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Abstract

This licentiate thesis treats the solar wind interaction with the martian atmosphere and the
water related features known as gullies, as well as some ethical issues related to the human
exploration of Mars.

The composition of the escaping plasma at Mars has been investigated in an analysis of data
from the IMA sensor, which is part of the ASPERA-3 instrument suit onboard the European
satellite Mars Express. The cause for the investigation is to determine if there are any high
abundances of escaping ion species incorporating carbon, such as in CO+

2 . The most abundant
ion species was found to be O+ and O+

2 , followed by CO+
2 . The following ratios were identified:

CO+
2 /O+ = 0.2 and O+

2 /O+ = 0.9. The loss of CO+
2 was estimated to 4.0×1024 s−1 (0.29 kg s−1).

The escaping plasma in form of ion beam events has also been correlated to the magnetic
anomalies found on the surface, where no clear association was found. This study is important
in order to understand the evolution of Mars, since some evidence reveals that ancient Mars was
once a wetter planet.

The gully formations have been investigated with data from the MOC and MOLA instruments
onboard the satellite Mars Global Surveyor. The intriguing features suggest that there has been
fluvial erosion on the surface of Mars. The shallow and deep aquifer models remain the most
plausible formation theories. Gully formation is another important piece to the puzzle regarding
the lost water on Mars.

Since Mars once harbored stable water on the surface in the past, astrobiologists believe that
life could have existed on Mars. Some even argue for a slight possibility to find life thriving in
the subsurface today, where the water can be found in a stable liquid form. If this would be the
case we need to consider whether we should continue with our in-situ exploration of the surface,
or if we should leave Mars to the Martians.

Keywords: Mars, solar wind interaction, escape, ionosphere, magnetic anomalies, geological
process, gully, exploration, ethics
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Introduction
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Chapter 1

Planet Mars

The Earth is the cradle of humanity, but one can not live in a cradle forever.
-Konstantin Tsiolkovskij

1.1 From gods of war to satellites:
A brief history of Mars

Ever since the dawn of mankind we have looked upon the stars and wondered what lies beyond.
Mars caught the human eye early because of its red shiny color in the dark sky. This made
humans associate Mars with war, since red leads the mind to blood. Already 3000 years ago
ancient astronomers in Mesopotamia named the red planet after their war lord, Nergal. The
Greeks called it Ares and gave it the war symbol ♂, which then denoted a spear and a shield.
The Romans adopted the gods of the Greeks but gave them new names, and finally Ares became
Mars, as we know it today.

In the 16th century, the Danish astronomer Tycho Brahe made accurate observations of Mars,
which later inspired the German astronomer Johannes Kepler to the hypothesis that the planets
indeed orbit the Sun. Galileo Galilei made the very first observations of the sky with a telescope,
and in a letter to a friend he wrote that the orbit of Mars is not entirely circular. The very first
illustration of Mars was made by the amateur astronomer Francesco Fontana in the 17th century.
The image shows only a circular ring, however, it was of great historical value. Many famous
astronomers have observed Mars in their telescopes after Galileo, such as Christiaan Huygens
and Giovanni Cassini, who calculated the rotation period of Mars, its mass, the distance to Mars
from Earth, its obliquity, and they also discovered that Mars exhibits permanent polar caps and
global storms. When the British astronomer William Herschel reported his findings on Mars to
the Royal Society, he added to his statement that Mars had an atmosphere and that the life of
the inhabitants must be similar to our life on Earth.

The year of 1877 was favorable for Mars observations, since the planet passed Earth at a
close distance, in the sense of astrometrical units. The Italian astronomer Giovanni Schiaparelli
used this opportunity to observe Mars, and he constructed global maps of the surface of Mars,
as can be seen in figure 1.1. Schiaparelli called the dark and narrow passages seen in figure 1.1
canali in Italian, which later was mistranslated to canals in English. This led some scientists
to believe that he meant artificially made channels. This encouraged the American amateur
astronomer Percival Lowell to build a telescope in Arizona from which he diligently observed

3
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Figure 1.1: The image shows a map of Mars made by Giovanni Schiaparelli (Schiaparelli, 1929).

Mars. Lowell discovered ”channels” all over the surface of Mars, and he was certain that they
were made by a technologically advanced civilization. He believed that the dry regions around
the equator rendered a water shortage. This problem was cleverly solved by artificial channels
that led the melting water from the polar caps to the dryer regions.

It was not until 1965, when the satellite Mariner 4 reached Mars, that it could finally be
confirmed what the surface consists of. When the scientists examined the first 21 images ever
taken of Mars, they were astound. The images did not show any civilizations, nor channels. The
landscape looked barren and was filled with crater holes, much like the surface of the Moon.

Over the years there has been at least 39 attempts to reach Mars with different satel-
lites/lander missions. Some of these have failed, while many have been successful. The data
that have been transmitted back to Earth have been extraordinary and have shed light on the
intriguing red planet.

Today there are four satellites orbiting Mars (Mars Global Surveyor, Mars Odyssey, Mars
Express and Mars Reconnaissance Orbiter), and two rovers (Spirit and Opportunity) that roam
the surface.

1.2 Physical characteristics of the planet

Mars is one of the planets in our solar system that resembles Earth the most. The length of a
martian day (sol) is 24 hours and 39 minutes. However, it takes almost twice the time for Mars,
1.88 years (687 Earth days, 669 Mars sols), to make one orbit around the Sun. Mars’ orbit is
slightly elliptic, with an eccentricity of 0.093, and the obliquity has currently a tilt of 25.2◦.
The elliptic orbit and the tugs from Jupiter cause the obliquity to swing between 15◦ and 35◦

with a period close to 120, 000 years. For intervals over tens of millions of years Mars’ obliquity
may change from 0◦ to 60◦. This causes major temperature and climate changes. The average
distance from the Sun is 2 × 108 km, which is 1.52 times as far as Earth. This distance gives
Mars a solar irradiance of 590 W/m2, which is about half of what Earth receives.

The martian atmosphere consists mostly of carbon dioxide (95%), with smaller amounts of
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nitrogen (2.7%), argon (1.6%) and trace amounts of oxygen (0.15%) and water (0.03%). The
atmospheric pressure is at least one hundred times less (6−9 mbar) than on Earth. Even though
the atmosphere consists mostly of the greenhouse gas carbon dioxide, the amount is too small
to raise the surface temperature. The mean temperature on the surface is −50 ◦C, with lows of
−120 ◦C in the polar regions, and highs of 20 ◦C near the equator in the summer.

The surface area is 1.44 × 108 km2, which is about the same as the land area on Earth.
However, Mars’ average radius, RM , of 3396 km is just about half that of Earth. Mars also has
a lower density of 3933 kg/m3, hence giving a gravitational acceleration of only 3.71 m/s2.

The lower gravity (compared to Earth), the absence of active plate tectonics and the thick
crust, make it possible for volcanoes to grow very high at Mars. The highest volcano in the
solar system is the shield volcano Olympys Mons, with an impressive height of 27 km. Another
spectacular geological feature is Valles Marineris, a vast canyon system that runs along the
Martian equator. It is 4400 km long and 11 km deep. The landscape of Mars is barren and
predominantly punctured by ancient crater holes, especially in the southern hemisphere. The
northern hemisphere has vast plains that cover approximately one fourth of the planet. This
implies that the highlands in the southern hemisphere are older than the lowlands in the north.
Both hemispheres have residual and permanent polar caps of frozen water and dry ice of carbon
dioxide. The red surface is due to oxidized iron minerals, simply rust. When the planets were
forming, Mars cooled off faster due to its small size, and did not differentiate as much as Earth
did, leaving large amounts of iron in the surface.

Since there has been no measurements of seismic activities on Mars, very little is known about
its interior. Models suggest a dense core of iron or a mixture of iron and sulphur, surrounded by
a molten rocky mantle (Schubert et al., 1992). The crust is approximately 35 km thick in the
northern hemisphere and 80 km in the southern one (Zuber, 2001).

Many places on Mars show clear evidence of fluvial erosion, including river systems, large
floods and gullies (Carr, 1996). At some point in the martian history there has been a fluid on
the surface, most likely water. Additional evidence that also points to water has been found by
the Mars exploration rovers. They have discovered outcrops of salt (Herkenhoff, 2004), hematite
spheres (Calvin, 2004) and cross bedding features (Squyres and Knoll, 2005), which are all
believed to be created in water. Images taken by Mars Express also reveal something that
appears to be a frozen lake (Murray, 2005), which adds to the water theory.

From an astrobiological point of view Mars is one of the most interesting targets in the
search for life beyond Earth. There is evidence that ancient Mars harbored water in the past
and perhaps even today under the subsurface. Liquid water is a biomarker for life on Earth.
This has led the astrobiology community to think that there might be possible to find past, or
even present, life on Mars.

1.3 The conundrum of Mars

Hence, there is evidence that Mars once was a wetter planet. In order for liquid water to be
in a stable form on the surface and create the water-related geological features, a dense CO2

atmosphere of a few bars, including gases of CH4 and NH3 (Kasting, 1991), would be required
to produce the necessary greenhouse effect.

Today the greenhouse effect raises the temperature with only ∼ 5 ◦C (Bennet et al., 2003)
to an average surface temperature of −50 ◦C, which is too low for liquid water to exist on the
surface. The present pressure in the martian atmosphere is only 7 − 9 mbar (Hess et al., 1979),
and 95% of the atmosphere is composed of carbon dioxide. The low pressure combined with the
low temperature make any water on the surface either to immediately freeze or evaporate into
the atmosphere, as illustrated by the phase diagram in figure 1.2.
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Figure 1.2: A phase diagram of water with temperature and pressure as variables in a logarithmic
scale. It can be seen that the water on Mars is either in a frozen or a gaseous state.

