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ABSTRACT
We propose a hypothesis to explain the erosive phenomenon of Martian gullies under current climatic conditions. 
This model is consistent with the morphology and finds support in the characteristic geographic diffusion of the 
gullies, which seem to avoid exposure to the sun and the hottest latitudes. We hypothesize a transient flow of spring 
water fed by melting permafrost which can occur only in certain latitudes and altitudes, with seasonal variability 
and for a very short time. Furthermore, this phenomenon can only occur in certain ranges of temperature and 
pressure, therefore when particular and sporadic weather conditions allow it. For this reason, we propose to call it 
weather-springing water (WSW).

KEY-WORDS: Mars, gullies, liquid water.

INTRODUCTION

The Martian gullies were discovered analysing the Mars Orbiter Camera (MOC) images 
of the Mars Global Surveyor (MGS) mission. Their existence has been first reported by Malin 
& Edgett (2000), and most of the phenomena are observed in the southern hemisphere 
(Harrison, 2014, 2016). Their morphology shows erosion (alcove, channel incision) and slope 
deposition (apron) but the agent operating these actions is not evident. Different models 
have been proposed to explain the formation of gullies. These include: the release of water 
or liquid brine from shallow (Malin & Edgett, 2000) or deep (Gaidos, 2001; Malin et al., 
2006) aquifers; liquid CO2 release (Musselwhite et al., 2001); melting of ice (Costard, 2002; 
Gilmore & Phillips, 2002; Khuller & Christensen, 2021) or of snow (Hartmann et al., 2002; 
Lee, 2002; Christensen, 2003; Williams, 2008) either exposed or buried immediately below 
the surface; “dry” (Shinbrot, 2004; Pelletier et al., 2008) granular flows possibly fluidified by 
CO2 sublimation (Dunas et al., 2017; Treiman, 2003). However, terrestrial examples show 
little analogy with Martian morphology (Harrison, 2016). As a matter of fact, the position 
and orientation of Martian gullies are not fully compatible with none of the mechanisms 
reported above. Namely: (i) they do not appear in the equatorial belt, (ii) at mid-latitudes 
they are systematically turned towards the pole and (iii) they appear even at high latitudes 
(Balme, 2006; Harrison, 2014). All these characteristics, in the Martian environment, seem 
incompatible or even opposite to those expected by a liquid water related origin. At first it 
was believed that the phenomenon could date back to a relatively recent past when water 
could still act on the surface (Malin & Edgett, 2000) but the sudden appearance of new gullies 
was soon observed where they had not been present in previous images (Motazedian, 2003; 
Dundas et al., 2017). It is now evident that the erosion of gullies is still ongoing today and the 
most significant morphological changes are associated with the seasonal cycle (Dundas et al., 
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2012). Yet, an erosive agent fully compatible with the geographic 
and morphological characteristics of the gullies has not been 
satisfactorily identified, although currently CO2 frost is regarded as 
the most plausible mechanism for explaining gully formation.

However, all the data provided by the Mars Odyssey Neutron 
Spectrometer, High Energy Neutron Detector, and Gamma Ray 
instruments (Feldman et al.,  2002; Mitrofanov et al.,  2002), 
as well as recent observations of the Marsis radar of the Mars 
Experess mission (Orosei et al., 2018), supports the hypothesis 
that Mars still conserves water stored in the ground in the form of 
permafrost. This ice could be the origin of the gullies if there were 
favourable conditions for permafrost melting on the planet. It has 
already been proposed that gullies can be formed by liquid water 
in environmental conditions similar to those currently present on 
Mars (Heldmann et al., 2005). It has been hypothesized that even 
under current conditions water can be in the liquid phase, albeit in 
modest quantities since it would be unstable (e.g., Ingersoll, 1970; 
Haberle et al., 2001; Hecht, 2002; Richardson & Mischna, 2005; 
Sears & Moore 2005). It has been estimated that this could possibly 
happen on 29% of Martian surface (Haberle et al., 2001). Moreover, 
these favorable conditions require suitable water vapor pressure 
values in the Martian atmosphere, which is a further condition 
for maintaining water in a liquid state. Inadequate value prevents 
ice melting in atmosphere even in presence of transient stability 
conditions for the liquid phase to exist (Shorgofer, 2020). Just for 
this reason, the presence of liquid water is commonly considered 
unlikely except in presence of quite unusual climatic conditions or 
underground (Martinez & Renno 2013).

In this work, we propose a novel gully formation model. From 
here onwards we will define “gully” the morphological pattern 
without meaning the erosive action or the agent causing it. Instead, 
we will call “Weather Springing Water” (WSW) a hypothetical flow 
of water that operates the gully phenomenon under the action of 

external meteorological conditions. We will then introduce a model 
on local variability of atmospheric P and T gradients that can justify 
WSW capable of producing gullies with localization, exposure and 
morphology compatible with the Martian ones.

