackay, J.R., 
1996. Electrical freezing potentials 
measured in a pingo grov,ring in the 
western Canadian Artic. Cold Regions 
Sci. Technol., 24, 191-203. 

Pidwirny, M.J., 2002. Fundamentals of 
physical geography. Http://www.geo­
g.ouc. bc.ca/physgeog/contents/ 11 q.html. 

Radhakrishnan, R., Gubbins, K.E. and 
Sliv,rinska-Bartkov,riak, M., 2000. Effect 
of the fluid-wall interaction on freezing 
of confined fluids: toward the develop­
ment of a global phase diagram. J. Chem. 
Physics, 112, 11048-11057. 

Sliv,rinska-Bartkov,riak, M., Gras, J., 
Sikorski, R., Radhakrishnan, R., Gelb, 
L. and Gubbins, K.E., 1999. Phase 
transition in pores: experimental and 
simulation studies of melting and 
freezing. L angmuir, 15, 6060-6069. 

Takagi, S., 1966. Theory of freezing-point 
depression v,rith special reference to soil 
water. In: Proceedings, Permafrost 
International Conference, L afayette, 
November 1963 (K.B. Woods, ed.), 
pp. 216-224. National Academy of 
Sciences - National Research Council. 

Wynn-Williams, D.D., Cabrol, N.A, Grin, 
E.A, Haberle, R.M. and Stoker, C.R., 
2001. Brines in seepage channels as elu­
ants for surface relicts biomolecules on 
Mars? Astrobiology, 1, 165-184. 


	j.1365-3121.2003.00487.x_Página_1
	j.1365-3121.2003.00487.x_Página_2
	j.1365-3121.2003.00487.x_Página_3
	j.1365-3121.2003.00487.x_Página_4
	j.1365-3121.2003.00487.x_Página_5