The evidence pointing to a history of high abundances of liquid water on the surface, and
an atmosphere with carbon dioxide, has led many scientists to believe that Mars should harbor
carbonates. On Earth carbonates are formed through the carbon-silicate cycle. The cycle is
displayed in figure 1.3. The carbon dioxide in the air dissolves in rain water and produces
a weak carbonic acid, which can remove ions from minerals. These ions can then recombine
with bicarbonate ions in the water and form carbonates, which are deposited on the ocean
floor. Through plate tectonics the carbonates are pulled down in subduction zones. As the
temperature rises, the carbonates undergo metamorphosis, which releases the carbon dioxide.
Via volcanoes and mid-ocean ridges, the carbon dioxide is discharged back into the atmosphere,
which completes the cycle. However, spectral imaging of Mars clearly indicates that the amount
of carbonates stored at Mars in the form of ice and carbonate rocks is too insignificant to explain
the relatively dense atmosphere that existed in the past (Bibring et al., 2005).

Since no measurements can be made regarding the inventory of the water and carbon dioxide
amounts in the past, estimates have been made based on investigations related to isotope ratios
and noble gas abundances, geomorphology, SNC meteorites, and volcanism. In these studies the
water layer is estimated to have been from 1 m to 100 m deep (McKay and Stoker, 1989). Today
large water reservoirs can be found in the permanent and residual polar caps. Moreover, the
regolith entertains water in the form of hydrated salts, seasonal ice deposits, adsorbed water,
and possible subsurface aquifers. A very small portion of the water (0.03%) can be found in the
atmosphere.

The inventory of past carbon dioxide is based on the following assumptions. First, the past
martian reservoir is predicted to be 10 − 30 bar, by the scaling of values on Earth and Venus.
The other prediction is based on the fact that an atmosphere of 1 − 5 bar is needed to produce
the necessary greenhouse effect to maintain water in a stable liquid form on the martian surface
(Pollack et al., 1987). Since carbon is too heavy to escape Mars by thermal escape, sputtering
has been suggested to have removed up to 3 bar of the atmosphere in the past (Kopp, 2001).

The conundrum of Mars is hence associated with the loss of water and atmosphere. Where
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Figure 1.3: An illustration of the carbon-silicate cycle at work on Earth. With courtesy of Jim
Kasting.

has all the water gone? Where has the dense atmosphere gone, which could sustain liquid water
on the surface? For many years it was believed that the lost atmosphere was locked in the
carbonates in the surface and subsurface. However, since the latest results from the European
satellite Mars Express/OMEGA-experiment revealed that there are almost no carbonates on
Mars, we need to look to other possible sink channels for the lost atmosphere and water.

One plausible answer to the sink is the solar wind interaction with the martian atmosphere,
which I together with my fellow researchers have investigated. The second chapter is devoted
to the review of the solar wind-Mars interaction and related atmospheric escape processes. The
third chapter concerns the intriguing water-related geological features called gullies, which have
been found on the surface of Mars. In the fourth chapter I discuss the ethics of human exploration
of Mars would there be martian life forms. The last chapter contains the conclusions and a
discussion of future work.
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Chapter 2

The solar wind - Mars
interaction

Imagination is more important than knowledge.
-Albert Einstein

2.1 The solar wind and its interaction with obstacles

The solar wind is mostly comprised of electron and protons. However, less than 5% of the solar
wind’s ion composition consists of alpha particles, and a small percentage includes other heavier
ions as well. This supersonic ionized gas, or plasma, originates from the solar corona and has a
radial velocity of ∼ 400 km/s. However, the velocities can sometimes exceed 1000 km/s. The
energy of the solar wind ions ranges from 0.2 to 5.0 keV/nucleon at the distance 1 au from the
Sun. Normally the density of the solar wind is 1 − 10 particles/cm−3, and the temperature
associated with the random motion of particles is in the range 104 − 106 K.

The solar wind carries an embedded magnetic field, which is called the interplanetary mag-
netic field (IMF), with a magnitude of ∼ 10 nT. When the Sun rotates with a period of 25 days,
it causes the magnetic field lines to spiral around the Sun as they stretch out in the solar system.
The azimuthal components of the spiral increase with heliocentric distance.

When the solar wind reaches the proximity of an obstacle in space it decelerates. The
characteristics of this interaction depend on if the obstacle, e.g., a planet, has (or lacks) an
intrinsic field or an atmosphere. This divides the interaction into four categories. Earth falls
into the category that has an intrinsic magnetic field and an atmosphere. The pressure of this
global magnetic field deflects the dynamic pressure of the solar wind. An illustration of this
interaction can be seen in figure 2.1.

The Moon does not have an atmosphere, nor an intrinsic magnetic field. Here the solar wind
can interact directly with the surface, where the particles are absorbed and the IMF diffuses
through the body.

The third kind of interaction, which falls in between the above mentioned categories, is
with bodies without an intrinsic magnetic field, but with an atmosphere, e.g., Venus, Mars and
comets. In these cases the solar wind ionizes the upper part of the atmosphere, which creates
an electrically conducting ionosphere. It interacts with the IMF, which generates currents that
shield the lower part of the atmosphere. This shield boundary is called the ionopause, and

9
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Figure 2.1: An illustration of the solar wind interaction at Earth. With courtesy of Stefano
Massetti.

Table 2.1: The ionospheric and magnetic field characteristics of the terrestrial planets and the
Moon.

Planet Intrinsic magnetic field Ionosphere
Mercury Y N

Venus/Mars N Y
Earth Y Y
Moon N N

this is where the dynamic pressure of the solar wind balances the magnetic pressure from the
ionospheric currents and the ionospheric thermal pressure. The terrestrial planets’ ionospheric
and magnetic field characteristics can be found in table 2.1.

Satellite measurements at Mars show that the planet falls under the category of interactions
where the object has an atmosphere but lacks an intrinsic magnetic field. This interaction is
sometimes called an induced obstacle and is illustrated in figure 2.2. The illustration shows that
downstream the field lines of the IMF drape around the induced obstacle.

2.2 Atmospheric escape processes

A particle from the atmosphere that moves along an upward trajectory without colliding with
any other atom or molecule can escape if its kinetic energy exceeds the gravitational binding
energy. The region from which particles can escape is referred to as the exosphere, where the
exobase is its lower boundary. The exosphere is hence a collisionless part of the atmosphere.
The exobase is situated at a height where the mean-free path of the particles is equal to the
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Figure 2.2: An illustration of the solar wind interaction with an obstacle without an intrinsic
magnetic field, but with an atmosphere, like Mars (Luhmann, 1986).

scale height.
There are various ways for particles, such as ions and neutrals, to gain enough energy and

escape an atmosphere. These escape processes are divided into thermal and nonthermal escape.
They are discussed in the following subchapters.

2.2.1 Thermal escape

In thermal equilibrium the velocities of individual molecules of a given mass, m, are given by a
Maxwellian distribution function:

f(v)dv = N

(
2
π

) 1
2 ( m

kT

) 3
2

v2e−
mv2
2kT dv, (2.1)

where N is the local particle number density, v the particle’s velocity, k is the Boltzmann
constant and T is the characteristic temperature at thermodynamic equilibrium. The most
probable velocity is

v0 =

√
2kT

m
. (2.2)

The minimal velocity (v∞) a particle must have in order to escape is that for which the kinetic
energy of the particle balances the potential energy in a gravitational field, i.e.,

v∞ =
(

2GM

R

) 1
2

=
√

2gR, (2.3)

where G is the universal gravitational constant (G = 6.6695×10−8 cm3g−1sec−2), M is the mass
of the planet and R is the radial distance from the center of the planet to the studied particle.
The outward flux (ΦJ) of particles with a velocity higher than the escape velocity is obtained
by integration of the Maxwellian velocity distribution function above the escape velocity at the
exobase. This results in the Jeans Formula:
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ΦJ =
Nexvo

2
√

π
(1 + λesc) e−λesc , (2.4)

where Nex is the density of the escaping constituent at the exobase, and λesc is the escape
parameter defined by

λesc =
GMm

RkT∞
=

v2
∞
v2
0

. (2.5)

Since lighter elements and isotopes require smaller velocities to escape a planet, they can escape
at a much faster rate than the heavier ones. Jeans escape can therefore cause substantial isotopic
fractionation of an atmosphere. Particles with a velocity in the direction of the planet’s rotational
motion will also escape easier. Since the rotation velocity is higher at the equator, more particles
escape above the equator than at higher latitudes.