GEOMORPHOLOGIC OBSERVATIONS ABOUT GULLIES

Gullies are incisions evolving of steep slopes, generally grouped 
in parallel series sometimes converging in a single collector 
especially in the concave slopes of craters. The typical morphology 
of Martian gullies can be subdivided in three elements: alcove, 
channel and apron fan (e.g., Malin & Edgett, 2000; Heldmann et 
al., 2007; Mangold et al., 2010). Figure 1A and 1B show in the 
apical area a landslide scar called alcove. It is apparently affected 
by headward migrating erosion which not infrequently produces 
cavities and therefore inverted dip sections. The subsequent 
gravitational collapse of the inverted dip brings the alcove to the 
typical conical or lobate morphology. In both hemispheres, most 
alcoves are characterized by slope angles smaller than the angle 
of repose. This fact suggest that the formation of the gully alcoves 
is unlikely to be originated by a purely dry downslope movement 
of unconsolidated soil (Heldmann & Mellon, 2004; Heldmann 
et al., 2007). At least one channel springs from the alcove, the 
actual “gully”. The incision depth of the channel seems to increase 
immediately below the alcove and then gradually decrease as it 
descends along the slope. In the same slope, all adjacent canals 
start at the same altitude but they terminate, sometimes even 
abruptly, at a fairly uniform altitude which can vary progressively as 
the orientation of the slope changes. At the base of the slope, the 
materials removed by the apical erosion are visible, forming a talus 
cone (apron debris) on the valley floor. The debris rests on the valley 
floor in places covering sand dunes (e.g., MOC image M03-02290; 

Fig. 1 - Morphology of gullies and its possible relationship with the vertical gradients of P and T. A) Schematic representation in section of the three 
morphological elements that make up a gully (alcove, channel, apron) with the indication of the prevailing erosive/depositional phenomenon; B) Front 
view of the same scheme; C) A real example (in the southern hemisphere) compared with the model. Image: “ESP_011727_1490” by HiRISE (NASA/JPL/
University of Arizona), https://www.uahirise.org/ESP_011727_1490.

https://www.uahirise.org/ESP_011727_1490
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HiRISE image ESP_011727_1490) evidencing its recent origin. 
The cone of the talus may appear lobed or very steeply sloping. 
In most cases these deposits are found below the gullies, they are 
rarely incised and only at the top. There are no traces downstream 
of an outflow or of a collection basin, as if the fluid that eroded the 
gullies suddenly vanished.

MODEL HYPOTHESES

In figure 1 the horizons of the solid-liquid equilibrium (S/L) 
and of the liquid-vapor equilibrium (L/V) have been traced both in 
open (epigean) and underground (hypogeum) environments. The 
water conditions in these environments are indicated in italics. 
Proceeding from top to bottom, the first condition favourable for 
the existence of liquid water occurs in the hypogeum environment 
where pressure and temperature gradients are greater than the 
atmospheric ones. The piezometric level corresponds to the 
underground S/L limit but near the slope this line tilts towards the 
topographical surface to follow the local pressure variation which 
is determined by the overlying soil thickness. This in turn favours 
the regressive erosion of the alcove and, in an advanced phase, 
a possible collapse of the alcove vault. The water comes to light 
when the aquifer emerges on the slope below the epigeal S/L level, 
which is linked to atmospheric gradients. When water gushes to the 
surface, its outflow can only occur within the atmospheric liquid 
range. We hypothesize that the water here is already boiling while 
flowing and that the associated turbulence contributes further to 
the erosion of the canal and to support the solid transport in addition 
to the normal potential of its discharge. Downstream, once the L/V 
atmospheric equilibrium horizon is reached, the liquid water has to 
vanish. This will happen progressively by boiling and evaporation 
of the fluid. Approximately in the vicinity of atmospheric L/V all 
channels have to cease. At this point, all the material that had been 
eroded by the alcove and the channel bed is no longer supported 
by the liquid fluid transport (this is confirmed by a progressive 
attenuation of erosion that can be detected in the channel) and a 
process of gravitational sedimentation of a dry debris takes over. In 
figure 1, the diagrams of this model depicted in section (A) and in 
front view (B) are compared with a real example (C).

Role of temperature and pressure in gullies morphology

The morphology we have described and analysed above is 
compatible with the hypothesis that the liquid appears at a certain 
altitude and disappears completely at a lower altitude, depositing 
immediately, due to gravity, all the previously eroded and 
transported material. While a similar phenomenon is not possible 
on Earth, in the current Martian environment it is compatible 
with the strong conditioning exerted by the vertical atmospheric 
gradients of pressure and temperature.

On Mars, the liquid water stability window is limited between 
about 274 K and 281 K in an atmospheric pressure window 
between 6.5 and 10 mbar (Hess et al., 1980; Hourdin et al., 1995; 
Haberle et al., 2001). However even under these conditions it is 
likely that as soon as the surface temperature reaches or exceeds 

