Freezing-resistant liquid water in porous media, a possible
mechanism to account for the fluidized transport of sediments
on Mars: an example from East Gorgonum crater
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ABSTRACT

A mudflow-like deposit resting on the bottom of the East
Gorgonum Crater (Mars; 37.4°S, 168.0°W) 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 liquid 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, 2008; Malin
and Edget, 2008, among others). Sev-
eral papers strongly suggest the exist-
ence of water beneath the Martian
surface (e.g. Malin and Edget, 2006,
Baker, 2001; Costard et al., 2001,
2002; Hartmann, 2081; Jakosky and
Phillips, 2081; Mellon and Phillips,
2081; Gilmore and Phillips, 2002;
Knauth and Burt, 2082; Christensen,
2083, 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 (2008) 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 C@®, as the main gaseous
phase.

We here discuss an elongated sedi-
mentary deposit in East Gorgonum
Crater on Mars (37.4°S, 168.°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 -7 conditions.

Mudflow deposits in East
Gorgonum caater: 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 50-98% (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 [t = o(tan@y),
where 1 represents bulk intergranular
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Fig. 1 Nerthain secter of the East Gergenum crater. Nete the head alceve (a),
representng a sevrce merphelegy (Malin and Edget, 2488); detail of a mudfiew-like
depesit (b); and a V-shaped channel (). M@®C mmages M#/41873, M1441834,
M1581466; see alse MGS M@®C Release No. MO@R-241.
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Fig. 2 Recent mudfiew in the Atacama desert (nerthern @ule). Read frem Cemapé
te Maricunga (23## m abeve sea level). Nete the asseciated lateral cliannel en the
right.

shear stress, ¢ inteigianular neimal
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A dese inspectien of images fiem
the 12-kan-wide East Gergenum Cia-
ter crater (Fig. la) Teveals a series of

deeply entrenched channels, debris
aprens (Malin Space Systemns, 2091)
and a well-decumented ~ 2-km-leng,
39-m-wide (maximum), frent-lebed
geemeiphic feature that clesely
Tesembls a terrestiial mudflew depesit
(Fig. 1a,b). We are aware of the many
thexmedynamic censideratiens ruling
eut the existence ef liquid water en
the surface of Mars (e.g. Heffman,
2089, ameng ethers). Fer example, the
extremely lew pressures in the regien
of Gergenum (4.5 5.5 mbar; Nasa
Ames Marts Geneial @rculatien Med-
el, 2092) ate belew that ef the water
triple peint (~ 61 mbar). Thus,
altheugh the highest temperatures in
this zene may reach up te 2% K
(Nasa Ames Mars General Circula-
tien Medel, 2092), pressure cen-
straints enly allew a phase change
frem selid te gas. Hewever, in the
Gergenum case we weuld net be deal-
ing with a typical case of en-suiface-
free-water, but with water cenfired te
a perens material (i.e. a mudfiew).
This makes a censiderable difference
because under such cenditiens the
cdassic theimedynamic appreach
(phase diagiam fer water) may net
apply. Fer example, as early as the
1960s it was recegnized that classic
theimedynamics was ef limited use
fer many seil water interactiens
(Takagi, 1966), and that the ameunt
of unfrezen water belew 9 °C was,
ameng ether facters, related te the
particle size of the sediment, ie. the
finer the sediment, the greater the
ameunt ef unfrezen water (Nemseeva
and Tsytevich, 1966). Medem studies
have shewn that liguid water can be
feund in seils and ether pereus media
at temperatures as lew as — 49 °C, ie.
well belew the bulk melting tempeia-
tures (Cahn et @l, 1992; Maruyama
et al, 1992, ameng ethers) er even at
— 89 °C in the interstices of shallew
hypersline seils in the Antaictic celd
deserts, a plausible equivalent te Mar-
tian envirenmental cenditiens (Wynn-
Williams e al., 2001). The precess has
been alse studied by Landis (2001),
whe relates the leweling ef the freez-
ing peint te capillaiy-pere effects
(— 63 °C). Altheugh seils de freeze
(e.g. pexmafrests in celd regiens), the
pIecess is net necessaiily cemplete,
and a geed example is previded by the
se-called taliks, i.e. lecalized unfrezen
layers lecated undermeath er within
masses of permafrest (Aicene, 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 al., 2008). 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 *C, 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 (Morishigne 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 al., 2000):
ATy = Tm.pore — Tnbuk < ¢

where T, is the temperature of melt-
ing, Tmpere is the temperature of

melting in the pores and Ty, i
the temperature of melting in the bulk,
thus allowing the existence of liquid
water up to extremely low tempera-
tures (Cahn et al, 1992; Maruyama
et al., 1992; Morishigue and Kawano,
1999; Radhakrishnan et al., 2000,
among others). In turn, the depression
of T, is proportional to B! (where
H is the pore width) as predicted
by the Gibbs—Thompson equation
(Sliwinska-Bartkowiak ez af., 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,®-NaCl-KCl-CaCl, 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 (2083), a variety of brine solu-
tions can maintain an agqueous phase
to — 56 *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 (P,mes) On the Mar-
tian surface, then P, > P4, Which
will further increase stability of the
liquid phase. For example, given a
mudflow thickness of 18 m (a reason-
able estimate for a 2-km-long deposit),
a point in the middle of the flow would
be subjected internal pressures of
about 1478 g cm™~? (sediment — liquid
water 1:1; Gyars = Geartn X 8.375),
i.c. the equivalent to ~ 1448 mbar.

®ne 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-

rel 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: P, 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. 1b,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 al., 2001), then we would expect a
lower freezing point and higher boiling
point. Because liquid water would rap-
idly evaporate (in this case 2,
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
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Fig. 3 Simplified model for 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)

BorgonyT
Chans

(Fig. 1a), 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. 1b,c).

Finally, inspection of the crater
image (Fig. la) shows that the series

o

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 mudflow).
Kinetic restrictions 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. Internal
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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/
dataViz/). 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).
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