2.2.2 Hydrodynamic escape

In theory heavier particles, such as O-, C-, and N-atoms, can escape also through thermal escape
by atmospheric blowoff, which is also called hydrodynamical escape. When lighter particles
escape, such as hydrogen atoms, they can drag heavier particles along with them. It is assumed
that light particles move close to sonic velocities where there are large drag forces with other
constituents. The outgoing flux of heavier gases is then

Φ2 =
X2

X1

(
mc − m2

mc − m1

)
Φ1, (2.6)

where X1,2 are the two mole fractions

X1,2 =
N1,2

N1 + N2
, (2.7)

where the subscripts 1 and 2 denote, respectively, the lighter and heavier particles. The crossover
mass, mc, represents the heaviest species that can be removed by hydrodynamical escape, and
is defined by

mc = m1 +
kTΦ1

bgX1
, (2.8)

and where b is the binary collision parameter for a gas and can be determined empirically
from diffusion data, viscosity and thermal conductivity, while g is the gravity acceleration (i.e.,
g = g0R

2/r2, where g0 is the gravity at the surface, R is the planetary radius and r the plan-
etocentric altitude: r = R + z, at an altitude of z). For an atmosphere to remain in a state of
hydrodynamic escape, high energies are required at high altitudes. The present energy from the
Sun is not adequate to hold an atmosphere in a blowoff state. However, this energy might have
been attained in the formation of the solar system due to heat from the accretion disc in com-
bination with the young Sun’s high XUV periods, which lasted 108 years. Models calculations
indicate that the terrestrial planets with atmospheres might have experienced hydrodynamic
escape at their early formation epoch, which could explain the observed elemental and isotopic
fractionation in the atmospheres of the terrestrial planets.
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2.2.3 Nonthermal escape

Several nonthermal escape processes are responsible for the loss of heavier particles from an
atmosphere. The processes involve the interaction between the atmosphere and EUV photons,
solar electrons and energetic particles. The particles that are expected to escape through these
dominating nonthermal processes are carbon, neon, nitrogen and oxygen atoms or ions. The
various nonthermal escape mechanisms are listed below with the following notation: i2 = mole-
cule, i and j = atoms, i+ and j+ = ions, e− = electron, hν = photon and * indicates excess
energy (de Pater and Lissauer, 2001).

1. Dissociation: occurs when a molecule is dissociated by UV radiation.

i2 + hν → i∗ + i∗ (2.9)

2. Dissociative recombination: occurs when a molecule is dissociated by an impact elec-
tron.

i2 + e−∗ → i∗ + i∗ + e− (2.10)

i+2 + e− → i∗ + i∗ (2.11)

3. Ion-neutral reaction: occurs between an ion and a molecule, where a molecular ion and
a fast atom are created.

j+ + i2 → ij+ + i∗ (2.12)

4. Charge exchange: occurs when a fast ion hits a neutral atom and charge exchange takes
place between the particles.

i + j+∗ → i+ + j∗ (2.13)

5. Sputtering: occurs when a fast atom or ion hits an atom in the atmosphere. The atom
gains enough energy to escape. Sputtering is usually caused by fast ions that have been
accelerated.

i + j+∗ → i∗ + j+∗ (2.14)

i + j∗ → i∗ + j∗ (2.15)

6. Solar wind sweeping: occurs when the solar wind interacts directly with ions from
the ionosphere for planets that lack an intrinsic magnetic field like Mars. Atmospheric
particles are captured by the solar wind in the subsolar region (the region where the solar
wind meets the atmosphere) and then lost to the solar wind near the limbs (the region
around the terminator).

2.2.4 Impact erosion

Escape of the atmosphere can occur also during, or immediately after, a meteoroid impacts on
a celestial body. The atmospheric mass that an impact can erode is given by

Me =
πR2

i P0εe

g
, (2.16)

where Ri is the radius of the impactor, g is the acceleration due to gravity, P0 is the atmospheric
pressure at the surface, and εe is an enhancement factor given by

εe =
v2

i

v2
e(1 + εv)

, (2.17)
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where vi and ve are, respectively, the impact and escape velocities, and εv is the ”impact evap-
orative loading parameter”. The latter is inversely proportional to the impactors latent heat
of evaporation, and a typical value of εv is ∼ 20 (de Pater and Lissauer, 2001). Considerable
escape can occur if εe > 1.

2.3 Plasma domains and boundaries at Mars

The Parker angle (the angle between the IMF direction and the Sun-planet line) at Mars is
∼ 50◦ and the magnitude of the IMF is ∼ 3 nT (Brain et al., 2003). The proton density is
∼ 1 − 2 cm−3 and the plasma temperature is 4 × 104 K (Luhmann et al., 1992).

Analysis of satellite data and results from theoretical models and numerical solutions have
been very helpful in comprehending the near Mars environment. In figure 2.3 the characteristic
regions and boundaries are displayed. Mars has no global intrinsic magnetic field, and hence
the interaction is not like on Earth. However, Mars has a magnetosphere, induced when the
solar wind interacts with the upper layers of the atmosphere and ionosphere, as illustrated by
figure 2.3. The different regions and boundaries can be summarized as follows (Nagy et al.,
2004):

- Bow shock

- Magnetosheat

- Induced magnetosphere boundary / Magnetic pile-up boundary

- Induced magnetosphere / Magnetic pile-up region

- Photoelectron boundary

- Ionosphere

A bow shock is a shock wave that is formed ahead of an obstacle in a supersonic flow.
However, since the solar wind is so tenuous the shock is regarded as collisionless, meaning that
the collisions between the particles are so rare that they do not have any significant effect on
the formation of the bow shock. When the super sonic solar wind passes the bow shock, it
decelerates to subsonic velocities. This causes the solar wind density to increase downstream.
The bow shock crossing also heats the solar wind.

The region downstream of the bow shock, between the shock and the induced magnetosphere
boundary, is known as the magnetosheath. The thickness of the magnetosheath is of the order of
the solar wind proton gyro-radius (gyro-radius is the radius of the circular motion of a charged
particle in the presence of a magnetic field). The magnetosheath region is characterized by
turbulent magnetic fields that drape around Mars (Crider et al., 2001), as well as by shocked
solar wind plasma and planetary ions. Considerable mass loading occurs in this region because
of an expanded hydrogen/oxygen exosphere.

The region called the induced magnetosphere is dominated by planetary heavy ions and has a
high magnetic field magnitude. This region is separated from the magnetosheath by the IMB, the
induced magnetosphere boundary, as seen in figure 2.3. This boundary forms a sharp transition
in which an abrupt decrease of solar wind protons has been detected. The average distance from
the center of Mars to the IMB is ∼ 1.3 RM (4400 km) at the subsolar point and ∼ 1.5 RM

(5000 km) at the terminator (Vignes et al., 2000). On the dayside of the induced magnetosphere
the field lines of the IMF accumulate and drape around the planet. In the nightside the induced
magnetosphere stretches to the tail region, far behind Mars.
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Figure 2.3: The structure of the Martian plasma environment with its different regions and
boundaries. IMB stands for Induced Magnetosphere Boundary.

In the tail region of the plasmasheet, high fluxes of heavy ions have been reported (Lundin
et al., 1990). The draped magnetic field lines in the tail form a structure of two lobes. One of
the lobes exhibits a magnetic field with a positive sunward component, while the other lobe has
a negative sunward component (Vignes et al., 2000).

2.4 Ionosphere of Mars

The ionosphere on Mars was first detected in 1965 by the Mariner 4 spacecraft with a radio
occultation experiment (Fjeldbo and Eshleman, 1968). The only ionospheric and thermospheric
in situ measurements on Mars were made by the Viking 1 and 2 landers. The ion composition
for O+, O+

2 and CO+
2 was measured by retarding potential analyzers, which indicated that O+

2

is the major ion species in the dayside ionosphere of Mars (Hanson et al., 1977). The ion density
profiles for O+, O+

2 and CO+
2 measured by the Viking landers can be seen in figure 2.4. Several

sets of density profiles have been obtained also by more recent satellite missions.
The ionopause on Mars is ambiguous, since no sharp decrease in the electron density has yet

been detected. However, a plasma boundary of supra-thermal electrons (with kinetic energies
> 10 eV) has been detected, which implicates a boundary between the induced magnetosphere
and the underlaying ionosphere.

2.4.1 The dayside ionosphere

The dayside ionosphere on Mars is well defined by the Chapman theory, where the peak electron
density, nemax, varies with the solar zenith angle, χ , as (Kliore, 1992)

nemax = 2.3 × 105(cosχ)1/2 cm−3. (2.18)

The solar zenith angle is illustrated by figure 2.5. The peak density of electrons is at an altitude
of ∼ 130 km at a solar zenith angle of 60◦.
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Figure 2.4: Plot of observed ion concentrations versus altitude measured by the Viking-1 lander
(adapted from Hanson et al., 1977). The solid line labeled Ne represents the sum of the individual
ion concentrations. The dashed lines are eyeball fits to the CO+

2 and O+
2 data.

Figure 2.5: Definitions of the line of sight path length S, the solar zenith angle χ, and the
altitude h (from Kivelson and Russel, 1995).
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Photochemical processes control the behavior of the ionosphere down to the surface on Mars,
where the extreme ultraviolet radiation is the main source for daytime ionization. Up to an
altitude of 150 km, CO2 is the dominant neutral constituent in the atmosphere. CO2 is therefore
the main source for ionization:

CO2 + hν → CO+
2 + e−. (2.19)

However, the main ambient ion in the ionosphere is O+
2 , which also has a peak density at

∼ 130 km with a density of ∼ 105 cm−3. O+
2 is formed by several different processes:

atom-ion interchange: O + CO+
2 → O+

2 + CO, (2.20)

or charge transfer: O + CO+
2 → O+ + CO2, (2.21)

rapidly followed by: O+ + CO2 → O+
2 + CO. (2.22)

Both CO+
2 and O+

2 disperse through dissociative recombination:

CO+
2 + e− → CO + O, (2.23)

O+
2 + e− → O + O. (2.24)

The hot oxygen corona on Mars is produced by the dissociative recombination of O+
2 (Schunk

and Nagy, 2000). CO+ and CO+
2 have their peak densities at, respectively, ∼ 200 km and

∼ 140 km, of ∼ 100 cm−3 and ∼ 2 × 104 cm−3 (Fox, 2004).