the melting temperature, the water starts boiling since the surface 
temperatures can locally and temporarily exceed the saturation 
temperature for the low atmospheric pressure (Haberle et al., 
2001; Reiss & Jaumann, 2003; Fenton, 2006; Martín-Torres et al., 
2015). Moreover, even in conditions of perfect stability, i.e. within 
the liquid phase window, if the actual vapor pressure of water in the 
atmosphere is lower than the saturation vapor pressure of the liquid 
on the surface, the liquid will evaporate until saturation. Since the 
atmospheres of Mars and Earth are never saturated, liquid water 
is not stable on the surface of both planets and the liquid tends 
to evaporate until it runs out or until surrounding air becomes 
saturated (Haberle, 2001). Therefore, on the surface, liquid water 
can only exist for a limited time (Martinez & Renno, 2013). Even 
the terrestrial oceans are constantly evaporating feeding the water 
cycle. Therefore, on Mars, we do not expect conditions of stability 
with respect to evaporation nor with respect to boiling. To support 
our model, a long persistence time of the liquid in atmosphere 
is not necessary.  The fluid flow velocities in the gullies have 
been estimated to be around 6 m/s (e.g., Jouannic et al., 2012; 
Mangold, 2003) and 3 m/s for sinuous gullies (Mangold, 2010). The 
evaporation rate of water for Mars has been estimated in 0.73 ± 
0.14 mm/h at 273 K (0 ° C) and 7 mbar (Sears & Moore, 2005). At a 
speed of 6 m/s, in a scenario similar to that shown in figure 1C, the 
maximum persistence time for the liquid to flow through the whole 
channel (about 600 m), can be estimated in 100 s. We also believe 
that the erosion of the channels is favored by the boiling of the water 
and that the flow transport capacity in the channels is enhanced by 
this turbulence. These circumstances appear to be proven by recent 
laboratory experiments (Herny, 2019). The conditions necessary 
for the gullies phenomenon, although not common in the Martian 
environment, can locally occur with a regular, even if transient, 
periodicity. We also remark that, while in our quantitative estimations 
(e.g., Tab. 2), we consider only the action of pure water, the possible 
presence of dissolved salts (brines) could lower both the melting 
point and the evaporation rate, extending the range of pressure and 
temperature allowing for the liquid state of water (Brass, 1980; Sears 
& Chittenden, 2005; Möhlmann & Kereszturi, 2010; Masterton & 
Hurley, 2011; Nuding et al., 2015). 

Therefore, assuming the existence of permafrost in conditions 
slightly different from the planetary average, some traces of runoff 
along the escarpments where the permafrost could emerge on 
the surface can be potentially found. We have looked for these 
conditions taking into account the progressive increase in pressure 
and temperature that the hypogeal and atmospheric gradients 
determine respectively as a function of depth and topographical 
altitudes. The progressive and constant increase of P and T will 
ultimately lead to achieve the conditions of stability of the liquid 
phase, though limited to a small window of atmospheric altitudes 
and underground depths. We consider two pairs of horizons that 
represent the solid-liquid (S/L) limits at the top and liquid-vapor 
(L/V) at depth. Each pair refers to the hypogeal and atmospheric 
gradients of T and P respectively. Let us now suppose that weather 
conditions exist such that these horizons intersect the topographic 
surface (Fig.  1). In this scenario, starting from above, the first 
favorable condition for the liquid water (i.e., the S/L horizon of 
higher altitude) occurs in an underground environment due to the 
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more rapid increase in both gradients. Here, in the presence of 
permafrost, we can imagine a partial melting, limited to a certain 
level. Dissolved water can come to light at a slightly lower altitude, at 
the point where the piezometric level (which increases its depth due 
to the slope) reaches the level of liquidity range in the atmosphere 
(see Fig. 1A). At the atmospheric S/L equilibrium, water can spring 
out, producing runoff within the atmospheric liquid range. Once the 
atmospheric equilibrium level L/V is reached, the water evaporates 
and all the channelling ceases almost simultaneously. The eroded 
material at the source and along the runoff, no longer supported 
by the fluid, falls like a gravitational talus originated approximately 
from the terminal point of the gully. 

This model seems remarkably consistent with the morphology 
of the gullies (compare Fig. 1A with Fig. 1B). The apical regressive 
erosion zone (called alcove) corresponds to the range of altitudes 
between the hypogeal and atmospheric solid-liquid levels. The 
channel extends between the altitude levels of the atmospheric 
liquidity range. Its incision on the ground becomes less marked 
with the degradation of the stability of the liquid and ceases with 
its sublimation. The dry debris settles in a landslide below the 
atmospheric S/L level (apron). Compared to a dry landslide coming 
from the alcove area, here the shape of the deposit tends to be 
conical rather than prismatic. It can also be hypothesized that the 
strong erosion of the alcove is mainly due to the gravitational collapse 
of the geological layer in which the regulitic skeleton is deprived of 
the support of the ice matrix. Instead, the weaker erosion of the 
gullies could be due to the foam of the WSW (close to boiling) and 
its solid transport in a turbulent flow regime rather than the actual 

discharge of water flow. However, according to our hypothesis, 
a progressive and constant increase of the hypogeal and epigeal 
P and T with null contribution by insolation would be needed. A 
significant contribution by insolation in fact, would increase both 
the temperature of the slope and the water preventing its melting.