2.4.2 Nightside ionosphere

The ionosphere of Mars on the nightside was first detected by radio occultation measurements
carried out by the satellites Mars 4 and 5 (Savich et al., 1979). The measurements indicated
that the peak electron density on the nightside ionosphere is ∼ 5 × 103 cm−3 at an altitude of
110 − 130 km. These densities could be explained by the rather fast rotation of Mars, which
makes the plasma from the dayside to flow to the nightside. In addition, ionization of the
nightside can occur also by precipitating electrons or by meteoroid bombardment.

2.5 Magnetic anomalies at Mars

Mars lacks an intrinsic magnetic field, however, the MAG/ER (Magnetometer /Electron Reflec-
tometer) instrument onboard the satellite MGS, Mars Global Surveyor, has detected magnetic
anomalies in ∼ 30% of the martian crust (Acũna et al., 1998). At an altitude of 100 km MGS
recorded a field strength of 1600 nT above the strongest magnetic anomaly, which is 10 times
higher than that on Earth. Most likely, Mars’ crust acquired this remanence in the first hundred
million years when a dynamo still existed in the interior of Mars (Connerney et al., 2004). Mag-
netic anomalies found in the southern hemisphere are the most intense in magnitude, especially
in areas that are heavily cratered. There are large impact basins in the highlands, such as Argyre
and Hellas, that do not exhibit strong magnetic fields. Also the northern hemisphere is weakly
magnetized. These meteoroids impacted after the dynamo ceased to function and the plains
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Table 2.2: Escape parameters for Earth and Mars.

Planet Gravity [m/s2] Escape velocity [km/s] Scale height [km] Exobase [km]
Earth 9.81 11.2 8 .5 500
Mars 3.71 5 .1 11.1 250

in the lowlands were also created after the intrinsic magnetic field disappeared (de Pater and
Lissauer, 2001).

Small magnetospheres are formed in the regions where strong magnetic anomalies exist.
These regions may affect the solar wind interaction with the martian atmosphere by acting as a
more effective obstacle to the solar wind. This is done by the increase of the pressure balance to
the solar wind. The small magnetospheres can form cusps, which implies that there are magnetic
field lines that can reconnect with the IMF. This could affect the atmospheric escape of charged
particles along the open field lines.

2.6 Atmospheric escape at Mars

In order for a particle to escape Mars its velocity must exceed ∼ 5.1 km/s (see table 2.2). An
oxygen and a hydrogen particle requires an energy of, respectively, 2 eV and 0.1 eV to escape.
There are a number of escape processes at work at Mars in which particles from the atmosphere
can gain energy in excess of the escape energies.

The most important non-thermal escape processes are dissociative recombination, ion pickup,
sputtering and bulk plasma escape. A summary of the efficiency of these processes is given in
table 2.3.

2.6.1 Dissociative recombination

The most important process that produces neutrals with enough energy to escape the exobase
is dissociative recombination. The process is driven by photochemistry, where ions recombine
with electrons so that energetic neutrals are produced:

O+
2 + e− → O∗ + O∗ ΔE = 0.84 − 6.99 eV, (2.25)

N+
2 + e− → N∗ + N∗ ΔE = 1.06 − 3.44 eV, (2.26)

CO+ + e− → C∗ + O∗ ΔE = −0.33 − 2.9 eV. (2.27)

The excess of kinetic energy, ΔE, is produced when the ion-electron binding energy of the
molecule is released. This energy is sometimes higher than the required escape energy, which
hence allows the neutrals to escape. As mentioned earlier, oxygen requires 2 eV, nitrogen 1.72 eV
and carbon 1.48 eV in order to reach the escape velocity of 5.1 km/s (Chassefire and Leblanc,
2004). Dissociative recombination of O+

2 is responsible for creating the hot oxygen corona at
Mars. Since this process involves neutral atoms, it is insensitive to magnetic fields and is hence
not affected by them.

2.6.2 Ion pickup

An illustration of the escape process known as ion pickup can be seen in figure 2.6. Ions produced
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Figure 2.6: This figure illustrates how ions are picked up by the solar wind and accelerated
downstream (adapted from Luhmann et al., 1992).

in the region of the draping IMF (above the ionopause) can accelerate in the electric field of
the interacting solar wind to speeds that exceed hundreds of km/s. If the gyrating ions do not
bounce back into the atmosphere they are accelerated downstream along the draped field lines
of the IMF.

The ions are created via photoionization, electron impact or charge exchange of the exospheric
gases. Some ions are extracted from the ionosphere by the electric field associated with IMF.

2.6.3 Sputtering

Because of the large gyroradius, ions picked-up by the solar wind can re-impact the atmosphere.
Through a cascade of charge exchange reactions, stripping, and elastic collisions, the energetic
ions can impart their energy to neutral particles. If the products of the collisions have an upward
trajectory, and their energy exceeds the escape velocity, they can escape (Luhmann and Kozyra,
1991). Sputtering in the martian exosphere causes atoms of C, O, CO, N, N2 and CO2 to be
ejected (Chassefire and Leblanc, 2004).

2.6.4 Loss rates

Table 2.3 summarizes various loss rates of H, H+, H2, H+
2 , O, O+ and CO+

2 according to different
models and authors over the past 30 years (Lammer et al., 2003).

2.7 Mars Express

Mars Express is the first ESA satellite to fly to another planet. The prime contractor of the
mission is Astrium in Toulouse, France. Astrium leads a consortium of 24 companies from
15 different European countries. Mars Express received its name because it was planned and
realized far more rapidly than any other comparable planetary mission.

The satellite was launched on 2 June 2003 from the Baikonur launch site in Kazakhstan
onboard a Russian Soyuz/Fregat launcher. The year 2003 was particularly favourable to launch
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Table 2.3: A summary of various loss rates of H, H+, H2, H+
2 , O, O+ and CO2 according to different

models and authors over the past 30 years (adapted from Lammer et al., 2003, and Penz et al., 2004).

Loss process Loss rate [s−1] Authors Year
Thermal[Jeans]: H 1.5 × 1026 Anderson and Hord 1971

Thermal[Monte Carlo]: H 1.0 × 1026 Shizgal and Blackmore 1986
Thermal[Jeans]: H2 3.3 × 1024 Krasnopolsky and Feldman 2001

Pickup: H+ 1.2 × 1025 Lammer et al. 2003
Pickup: H+

2 1.5 × 1026 Lammer et al. 2003
Dissociative Recombination: O+

2 → O� 5.0 × 1025 McElroy 1972
Dissociative Recombination: O+

2 → O� 5.0 × 1024 Lammer and Bauer 1991
Dissociative Recombination: O+

2 → O� 3.0 × 1024 Fox 1997
Dissociative Recombination: O+

2 → O� 8.0 × 1025 Luhmann et al. 1992
Dissociative Recombination: O+

2 → O� 8.0 × 1025 Zhang et al. 1993
Dissociative Recombination: O+

2 → O� 6.0 × 1024 Luhmann 1997
Sputtering: O 3.0 × 1023 Luhmann et al. 1992
Sputtering: O 4.0 × 1024 Kass and Yung 1996
Sputtering: O 6.5 × 1023 Leblanc and Johnson 2001
Sputtering: O 3.5 × 1023 Leblanc and Johnson 2002

Sputtering: CO2 3.0 × 1023 Luhmann et al. 1992
Sputtering: CO2 2.3 × 1023 Kass and Yung 1995
Sputtering: CO2 5.0 × 1022 Leblanc and Johnson 2002
Sputtering: CO 3.7 × 1022 Leblanc and Johnson 2002

Pickup: O+ 3.0 × 1025 Lundin et al. 1990
Pickup: O+ 1.0 × 1025 Lammer and Bauer 1991
Pickup: O+ 6.0 × 1024 Luhmann et al. 1992
Pickup: O+ 8.5 × 1024 Lichtenegger and Dubinin 1998
Pickup: O+ 3.2 × 1024 Lammer et al. 2003

K-H instability: O+ 3.0 × 1024 Penz et al. 2004
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Figure 2.7: Figure is showing a conceptual illustration of Mars Express in orbit around Mars.

probes to Mars, because Mars and Earth were in opposition, at which a mission to Mars requires
minimal fuel. In 2003 the planets, in addition, passed each other close, in terms of astrometrical
units.

In the same year two other missions were launched to Mars by NASA - with the twin rovers
Spirit and Opportunity. The total launch mass of Mars Express was 1120 kg, which included the
113 kg orbiter and the 60 kg lander. The lander Beagle-2 was named after the ship that Charles
Darwin used in his explorations. Beagle-2 was lost when entering the martian atmosphere. The
satellite was captured into Mars’ orbit on 25 December 2003.

Mars Express, illustrated by figure 2.7, is a 3-axis spin stabilized satellite with a fixed high-
gain antenna and with six scientific instrument packages and one that will use the radio signals
that convey data and instructions between the spacecraft and Earth. The instruments are as
follows:

- ASPERA-3, Analyser of Space Plasmas and EneRgetic Atoms

- HRSC, High Resolution Stereo Camera

- MARSIS, Mars Advanced Radar for Subsurface and Ionosphere Sounding

- OMEGA, Observatoire pour la Mineralogie, l’Eau, les Glaces et l’Activite

- PFS, Planetary Fourier Spectrometer

- SPICAM, SPectroscopy for the Investigation of the Characteristics of the Atmosphere of
Mars

- MaRS, Mars Express orbiter Radio Science Atmospheric Spectrometer

2.7.1 Mission objectives

The scientific objective of Mars Express is to provide a global coverage of the planet, in par-
ticular of the atmosphere, the surface and the subsurface. Special focus is on determining the
current water inventory and understanding the evolution of the planet.

The scientific objectives of the Mars Express orbiter are to:

- determine how the solar wind interacts with the atmosphere,
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- image the entire surface at high resolution (10 m/pixel) and selected areas with a very
high resolution (2 m/pixel),

- produce a map of the mineral composition of the surface,

- map the composition of the atmosphere and determine its global circulation,

- determine the structure of the subsurface to a depth of a few kilometers,

- determine the effect of the atmosphere on the surface.

The lander Beagle-2 was planned to:

- determine the geology and the mineral and chemical composition at the landing site,

- search for signatures of life,

- study the local weather and climate.

2.7.2 Plasma investigation

The ASPERA-3 instrument is designed to study the solar wind interaction with the martian
atmosphere in order to analyze and characterize the plasma and neutral gas in the near-Mars
space environment. The investigation is performed by the measurements of ions, electrons and
energetic neutral atoms (ENA)s. The instrument’s main objective is to answer the question
whether this interaction has a major impact on the atmosphere of Mars and its evolution.
Recent discoveries made by MGS, Mars Express, Spirit and Opportunity, point to the fact that
there has been high abundances of water on the martian surface in the past. The evidence
found is in the form of water-related geological formations on the surface. In order for this water
to be stable, the atmosphere must have been denser. Therefore it is of utmost importance to
investigate if the solar wind interaction caused most of the erosion of the atmosphere.

The Aspera-3 instrument has four sensors; two ENA sensors, one electron spectrometer (ELS)
and one ion spectrometer (IMA, Ion Mass Analyzer). The IMA sensor has been diligently used
in the study of the mass composition of the escaping plasma at Mars.

The IMA sensor

The Ion Mass Analyzer (IMA) (Barabash et al., 2004) is an almost exact copy of the Rosetta’s
ICA instrument and an upgraded version of the ion mass spectrographs TICS/Freja, IMIS/Mars-
96 and IMI/Nozomi (Norberg et al., 1998). The IMA sensor, as depicted in figure 2.8, measures
the differential ion flux in the energy range 0.01 − 36 keV/q for ion components that include
H+, H2+, He2+, O+, O2+ and molecular ions within the range 20 − 80 M/q. The trajectory of
particles inside the instrument can be seen in figure 2.10. Electrostatic sweeping provides the
sensor with a ±45◦ polar angle, which gives the instrument an intrinsic field of view (FOV) of
90◦×360◦. The FOV is divided into 16 (5.6◦ each) polar angles and 16 (22.5◦ each) azimuth sec-
tors. The electrostatic deflector is followed by an electrostatic analyzer (ESA). The ESA permits
ions within an energy band, with an energy resolution of 8%, to enter the mass selection unit
and detector. Permanent magnets then deflect the ions along different trajectories, depending
on their energy, mass and charge. Lighter ions are deflected further outward from the center
than the heavy ions. All ions then hit the micro-channel plate (MCP), which has a position
sensitive anode composed of the 16 sectors × 32 rings. It determines both the azimuth (sector)
and mass per charge of the incoming ions (mass rings). Figure 2.9 shows the position sensitive
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Figure 2.8: A picture of the IMA sensor onboard Mars Express (Length: 25 cm, diameter: 12 cm).

Figure 2.9: An illustration of the position-sensitive anode in the IMA sensor. With courtesy of
Andrei Fedorov.
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Figure 2.10: An illustration of the IMA sensor onboard Mars Express. The particle enters at the
top right in the figure, and its trajectory is marked in green. With courtesy of Andrei Fedorov.

anode. The magnet assembly can be biased with respect to the ESA, in order to post-accelerate
ions and increase the gyro radius of the ions. In a mode without post-acceleration, the sensor
has the highest mass resolution, but lighter particles with low energies, such as H+, are diverged
along their flight paths to such an extent that they miss the MCP altogether and cannot be
detected. Post-acceleration up to 4 keV allows the detection of protons (for solar wind obser-
vations). However, this broadens the mass-band and limits the mass resolution. The sampling
time of the instrument is 125 ms, and a full 3D spectrum accumulation sweep of 16 polar angles
× 16 azimuthal sectors × 32 mass rings × 96 energies is obtained in 192 s. Table 2.4 lists the
IMA senors performance characteristics.

Table 2.4: IMA sensor performance.

Parameter
Particles measured ions
Energy range [keV/charge] 0.01 − 36
Energy resolution, ΔE/E 0.08
Mass resolution, m/q 1, 2, 4, 8, 16, > 20
Intrinsic field of view 90 × 360◦

Angular resolution 4.5 × 22.5◦

Time resolution [s] 192
Mass [kg] 2.2
Power [W] 3.5



Chapter 3

Gully formations

The dream of yesterday is the hope of today and reality of tomorrow.
-Robert Goddard

Evidence of fluvial processes on the surface of Mars has been accumulating ever since the
first 200 images from the satellite Mariner 7 were released in 1969. There channels could be seen,
and they were suspected to have been carved out by water. However, it was rather recent that
Malin and Edgett (2000) published an article regarding formations of small water-related surface
features on Mars, known as gullies. They discovered the gullies on images taken by the MOC,
Mars Orbiter Camera, onboard the satellite Mars Global Surveyor, which has been orbiting
Mars since September 1997. The gullies appear to have a peculiar geological morphology, which
suggests that they have actually been formed by fluvial erosion. Their discovery was a major
disclosure in the space science community due to the fact that this could be a striking evidence
of water pockets with fluid water embedded in the strata layers beneath the Martian surface.

3.1 Gully features

A water-related gully is formed when a liquid seeps out from the strata layers in the vicinity of
the immediate surface and flows down a slope. The liquid saps the slope at its point of exit, and
this process gradually forms an eroded theater-shaped depression called an alcove. Some of the
alcoves start immediately at the ridge of the overlaying plateau, but it is more common that the
alcoves are located some distance below the ridge.

Beneath the alcove a distinct V-shaped water channel can be recognized as a natural pro-
longation of the gully. In some of the images the channels can be found also within the alcoves.
These channels indicate a more recent flow of water. Usually only one channel emanates from
the alcove, but also secondary channels have been detected.

A triangle-shaped debris apron is formed just below the channel and spreads out like a fan
toward the bed layer. Some aprons run all the way down to the bottom of the slope, while others
terminate on the slope. A few of the detected gullies are straight and point down the slope, while
many of the gullies are not straight but rather shaped according to the adjacent landscape. The
gullies appear to be streamlining around obstacles, which results in a curved appearance.

Figure 3.1 shows the schematics of a typical gully, and figure 3.2 shows a narrow-angle image
of a martian gully, taken by MOC.

25
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Figure 3.1: Schematic of typical characteristics of a gully.

Figure 3.2: Gullies in a crater at martian coordinates 42.4◦S, 158.2◦W.
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The upper surrounding geological settings are often flat plateaus, which are broken by craters,
valleys, pits or grabens.

3.2 Mars Global Surveyor

The satellite Mars Global Surveyor (MGS) was launched by a Delta rocket from Kennedy Space
Center in November, 1996. The satellite was built by Lockheed Martin Astronautics, and com-
missioned by NASA. It covered a distance of 750 million kilometres on a 300-day journey to
Mars. The satellite conducted several orbit changes and through a technique called aerobraking,
the altitude was lowered from 56, 000 to 400 km.

The MGS, which has a weight of 1062 kg, and is till operational, carries four science instru-
ments. The Thermal Emission Spectrometer (TES) measures the infrared radiation, to determine
the general mineral composition and to study the atmosphere. The Magnetometer/Electron Re-
flector (MAG/ER) measures the properties of the global magnetic field. The two instruments
that have been used diligently in our study of gullies are the Mars Orbiter Camera (MOC) and
the Mars Orbiter Laser Altimeter (MOLA).

In addition to the science instruments, the orbiter carries a propulsion module, two identical
computers that control the flight motions, recorders that store science and health data, two solar
arrays, the equipment module with the instruments, avionics packages with reaction wheels, sun
sensors, gyroscopes, accelerometers and a high-gain antenna for communications with the mission
control.

The MGS program has mission objectives that include to:

- determine if Mars ever developed life of any kind, past or present,

- find recourses that could be of use for future manned missions to Mars,

- locate water reservoirs or indirect signs of them, in order to understand the evolution of
the planet’s climate,

- examine the atmosphere, including monitoring weather characteristics, such as clouds and
dust storms in order to understand the dynamics and the characteristics of the planet,

- specify the morphology on the surface with high resolution, in order to understand the
geological settings,

- examine the magnetosphere and the gravitational field,

- determine surface compounds such as minerals, rocks, polar caps and ice,

- examine surface features, including the polar caps.

3.2.1 Mars Orbiter Camera (MOC)

The MOC is designed to generate a global coverage of Mars with spatial high-resolution images
of the surface and obtain a lower resolution with synoptic coverage of both the atmosphere and
surface. The MOC system consists of two wide-angle cameras and one narrow-angle camera.
The three cameras are based on a technique called ”push broom”, meaning that the system
successively builds up lines of images of the surface directly below the spacecraft. The wide-
angle cameras can provide a complete global map with low resolution of Mars diurnally. The
assembled map has a resolution better than 7.5 km/pixel. The global map is useful for studying
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Table 3.1: MOC characteristics.