To test our hypotheses, we have implemented a simple 
numerical model to compute the T and P gradient variations 
with latitude in order to verify whether conditions allowing the 
existence of gullies might transiently occur within shade. Our 
calculations are based on a few plausible data (Tab. 1) which will 
only give indicative results, yet enough to understand if the trend 
of the parameters P and T can follow our theoretical model. We 
consider an approximated water phase diagram on Mars (Fig.  2) 
and the available data up to the Pathfinder mission (Tab.1). In our 
simplified approach to obtain T and P values on a given point of 
the Martian surface we have used approximated atmospheric 
vertical and horizontal gradients while for the subsurface points 
we have adopted only vertical P and T gradients. The atmospheric 
simulation is limited to the troposphere and we assume vertical and 
longitudinal gradients to be linear and only depending from altitude 
and latitude. It is evident that such approximation would not be 
suitable on a terrestrial environment but since on Mars there are 
no oceanic masses nor mountain ice caps we can approximately, 
but safely, assume that, at fixed latitude, atmospheric P and T vary 
only as a function of altitude. Thus, given some reliable values on 
the surface at the equator and the slope of the linear gradients 
(tab 1) we can straightforwardly retrieve T and P for any altitude 
and latitude. For negative altitudes (subsurface) we use hypogeum 

Fig. 2 - H2O Phase Diagram. Modified from Chemical rubber handbook, 1974. Linear approximation lines valid at least in the intervals of P and T delimited 
by the yellow stars are shown above. The blue line of the Solid/Liquid state transition corresponds to eq. [1], while the red line approximates, in default, 
the Liquid/Vapour transition of eq. [2]. Below this line we are in the liquefaction range.
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gradients (Tab. 1) with the additional assumption that underground 
T and P vary only vertically.

To verify when P and T obtained with the procedure outlined 
above fall within the stability range of the liquid water, the state 
diagram (Fig. 2) has been numerically reconstructed by means of 
the two linear relations below [1; 2] that approximate downwards 
the curves of the Solid/Liquid and Liquid/Vapor state variations 
at least in a range of conditions compatible with the Martian 
environment.

Solid/Liquid: P = -315 T + 9.25 [1]
Liquid/Vapor: P = 0.86 T + 6.09 [2]
Validity range: P: 6,1 - 25 mb; T: 0.01 - 22 °C

Using values from table 1 we obtain the variation of the liquidity 
interval in the atmospheric environment as a function of altitude 
and latitude. Namely, we can compute the S/L [1] e L/V [2] curves 
in atmosphere as a function of latitude (Fig. 3). These two lines in 
figure 3 border the permitted liquid region in the latitude/altitude 
space that is locally represented by the atmospheric horizons 
S/L and L/V depicted in figure 1A and 1B. This pattern is to be 
considered symmetrical in the other hemisphere.

To get the model shown in figure 1A, we computed subsurface 
S/L and L/V horizons (just as in atmosphere). We started from 
values on specific sites on the surface and progressed downward 
with hypogeal steps characterized, as for the Earth, by a positive 
geothermic gradient. The steady result is that liquefaction 
conditions underground are always reached at higher altitudes 
with respect to the atmosphere due to the steeper gradient. For 
liquid water to gush out in atmosphere the concurrence between 
hypogeal and epigeal liquefaction is needed: we can verify that this 
condition is satisfied near the top of the slopes. Remarkably, this 

is just what can be observed in several Martian images (e.g., Figs. 
1C, 4 and 5).

Impact of seasonal cycle on gullies geographical distribution

Figure 2 shows a static approximation of reality since the 
actual dynamic curves will be characterized by at least diurnal 
and seasonal fluctuations. However, we remark that even using 
approximated down data and conservative assumptions, we obtain 
a robust sketch of liquid water stability window with respect to 
altitude and latitude. 

By means of simple numerical evaluations, we have observed 
that atmospheric liquidity conditions are the most unstable and the 
S/L horizon varies seasonally in altitude. In order for liquid water 
to gush out in a certain region of the planet, it is necessary that 
the atmospheric S/L horizon locally intersects the topographic 
altitudes. The S/ L transition in the water phase diagram on Mars 
occurs at the triple point temperature (0.01 °C) for all pressure 
values greater than 6.1 mb (Fig. 2).

Likely around early and late summer in the southern 
hemisphere we register the greatest stability of the liquid phase 
in the range of topographic altitudes of Mars. Furthermore, under 
the same seasonal conditions, a simplified reconstruction of the 
atmospheric trend of elevations of phase limits as a function of 
latitude, shows, as the latitude increases, a progressive extension 
of the interval of altitudes compatible with the stability of the liquid 
(Fig. 3). The trend of ideal conditions as a function of altitude Q (in 
meters) and latitude L is:

Q = -175 L + 5240  [3]

Provided the presence of an underground permafrost, we can 
assume that the distribution of gullies on the surface of the planet 

Table 1 - Parameters used in the simulation.