Camera Min wavelength Max wavelength Resolution at 380 km
Narrow-angle 500 nm 900 nm 1.5 m/pixel
Wide-angle red 600 nm 630 nm 230 m/pixel
Wide-angle blue 420 nm 450 nm 230 m/pixel

Figure 3.3: Pole-to-pole topographic view of Mars along the prime meridian. The South Pole is
to the right. For clarity, different colors mark regions with different heights. With courtesy of
Maria T. Zuber.

time-variable features, such as clouds, dust storms, the edge of the polar cap and fluvial processes.
The two wide-angle cameras can also provide a stereoscopic image, which can be helpful in
analyzing geological formations or atmospheric phenomena. At the point of nadir the wide-
angle cameras can take a regional image with a resolution of 230 m/pixel. The two wide-angle
cameras use color filters, which allow them to take color images of the atmosphere and the
surface. The narrow-angle camera can take images with a resolution of 1.5 m/pixel of areas
ranging from 2.8 × 2.8 km2 to 2.8 × 25.2 km2. Longer pictures, with an area of 2.8 × 500 km2

can also be imaged. However, the resolution is then just 11 m/pixel. The images taken by
the narrow-angle camera have been used to study polar caps processes, fluvial processes, such
as gully features, tectonics, volcanoes, craters, sedimentary processes, sand dunes and other
interesting geological processes. Table 3.1 summarizes the characteristics of the Mars Orbiter
Camera.

3.2.2 Mars Orbiter Altimeter (MOLA)

The MOLA instrument is designed to assemble a global topography of the surface of Mars and
to determine the micrometer wavelength surface reflectivity for characterizing the albedo and to
analyze the surface mineralogy. Figure 3.3 shows a pole-to-pole view, and it can be seen that
the South Pole has a higher elevation than the North Pole, by around 6 km. This slice runs
along the 0◦ prime meridian.

The MOLA instrument transmits short pulses of infrared light (wavelength 8.5 nm) towards
the surface of Mars with a frequency of 10 Hz. The receiver in the MOLA instrument then
measures the time it takes for the reflected laser energy to return. These ranging measurements
are then compiled into a precise topographic map with a vertical resolution of 1.5 m. The
transmitter of the MOLA is a Q-switched laser that uses a neodymium-doped yttrium aluminium
garnet. The pulse energy is 30 − 40 mJ depending on the mission phase. When the scattered
light reflects back to the orbiter it enters a telescope that focuses the reflected light into a
silicon avalanche photodiode detector. The detector then outputs a voltage proportional to the
reflected light intensity. When the voltage exceeds a certain threshold, the traveled time of the
beam can be calculated, which reveals the distance to the surface. Figure 3.4 shows the laser
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Figure 3.4: Laser ranging schematics. With courtesy of Dave Smith.

Table 3.2: MOLA characteristics.

Laser transmitter
Laser type Q-switched
Wavelength 1.064 μm
Laser energy 30-40 mJ
Laser power consumption 13.7 W
Pulse width 8.5 ns
Pulse frequency 10 s−1

Altimeter receiver
Telescope type Cassegrain
Mirror composition Gold-coated beryllium
Telescope diameter 0.5 m
Focal length 0.74 m
Detector type Silicone avalanche photodiode
Sensitivity 1 nW
Field of view 0.85 mrad

ranging schematic for the Mars Orbital Laser Altimeter, and table 3.2 summarizes the MOLA
characteristics.
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Chapter 4

Human Mars exploration in the
presence of possible Martian

life forms

Extraordinary claims require extraordinary evidence.
-Carl Sagan

Mars exploration is one of the space community’s most popular topics ever since the satellites
Mars Odyssey, MGS and Mars Express started to probe the planet along with the two roaming
Mars exploration rovers, Spirit and Opportunity. So far, they have all discovered additional
evidence that Mars once harbored high abundances of water. Since water is essential for life
on Earth, the probability of finding past, or perhaps even present life, on Mars, has increased.
If such life were to be discovered, would we know how to proceed in order to explore that life,
without causing any damage to its habitat, or even extinction of the life form itself? Do we have
the right to continue our exploration of Mars without knowing what kind of damage we could
cause to the Martian life forms, or will our human ethics assure the survival of the Martians?
This is an important issue that needs to be addressed. Do Martians have rights?

4.1 Follow the water

Life as we know it needs water to survive. NASA’s lead slogan has for the last couple of years
echoed in the space community: Follow the water. Since evidence in the forms of hematite
spheres, river beds, gullies, shorelines, salt outcrops, cross bedding features, frozen lake, stream
liners and hydrated clays have been found on Mars, the planet has become the most interesting
target in the search for life beyond Earth. All geological features mentioned above tell a tale of
an ancient Mars that was wetter and a little warmer than today. The evidence suggests that the
climate appeared to be more favorable in the past for life to develop and survive.

Today the Martian environment is quite extreme compared to Earth standards for life. The
atmospheric pressure is only ∼ 6 mbar and built up mostly by CO2 (95%). Furthermore, the
mean temperature on Mars is −50 ◦C, with lows of −120 ◦C.

The environment described above appears to be very harsh for any kind of life. Life, however,
has a remarkable way of adapting. On Earth many life forms exist in extreme environments,
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which renders them the name extremophiles (lovers of the extreme). They can be found thriving
close to hydrothermal vents deep in the oceans, where the water is warmer than 300 ◦C, in the
dry and cold valleys of Antarctica, in dark caves, in acidic environments, in hot geysers and even
in the driest deserts, such as the Chilean Atacama desert.

At first glance, Mars appears to be an unlikely place for life. However, the conditions in
the subsurface could be favorable for primitive life, since liquid water might exist there. Recent
results from Mars Express reveal small volcano vents in the northern hemisphere, which might
currently be venting gases. This indicates that the interior of Mars is still hot and might have
a suitable environment for life.

4.2 An ethical framework, would life exist on Mars

If microbial life were to be discovered on Mars, there is currently no framework regarding how to
proceed with future manned and robotic exploration. ESA and NASA have just recently begun
to address this issue. The only current framework appears to be the SETI principles, which have
been developed by the SETI institute (Search for Extra-Terrestrial Intelligence). The SETI
institute is searching for intelligent extra-terrestrial life by listening to different signals from
space with radio telescopes.

4.2.1 The SETI Principles

The SETI principles are meant to be followed if intelligent life were to be discovered. The
following list is the Declaration of Principles Concerning Activities Following the Detection of
Extra-Terrestrial Intelligence.

1. Any individual, public or private research institution, or governmental agency that be-
lieves it has detected a signal from or other evidence of extraterrestrial intelligence (the
discoverer) should seek to verify that the most plausible explanation for the evidence is the
existence of extraterrestrial intelligence rather than some other natural phenomenon or an-
thropogenic phenomenon before making any public announcement. If the evidence cannot
be confirmed as indicating the existence of extraterrestrial intelligence, the discoverer may
disseminate the information as appropriate to the discovery of any unknown phenomenon.

2. Prior to making a public announcement that evidence of extraterrestrial intelligence has
been detected, the discoverer should promptly inform all other observers or research or-
ganizations that are parties to this declaration, so that those other parties may seek to
confirm the discovery by independent observations at other sites and so that a network
can be established to enable continuous monitoring of the signal or phenomenon. Parties
to this declaration should not make any public announcement of this information until it
is determined whether this information is or is not credible evidence of the existence of
extraterrestrial intelligence. The discoverer should inform his/her or its relevant national
authorities.

3. After concluding that the discovery appears to be credible evidence of extraterrestrial intel-
ligence, and after informing other parties to this declaration, the discoverer should inform
observers throughout the world through the Central Bureau for Astronomical Telegrams
of the International Astronomical Union, and should inform the Secretary General of the
United Nations in accordance with Article XI of the Treaty on Principles Governing the
Activities of States in the Exploration and Use of Outer Space, Including the Moon and
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Other Bodies. Because of their demonstrated interest in and expertise concerning the ques-
tion of the existence of extraterrestrial intelligence, the discoverer should simultaneously
inform the following international institutions of the discovery and should provide them
with all pertinent data and recorded information concerning the evidence: the Interna-
tional Telecommunication Union, the Committee on Space Research, of the International
Council of Scientific Unions, the International Astronautical Federation, the International
Academy of Astronautics, the International Institute of Space Law, Commission 51 of the
International Astronomical Union and Commission J of the International Radio Science
Union.

4. A confirmed detection of extraterrestrial intelligence should be disseminated promptly,
openly, and widely through scientific channels and public media, observing the procedures
in this declaration. The discoverer should have the privilege of making the first public
announcement.

5. All data necessary for confirmation of detection should be made available to the interna-
tional scientific community through publications, meetings, conferences, and other appro-
priate means.

6. The discovery should be confirmed and monitored and any data bearing on the evidence
of extraterrestrial intelligence should be recorded and stored permanently to the greatest
extent feasible and practicable, in a form that will make it available for further analysis and
interpretation. These recordings should be made available to the international institutions
listed above and to members of the scientific community for further objective analysis and
interpretation.

7. If the evidence of detection is in the form of electromagnetic signals, the parties to this
declaration should seek international agreement to protect the appropriate frequencies by
exercising procedures available through the International Telecommunication Union. Im-
mediate notice should be sent to the Secretary General of the ITU in Geneva, who may
include a request to minimize transmissions on the relevant frequencies in the Weekly Cir-
cular. The Secretariat, in conjunction with advice of the Union’s Administrative Council,
should explore the feasibility and utility of convening an Extraordinary Administrative
Radio Conference to deal with the matter, subject to the opinions of the member Admin-
istrations of the ITU.