Temperature:

Maximum temperature at latitude 0, altitude 0: 35 °C (Viking missions data)

Maximum temperature al latitude 90, altitude 0: -60 °C (Viking missions data)

Average daily temperature range: 65 °C (Viking and Pathfinder data)

Longitudinal gradient on the surface: 1.06 °C per degree of latitude (based on data above)

Vertical atmospheric gradient at the surface: 0.72 °C per 100 m (Pathfinder mission data)

Vertical hypogeum gradient: 0.80 °C per 100 m (MGS mission data)

Pressure:

Maximum pressure at latitude 0°, altitude 0: 7.0 mb (Viking missions data)

Maximum pressure at latitude 90°, altitude 0: 20 mb (Viking missions data)

Average daily variation of atmospheric pressure: 0.2 mb (Viking and Pathfinder data)

Longitudinal gradient on the surface: 0.144 mb per degree of latitude (based on data above)

Vertical atmospheric gradient at the surface: 0.10 mb per 100 m (Pathfinder mission data)

Vertical hypogeum gradient: 8500 mb per 100 m (empirical estimate)
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is conditioned by a local relationship between topography and 
seasonal variation of climatic conditions.

Impact of diurnal cycle on gullies position and evolution

Figure 3 shows that favourable conditions for liquidity can 
occur seasonally at low altitudes with increasing probability at high 
latitudes. Here our simulated T and P distributions identify horizons 
favourable for a “transiently-stable” liquidity phase that intersects 
local topography in the air environment. This stability interval needs 
the absence of direct insulation since this would cause a sudden 
rise in simulated temperatures (always considered in the shade) 
bringing phase conditions in the field of the vapour state even in 
medium and high latitudes. Remarkably, just this requirement may 
explain the apparently anomalous orientation and distribution of the 
gullies. In each hemisphere, the gullies tend to be exposed towards 
the homologous pole (Balme et al., 2006) similarly to glaciers and 
terrestrial snowfields, which need shade to survive. In our model, 
at mid-latitudes, runoff can only occur along the slopes facing 
the pole while, on the side facing the equator, the ice will directly 
sublimate (Fig. 4). In many images from spacecrafts orbiting Mars 
(i.e., MOC, CTX, HiRISE), looking at walls on the opposite site with 
respect to the gullies, there are sometimes present “drain shaped 
stains” that could be due to moist soil, mineral alteration of the wet 
regolith (dark spots) or formation of saline crusts (light spots). In 
fact, in order for the ice to melt, it is required that the temperature 
does not rise above the simulated value in the shade (Fig. 3). This 
condition is granted only on the slope facing the pole. On the other 

side, ice can only sublimate since an equilibrium with adequate 
atmospheric pressure will never be attained because of the higher 
temperature.

From a geomorphological point of view, the gullies observed in 
impact craters represent a significant case study. Here the circular 
shape of the crater facilitates forecasting the projection of shadows 
throughout the day. During the insolation cycle, the shadows 
projected inside the craters vary in extension and orientation 
symmetrically with respect to the condition of the local noon. 
The extension of the shadows favours the extension of the gullies 
while the permanence of the shadow in the same area favours the 
permanence of the run-off conditions and consequently the erosion 
in that area. The graph in figure 5 is obtained by means of a three-
dimensional graphic simulation of the insolation on the morphology 
of a crater. The shadows are projected on the truncated cone cavity 
of an ideal crater. The graph shows in flat projection the extension 
of the shadows at different times of the day and, through the 
chiaroscuro obtained from the superimposition of these shapes, it 
also shows the relative permanence of shadows on different sites. 
This pattern holds for any round crater at arbitrary latitude even if it 
obviously degenerates towards 0 and 90 degrees (only shadow and 
no shadow respectively).

This model can be generalized to all craters, foreseeing for 
example in the northern hemisphere the maximum erosion (darker 
shadow) towards the South (i.e. the homologous pole) and longer 
gullies, but less engraved, in the NE and NW directions. In this 
model, the gullies length will then decrease towards E and towards 

Fig. 3 - Variation of the liquidity interval in the atmospheric environment as a function of altitude and latitude. As in Fig. 2, the blue line is the Solid/
Liquid limit and the red line is the Liquid/Vapour limit. The dotted line represents the best stability condition of liquid water, calculated by formula [3]. We 
remind that, since there is no sea level on Mars, the altitude 0 refers by convention to the “average planetary altitude” i.e. the average level of the planet’s 
hypsographic curve. The gully areas of Table 2 are also shown.
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W until the definitive fading of traces. This is a configuration that is 
frequently observed in the NASA (MOC) images, within the limits of 
the geometric regularity of the topography. Again in figure 5, in the 
background of the graph, we see a real example of this symmetry 
in the distribution of gullies. The crater is located in the southern 
hemisphere at latitude -37.7°. All the gullies are located in the 
Northern sector and are therefore exposed towards the homologous 
pole of the hemisphere. Consistent with what has been hypothesized 
for figure 4, it can be observed that the extension of the shadows 

favours the extension of the stability conditions of the WSW, and 
therefore the extension of the gullies. The channels positioned 
below the NW and NE edges of the crater are characterized by the 
greatest radial extension while those positioned below the North 
edge are shorter but produce the greatest erosion at the source. 
Indeed, the duration of the shadow favours the permanence of 
WSW conditions, and therefore the depth of erosion in the gully 
and, above all, in the alcove. In figure 5 the depth of the erosion is 
morphologically highlighted by the width of the alcoves.

Fig. 4 - Role of insolation. Runoff can 
occur in the liquid stability range as 
long as the slope is shielded from 
solar exposure. On the opposite 
side spots may sometimes appear 
presumably due to the sublimation 
of the permafrost exposed to the 
sunlight. Legend: Li = liquefaction; 
Ev = evaporation; Su = sublimation. 
The image at the bottom compares 
our diagram with a real case. We can 
see in plan view that, on the opposite 
side with respect to the gullies, “drain 
shaped stains” are often observed. 
These may be caused by mineral 
alteration of wet regolith and/or the 
formation of salt crusts. The region 
Gorgonum Chaos is located near 
37.5°S, 170.5°W (image: MGS MOC 
Release No. MOC2-236, 22 June 
2000, http://www.msss.com/mars_
images/moc/june2000/gorgonum).

http://www.msss.com/mars_images/moc/june2000/gorgonum
http://www.msss.com/mars_images/moc/june2000/gorgonum
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If we consider the P and T diurnal variations, we must 
necessarily admit that the diurnal cycle involves a periodicity 
in the range of temperatures within which liquidity conditions 
can manifest. We speculate that the atmospheric conditions 
favourable to liquid water stability can occur in two daily episodes 
symmetrical with respect to the maximum temperature time 
(theoretically shortly after the culmination of the sun on the local 
meridian). These are short time intervals whose duration, from our 
approximate estimates, will hardly exceed a few hours (for example 
see Table 2). While we cannot estimate the exact numerical values, 
figure 6 qualitatively shows how the timing and duration of WSW 
episodes depend on latitude. The higher the latitude, the longer the 
phenomena and closer to the noon. In mid-latitudes, WSW will only 
appear for a few minutes in the morning and in the evening. With 
increasing latitudes, the WSW events will progressively last longer 
and take place closer to the noon, until the couple of WSW events 
will converge in a single episode of maximum duration centered 
on the time when the maximum atmospheric temperature occurs. 
We hypothesize that, in the polar circles, the WSW can last much 
more than an hour without interruption. In this condition, thanks 
to the low angle of irradiation and therefore with the favour of the 
shadow, deeper and more extensive erosive phenomena can occur. 
This mechanism, as described, intends to support the typology in 

which most of the gullies fall, i.e. those at medium latitude exposed 
towards the pole or in deviant directions up to 90°. We speculate that 
a similar mechanism can be extended to two other climatic bands 
(more northerly and more southerly) to describe all the other types 
observed on the planet as well as the rare gullies facing the equator. 
While in the first case (“central” band) the ideal temperature finds 
the favor of the shade in the summer period, conversely, at higher 
latitudes, where the theoretical temperatures would be too low, the 
slopes facing the equator can find the favor of the sun for a further 
fleeting possibility of gullies formation. At lower latitudes, on the 
other hand, where temperatures would be too high already since 
the early morning, the seasons close to winter could at the very 
least offer a further opportunity on the slopes facing equator but in 
this case with the favor of the sun. In both cases it would be even 
more ephemeral and rare conditions of equilibrium, proven by the 
fact that this kind of gullies are rare and limited to extreme latitudes 
(Fig. 9).

DISCUSSION: MODEL VS OBSERVATIONS

In figure 3 the ideal liquefaction region in the altitude/latitude 
space is shown assuming static average annual quantities. The 
“real” pattern will “fluctuate” reflecting seasonal and diurnal P and 
T cycles. We can figure that in figure 3 the pattern fluctuations will 
be horizontal for seasonal cycles and vertical for diurnal cycles. 
Nevertheless, we think that also our strongly approximated static 
model could give some interesting insights when applied to real 
Martian gullies. Remarkably, some gullies sites already fit into it. 
Namely, we refer to numerous gullies along the Nirgal Vallis canyon 
and a vast area between Gorgonum Chaos and Gorgonum Crater. 
In table 2 we report the geographical coordinates of 6 gully areas 
ordered for increasing latitudes. These are the same sites falling 
within the stability range of the liquid (shown in Fig. 3 as a function 
of latitude and altitude). Again in table 2, P and T associated 
with each gully have been computed as described in section 3.1 
and 3.2. In figure 7 those values have been reported in a phase 
diagram approximated down as in figure 2 using eqs [1] and [2]. 
All the gully sites fall in the liquid water window. The last column in 
table 2 reports our estimate for the total daily duration of the WSW 
phenomenon. The first 5 sites in table 2 are mid-latitude gullies. 
It can be observed that for these sites the estimate of the overall 
duration of the phenomenon (Table 2) seems to correlate with 
their P and T distances from the L/V phase transition (Fig. 7). The 
sixth site, at high latitude, falls near the S/L phase transition. These 
values are calculated in proportion to the daily temperature range 
and on the basis of the intervals of T (see for example the +/- K 
column) which, at that latitude and altitude, allow to maintain liquid 
water. The same assessment, based on P, is less constraining.