8. No response to a signal or other evidence of extraterrestrial intelligence should be sent
until appropriate international consultations have taken place. The procedures for such
consultations will be the subject of a separate agreement, declaration or arrangement.

9. The SETI Committee of the International Academy of Astronautics, in coordination with
Commission 51 of the International Astronomical Union, will conduct a continuing review
of procedures for the detection of extraterrestrial intelligence and the subsequent handling
of the data. Should credible evidence of extraterrestrial intelligence be discovered, an in-
ternational committee of scientists and other experts should be established to serve as a
focal point for continuing analysis of all observational evidence collected in the aftermath
of the discovery, and also to provide advice on the release of information to the public.
This committee should be constituted from representatives of each of the international
institutions listed above and such other members as the committee may deem necessary.
To facilitate the convocation of such a committee at some unknown time in the future,
the SETI Committee of the International Academy of Astronautics should initiate and
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maintain a current list of willing representatives from each of the international institutions
listed above, as well as other individuals with relevant skills, and should make that list con-
tinuously available through the Secretariat of the International Academy of Astronautics.
The International Academy of Astronautics will act as the Depository for this declaration
and will annually provide a current list of parties to all the parties to this declaration.

These principles are guidelines for how to verify a signal or other evidence for intelligent
extraterrestrial life and to spread the news to the world. The principles also say that all the
data related to the discovery should be made public. The reason for which the extraterrestrials
are thought to be intelligent is due to the fact that they must have built a device that can
transmit a signal in order for us to receive it. However, a microbe is not capable of transmitting
signals to Earth, and hence the SETI principles cannot be applied directly for all cases that
involve the discovery of life beyond Earth.

4.2.2 Exploration ethics

It is important that the science community deals with the issues regarding the possible dis-
covery of non-intelligent life. Since Mars is the most interesting target beyond Earth from an
astrobiological point of view, several aspects must be discussed and decided upon regarding

• Contamination from Earth to Mars and reverse.

• Ethics regarding the continuation of exploring Mars if life is detected.

• The rights of a non-intelligent life form.

Clearly these issues are difficult to address since they are raised only by speculations of
possible martian life forms. Hence it is perhaps a waste of time to even consider the possibility.
Yet it seems better to be prepared for such a scenario rather than not to have discussed it at all.
We need to integrate a program for how to proceed and how to preserve and protect a possible
martian life form and its ecosystems into current plans of Mars exploration. Furthermore,
procedures and plans of how to co-exist, side-by-side with the Martians, should also be suggested
and analyzed.



Chapter 5

Conclusions and future work

Science-fiction yesterday, fact today, obsolete tomorrow.
-Otto O. Binder

5.1 Conclusions

This thesis covers my research about the solar wind interaction with the martian atmosphere,
the water-related surface features, so called gullies, and some ethical issues related to the human
exploration of Mars.

Mars, with its red color, has for millennia spellbound humans. However, it was not until
1965 that we finally got a deeper knowledge about the mysterious planet. The images that the
satellite Mariner 4 took of Mars revealed a planet with a barren landscape, very similar to that
of the Moon. Subsequent satellite and lander missions uncovered that Mars once harbored high
abundances of a fluid, most likely water.

Recent discoveries reveal a planet that once had rivers and lakes, and perhaps even an
ocean in the northern hemisphere. In order for these water-related geological features to form,
the atmospheric pressure must have been at least one hundred times higher than today. A
denser atmosphere is necessary to produce the required greenhouse effect in order to raise the
temperature and the pressure so that water can be stable on the surface. For decades, scientists
believed that most of the missing atmosphere is incorporated in the ground as carbonates.
When the OMEGA experiment onboard the European satellite Mars Express did not detect
any significant abundance of carbonates on the surface, the scientists started to look for other
explanations.

One of the sinkholes for the atmospheric carbon dioxide could be the erosion by the solar
wind. This led us to investigate the composition of the escaping plasma at Mars to determine if
there is an abundance of escaping ions species, including carbon as CO+

2 .
In the study we analyzed data from the IMA sensor of the ASPERA-3 instrument suite on

Mars Express. We examined 77 different ion-beam events and the following flux ratios were
identified: CO+

2 /O+ = 0.2 and O+
2 /O+ = 0.9. The most abundant ion species were found to be

O+ and O+
2 , followed by CO+

2 . The loss of CO+
2 was estimated to be 4.0×1024 s−1(0.29 kg s−1)

when also using the previous measurements of Phobos-2 in our calculations (Lundin et al., 1989).
The ion beams have also been investigated in order to see if they correlate with the magnetic

anomalies found in the martian crust. However, no clear correlation was found.
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The second part of the study treats gully formations on the surface of Mars. In this study
we analyzed data from the MOC and MOLA instruments onboard the satellite Mars Global
Surveyor. Several different explanations of gully formation have been proposed by experts in
the field. Our study strengthens the theory that most of the gullies were formed by shallow and
deep aquifers in the martian subsurface, and not by carbon dioxide, landslides or melting ground
ice.

5.2 Directions of future work

As the satellite missions are extended, more data sets from an increased number of orbits can be
added to the investigations in order to improve the statistics. The longer the satellite missions
last, more and more martian features can be studied, such as effects of the 11-year solar cycle,
Mars’ eccentricity, season changes, climate changes, dust storms and solar wind storms.

With more orbits we will have a larger coverage of the near-Mars space environment, which
would facilitate to calculate the total atmospheric escape at present. When this number is
obtained, it might be extrapolated back in time in order to calculate the total mass of the
escaped martian atmosphere with regard to the ancient intrinsic magnetic field, characteristics
of the faint young Sun and the mass and composition of the ancient martian atmosphere. It is
important to find out when the atmosphere was dense enough to sustain stable water on the
surface. This will give us a hint whether that period was long enough for any life to have the
chance to evolve on Mars. It might also give us a hint about what will happen to Earth in the
distant future.

Regarding the gullies, some of them have been found on rather young geological features, such
as sand dunes. This raises the question whether they still form. By again targeting the same
gully areas, efforts should be devoted to investigating if there has been any changes. Analyses
of gullies found on Earth in polar areas should also be pursued in order to find analogous sites
that could explain the morphology of the martian ones.
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Abstract

Data from the Ion Mass Analyzer (IMA) sensor of the ASPERA-3 instrument suite on Mars Express have been analyzed to determine the
mass composition of the escaping ion species at Mars. We have examined 77 different ion-beam events and we present the results in terms of
flux ratios between the following ion species: CO+

2 /O+ and O+
2 /O+. The following ratios averaged over all events and energies were identified:

CO+
2 /O+ = 0.2 and O+

2 /O+ = 0.9. The values measured are significantly higher, by a factor of 10 for O+
2 /O+, than a contemporary modeled

ratio for the maximum fluxes which the martian ionosphere can supply. The most abundant ion species was found to be O+, followed by O+
2 and

CO+
2 . We estimate the loss of CO+

2 to be 4.0 × 1024 s−1 (0.29 kg s−1) by using the previous measurements of Phobos-2 in our calculations. The
dependence of the ion ratios in relation to their energy ranges we studied, 0.3–3.0 keV, indicated that no clear correlation was found.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Geomorphological evidence in form of riverbeds (Malin and
Edgett, 2003), gullies (Malin and Edgett, 2000) and shorelines
(Head et al., 1999), as well as recently discovered hematite
spheres (Calvin, 2004) and a frozen sea (Murray et al., 2005),
suggest that there has been liquid water in the past on the mar-
tian surface. In order for these features to form, a dense CO2
atmosphere of a few bars including gases of CH4 and NH3
(Kasting, 1991) would be required to produce the necessary
greenhouse effect. The present CO2 atmosphere pressure is
only 7–9 mbar (Hess et al., 1979). Moreover, spectral imaging
of Mars clearly indicates that the amount of carbonates stored
at Mars in the form of ice and carbonate rocks is too insignif-
icant to explain the relatively dense atmosphere that existed in
the past (Bibring et al., 2005). This discrepancy led us to inves-
tigate the mass composition of the escaping plasma at Mars in
order to determine if there might be an abundance of escaping
ion species incorporating carbon, such as CO+

2 .
Up to an altitude of 150 km, CO2 is the dominant constituent

in the atmosphere of Mars, supplying CO+
2 through photoion-

ization (de Pater and Lissauer, 2001):

(1)CO2 + hν → CO+
2 + e−.