Figure 8 shows the estimated daily duration of the liquefaction 
phenomenon as a function of latitude. Most Martian gullies occur 
between 30 and 60 degrees of latitude (Harrison, 2016). These 
values correspond respectively to a duration from 3.0 to 16.6 hours 
of the liquid phase. The latitude and duration values of the gully 
areas in table 2 are also projected on the same graph. Here too, 
as in figures 3 and 7, the Polar Pit Crater is not aligned with the 

Fig.  5 - Role of shadows. The diagram below shows the superimposition 
of the shadows cast by a crater at different times of the day. The darker 
color therefore indicates the greater persistence of the shade during the 
day. Under the WSW hypothesis, maximum erosion is to be expected in 
the area exposed to the pole and longer but less incised channels in the 
NE and NW directions. Their length will then decrease towards E and W 
respectively until the disappearance of the phenomenon. This is precisely 
the configuration that is frequently observed in craters images, within the 
limits of topographical regularity. The background figure is an example. 
MRO/HiRISE - PSP_003939_1420_red (projected), http://hirise.lpl.
arizona.edu/PSP_003939_1420.

http://hirise.lpl.arizona.edu/PSP_003939_1420
http://hirise.lpl.arizona.edu/PSP_003939_1420
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other sites. This borderline case may perhaps suggest that for an 
erosive phenomenon to occur, the duration of each of the two daily 
episodes on a site must exceed one hour. However, these are to be 
considered purely indicative values.

Provided that our hypotheses are correct, we will probably 
never see liquid water on the Martian surface images, because 
most of the WSW appears only in the shadows and for a few 
minutes a day. However, the WSW hypothesis is fully compatible 
with the typical morphology of gullies (comparison in Fig. 1) and it 
would explain their remarkable peculiarities such as: the headward 
migrating erosion in the alcoves, the termination of fluid action 

in the channels, the seemingly dry and purely gravitative debris 
in the aprons, the peculiar altitude window within which erosion 
occurs in the case of side-by-side gullies (Fig. 1C and 5) and the 
prevalent exposure towards the pole. Furthermore, we have seen 
that this hypothesis is also supported by quantitative, though 
approximated, evaluations (Figs. 2, 3, 7 and 8). It is also coherent 
with the phenomena observable within craters (comparison in 
Fig. 5), where the length and depth of the incisions are consistent 
with the permanence of the shadows in differently exposed sectors 
of the craters’ walls. The hypothesis is also compatible with the 
geographical variation of the morphological characteristics of 

Fig. 6 - Role of the diurnal cycle. 
Vertical gradients of T and P 
in the atmosphere have both 
seasonal and daily variations. At 
best, the conditions favourable 
to the stability of the liquid phase 
can occur only twice a day, once 
during the morning and once 
during the afternoon. These short 
time intervals are centred in 
hourly intervals symmetric with 
respect to the hour of maximum 
temperature. Higher the latitude 
the longer the intervals and 
closer to midday until they 
merge into a single episode of 
maximum duration. Here the 
dynamics has been illustrated for 
the southern hemisphere, but it 
repeats similarly in the northern 
hemisphere.

Table 2 - WSW model applied to real gully sites. Geographical coordinates are average values for the interested area. 

Gully area Latitude Longitude Altitude 
(m) T (K) P (mB) +/- K +/- mB

Total 
duration
(hours)

Nirgal Vallis 29.7 S 38.6 W 55 276.8 11.2 2.7 5.1 3.0
Elysium Crater 36.7 N 252.3 W -1167 278.2 13.5 3.9 7.4 5.0
Gorgonum Crater 37.4 S 168.0 W -1289 278.3 13.7 4.0 7.6 5.1
Gorgonum Chaos 37.5 S 170.5 W -1306 278.3 13.7 4.1 7.6 5.1
Newton Crater 41.1 S 159.8 W -1935 279.0 14.9 4.7 8.8 6.2
Polar Pit Crater 70.8 S 355.7 W -5600 274.1 22.8 0.7 16.7 2.1
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the gullies as the most extensive and engraved are found at high 
latitudes. There is also a good agreement with the peculiar geographic 
distribution of the gullies. Indeed, most of these incisions are found 
in the southern hemisphere at mid and high latitudes: from 30° to 

70° S (Balme 2006) where NASA predicted average temperatures 
too low to allow for the presence of liquid water. Most of the gullies 
are exposed in the direction of the poles (Balme, 2006) as if for 
the effectiveness of the processes accounting for their formation, 

Fig. 7 - WSW model applied to real gully sites. P and T values from table 2 are shown in the water phase diagram. 

Fig. 8 - Estimated values of the daily duration of the liquefaction phenomenon as a function of latitude. The range 30 - 60 degrees of latitude in which most 
of the Martian badlands are found is highlighted. The gully areas of Table 2 are also shown together with their duration values.
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a minimum amount of sunlight is required (Lanza et al., 2006). The 
different exposure of the gullies has already been highlighted in a 
map of their distribution (Harrison, 2014, 2016). In Fig. 9 we can 
observe a variability of exposure as a function of latitude consistent 
with the assumptions of the model we have presented: pole-face at 
mid-latitudes (about 30 to 50) and equator-face at higher latitudes. 
There are no gullies at low latitudes, confirming that the essential 
requirements for their appearance are to avoid temperatures much 
higher than the planetary average and to manifest long-lasting 
episodes (compare with Fig.  8). Furthermore, in canyons, on the 
slopes opposite to the gullies, drain-shaped spots are sometimes 
observed, but without erosion as foreseen by our model (see Fig. 4).

Most of the phenomena are observed in the southern 
hemisphere (Harrison, 2014, 2016) and this may seem not 
consistent with our approximation of considering a symmetric 
atmospheric conditions pattern for the two hemispheres (Fig.  3). 
Nevertheless, the bottom line here is that topographic elevations 
(distinct for each hemisphere) must intersect the seasonal 
fluctuations of the S/L and L/V horizons. The Martian hypsographic 
curve is bimodal and the southern hemisphere has an average 
altitude significantly higher than the northern one. For this reason, 
it is in the canyons and craters of the highlands of the southern 
hemisphere that we must expect to more easily find that favourable 
intersection between the hypogeal and epigeal horizons that can be 
seen in Fig. 1A. This aspect is also evident from figure 9.

Our model requires the WSW phenomenon to take place in 
shadow at middle latitudes and under solar irradiation only for the 
higher ones, consistently with the observation of seasonal variations 

in gullies, which also seem to take place in autumn/winter at mid-
latitudes and in winter/spring at progressively higher latitudes 
(Dunas et al., 2012). Finally, simulation experiments conducted 
on Earth on the stability of pure water under Martian conditions 
show that surface liquid water can persist for a short time, and is 
more stable at lower temperatures (Thompson, 2003; Herny et al., 
2018). This supports one of the most peculiar feature of our model, 
namely the presence of liquid water only in the short path of the 
channels, away from direct sunlight.

While we support the hypothesis of liquid water sources, we 
think that there is no proper underground circulation on Mars 
but only a small dissipation of water from the permafrost to the 
atmosphere where and when the weather conditions make it 
possible. We also believe that on each slope exposed to the sun, or 
not falling in the liquid window of Fig. 3, permafrost would not melt 
and could thus confine the aquifer. An underground circulation 
would also imply the existence of a water cycle. Instead, we believe 
that the phenomenon of gullies only produces a progressive 
pauperization of the frozen water resource and is therefore doomed 
to disappear.

CONCLUSIONS

We have presented a hypothesis based on the typical morphology 
of the gullies and on a physical model of the atmospheric and 
hypogeal T and P gradients to justify, under the current Martian 
conditions, a phenomenon similar to the gushing of spring water. 

Fig. 9 - (From Harrison, 2016). Global distribution of gullied landforms as mapped using CTX data plotted atop the Mars Global Surveyor (MGS) Mars 
Orbiter Camera Wide Angle (MOC WA) global mosaic overlaid on MGS Mars Orbiter Laser Altimeter (MOLA) topographic data. Colors indicate orientation 
preference at each landform. Blue = poleward-facing, yellow = east/west, red = equatorward, purple = no preference. Basemap image credit: NASA/JPL-
Caltech/MSSS. 
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In the atmosphere, the altitude window at which S/L and L/V phase 
transitions are possible determines two horizons that can seasonally 
intercept the topographical surface. On a slope where there is 
permafrost exposed on the surface, in correspondence with the 
atmospheric S/L horizon, the melting of the permafrost can produce 
the alcove by headward migrating erosion. This water is liquid only 
temporarily and can flow along the slope only within the altitude range 
bounded by the S/L and L/V horizons. Here it produces the channel 
and carries down the material that had been eroded from the alcove. 
Below the altitude corresponding to the L/V horizon, water in the liquid 
state can no longer exist and the material that had been transported 
is abruptly deposited, forming aprons. Such a phenomenon involves 
a very delicate limit equilibrium conditioned by several factors and, 
according to our simulations, it will take place only transiently. 
However, the strict limits imposed by our model seem to be fully 
confirmed by the location, extent and orientation of the gullies on 
Mars. Remarkably, the most singular and apparently inexplicable 
features of the gully phenomenon, such as the prevalent exposure 
towards the pole, the termination of fluid action in the channels 
and the impossibility (to date) of detecting their activity, become 
the strengths of our model being all explained within a coherent 
framework. In conclusion, we suggest to define gullies as transient 
and abrupt “meteorological-geological” phenomenon. However, it 
is a phenomenon potentially capable of significant morphological 
changes on the scale of geological activity of Mars. We hope that this 
idea will be useful for identifying new spring areas and even for their 
potential use in the framework of a future colonization of the planet.
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MOC: image Gallery by Mars Orbiter Camera (Mars Global Surveyor 
mission), http://www.msss.com/moc_gallery - https://asimov.msss.
com/moc_gallery/. 

HiRISE: Image Gallery by High Resolution Imaging Science Experiment 
(Mars Reconnaissance mission), https://www.uahirise.org. 

MGS: Mars Global Surveyor mission, https://mars.nasa.gov/mgs/. 

MOLA: Elevation mapping by Mars Orbiter Laser Altimeter (Mars Global 
Surveyor mission), https://attic.gsfc.nasa.gov/mola/images.html. 

AMES: Mars Climate Modeling Center by NASA, https://www.nasa.gov/
mars-climate-modeling-center-ames. 

State diagram of water for Mars: Chemical Rubber Handbook, 54th ed., 
pp. D-158 to D-160, Weast, R., ed., Cleveland, 1973-74. Graph also 
shown in (Levin & Levin, 1998).
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