However, the main ambient ion in the ionosphere is O+
2

which also has a peak at ∼130 km with a density of ∼105 cm−3.
O+

2 is formed by several different processes as shown below:

atom–ion interchange: O + CO+
2 → O+

2 + CO, (2)

or

charge transfer: O + CO+
2 → O+ + CO2 (3)

rapidly followed by

O+ + CO2 → O+
2 + CO. (4)

In the martian ionosphere both CO+
2 and O+

2 disappear through
dissociative recombination:

CO+
2 + e− → CO + O, (5)

O+
2 + e− → O + O, (6)

CO+ and CO+
2 exhibit peak densities at ∼200 and ∼140 km,

of ∼100 and ∼2 × 104 cm−3, respectively (Fox, 2004).
The maximum upward fluxes of the main ion species as es-

timated by Fox (private communication, 2005) are reproduced
in Table 1. It is assumed in this model that all ions have a ve-
locity of 1.2 × 105 cm s−1 at the upper model boundary at an
altitude of 400 km. In Table 1 it is clearly seen that O+

2 has
the highest predicted flux, followed by CO+

2 , while O+ has the
lowest predicted flux rate. This suggests that the most abundant
ion species escaping the martian ionosphere is O+

2 followed by
CO+

2 and O+.
Ions attaining an altitude above 400 km are picked up by the

solar wind and can escape from Mars through the magnetotail.
MHD simulations performed by Liu et al. (2001) indicate that
the most abundant ion species in the tailward escaping martian
plasma is O+

2 , followed by O+ with escape rates of 2.61 × 1025

Table 1
Upward fluxes of the main ions according to Fox (private communication,
2005)

Ions Flux in cm−2 s−1 Ratio

CO+
2 4.02×107 1.63

O+(4S) 2.47×107 1.0
O+

2 2.34×108 9.47

The third column shows the fluxes normalized to the O+ flow.

and 0.45×1025 s−1, respectively giving the flux ratio of O+
2 /O+

to be 5.8, which differ 61% to the fluxes given by Fox (private
communication, 2005). Ions can escape by means of thermal
and most of the non-thermal escape mechanisms such as charge
exchange, dissociative recombination and sputtering. The ther-
mal escape of ions normally applies to lighter ions.

In situ measurements made onboard the satellite Phobos-2
by the instrument ASPERA indicate that the non-thermal es-
cape involves a mixture of ions such as O+, O+

2 , and CO+
2 ,

according to Norberg et al. (1993). The total ion escape of O+
was estimated by Lundin et al. (1989) to be ∼2 × 1025 s−1,
corresponding to a loss rate of 0.5 kg s−1. The instrument also
detected planetary H+ and molecular ions such as O+

2 , CO+
2 ,

and CO+, which could not be separately resolved due to the in-
sufficient mass resolution of the instrument. Overall the total
ion escape was estimated to reach at least ∼1 kg s−1 according
to Lundin et al. (1989).

The study in the present paper is a first attempt to analyze
data recorded by the Ion Mass Analyzer (IMA) onboard the
satellite Mars Express, in order to determine the relative out-
flow of the main ionospheric species, with regard in particular
to the ions that include carbon. In Section 2 we explain the mea-
surement technique of the IMA sensor and the following section
is devoted to data analysis and methodology. The results of this
study are presented in Section 4 and discussed in Section 5.

2. The IMA sensor

The Ion Mass Analyzer (IMA) (Barabash et al., 2004) is
almost an exact copy of the Rosetta’s ICA instrument and an
upgraded version of the ion mass spectrographs TICS/Freja,
IMIS/Mars-96 and IMI/Nozomi (Norberg et al., 1998). The
IMA sensor measures the differential ion flow in the energy
range 0.01–30 keV/q for ion components that include H+,
He2+, O+ and molecular ions within the range of 20 < M/q <

80. Electrostatic sweeping provides the sensor with a ±45◦ po-
lar angle, which gives the instrument an intrinsic field of view
(FOV) of 90◦ × 360◦. The FOV is divided into 16 (5.6◦ each)
polar angles and 16 (22.5◦ each) azimuth sectors. When ions
within a swept energy pass band enter the IMA sensor they are
strained through an outer grounded grid. Behind the grid the
ions pass a deflection system whose purpose is to deflect ions
in the range of 45◦ and 135◦ with respect to the symmetry axes
into the top-hat electrostatic analyzer (ESA). The ESA permits
ions in a swept energy pass band, with an energy resolution
of 8%, to enter the mass selection and detection unit. Perma-
nent magnets then deflect the ions along different trajectories,
depending on their energy, mass and charge. Lighter ions are



322 E. Carlsson et al. / Icarus 182 (2006) 320–328

deflected further outward from the center than the heavy ions.
All of the ions then hit the micro-channel plate (MCP) which
has a position sensitive anode composed of the 16 sectors × 32
rings, which determines both the azimuth (sector) and mass per
charge of the incoming ion species (mass rings). The magnet as-
sembly can be biased with respect to the ESA, to post-accelerate
ions, thereby permitting the selection of mass range and mass
resolution. In a mode without any post-acceleration, the sensor
has the highest mass resolution but lighter particles with low
energies, such as H+, are diverged along their flight paths to
such an extent that they miss the MCP altogether and cannot
be detected. Post-acceleration up to 4 keV allows the detection
of protons (for solar wind observations). However, this broad-
ens the mass-band and limits the mass resolution. The sampling
time of the instrument is 125 ms and a full 3D spectrum accu-
mulation sweep of 16 polar angles × 16 azimuthal sectors × 32
mass rings × 96 energies requires 192 s to complete.

3. Methodology

3.1. Identification of planetary ion events

Strong fluxes of protons in the magnetosheath outside the
induced magnetosphere boundary (IMB) may affect mass chan-
nels even with M/q > 4 at the same energy. This is because
internally scattered particles from the magnets and magnetic
section appear as ghosts in the data read-out, thereby complicat-
ing the analysis. To identify clear events of planetary ions we
first examined all orbits traversed during time intervals when
Mars Express was eclipsed by Mars, starting on 23 April 2004.
By 15 August 2004 the orbital parameters of the satellite were
changed to such an extent that the eclipse season ended. How-
ever, upon examination of the selected data we came to the
conclusion that more measurements were needed in order to
achieve better statistics. We then decided to investigate a larger
area which included the induced magnetosphere but was still
inside the induced magnetosphere boundary to avoid proton
contamination from the heavy mass channels in the IMA sensor.

Fig. 1 shows the area inside the induced magnetosphere
boundary (IMB), on which we concentrated our search of plan-
etary ion events. The orbit of Mars Express is here displayed in
cylindrical coordinates expressed in Mars radii, Rm. The x-axis
in this coordinate system is directed toward the Sun with the
center of Mars as its origin and the orientation of the y-axis is
according to the right-hand system. The z-axis is directed north-
ward, perpendicular to the ecliptic plane. The distance from the
satellite to the Mars–Sun line is defined by

√
y2 + z2, and in-

dicated as R in the figure. The solid blue lines in the figure
indicate the bow shock (BS) and the induced magnetosphere
boundary (IMB). The shape of the bow shock and of the in-
duced magnetosphere boundary were calculated after Kallio
(1996) and Lundin et al. (1990), respectively. The shaded blue
area indicates the eclipse. Orbit 539, which occurred on 22 June
2004, is indicated by a red line and the blue dots along this line
represent time intervals of 10 min. The overall time interval
15:30–16:40 in universal time (UT), indicates the area to which
we conducted our research to.

Fig. 1. Orbit 539 displayed in cylindrical coordinates normalized to the radius
of Mars (Rm), showing the positions of the bow shock (BS), induced magne-
tosphere boundary (IMB) and the eclipse zone. The x-axis in this coordinate
system is oriented toward the Sun. The horizontal axis R =

√
y2 + z2, repre-

sents the distance from the satellite to the Mars–Sun line.

Fig. 2 shows an example of an event (in Orbit 539), which
was selected for further analysis. The figure displays three pan-
els illustrating IMA-data with different ion masses. The lowest
panel shows ion masses per charge in the range 0.0–1.5 M/q

(protons), the next panel shows 1.5–3 M/q (He2+) and the top
one shows 12–90 M/q (heavy ions, O+, CO+, O+

2 , CO+
2 ). The

two lower panels are used for plasma domain identification and
the upper one for displaying heavy ion events. In Fig. 2 two
black arrows point to a heavy ion event, typical of those an-
alyzed in the present study, which was identified in the time
interval 16:03–16:08 UT. The vertical axis for each panel in the
figure shows the energy per charge in electron volts and in this
particular event the beam of heavy ion species had an energy
of 800 eV. The color indicates the count rate, where blue rep-
resents the lowest count rate measured and red represents the
highest. Cases where the count rates were higher than 100, are
represented in black, as seen in Fig. 2. The full 3D spectrum
sweep lasted for 192 s and the effects of it can be seen in the
figure. This modulation appears as an increase in counts of ion
species in clusters for periods of 192 s. The internal scattering
of protons may induce cross talk in the instrument, which can be
seen in the upper panel in Fig. 2, where counts from the protons
fluxes appear as ghosts in high energy ranges. The two vertical
lines in the figure indicate crossings of the induced magne-
tosphere boundary. The inbound crossing occurs at 15:38 UT
and the outbound crossing at 16:44 UT. The inbound crossing of
the induced magnetosphere boundary is very well distinguished
by a decrease in proton fluxes. Similarly, the outbound cross-
ing is especially easy to recognize due to its association with a
well defined increase in proton fluxes, which has been observed
for all orbits. The two dashed lines indicate the beginning and
the end of the geometrical eclipse. The start of the eclipse is
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Fig. 2. IMA sensor data showing energy–time spectrograms for different M/q intervals. From bottom to top: M/q = 0.0–1.5 (H+), M/q = 1.5–3 (He2+),
M/q = 12–90 (planetary ions). Count rates in the selected mass interval is coded by color. In each panel the horizontal axis shows the universal time and the
vertical axis shows the ion energy in electron volts. The two vertical black lines indicate crossings of the induced magnetosphere boundary (IMB). The two dashed
lines signify, respectively, the beginning and end of the eclipse. The identified ion-beam event is emphasized by arrows.

marked by a momentary decrease in the detected particle fluxes.
Beams of heavy ions can clearly be seen inside the eclipse area
in Fig. 2, which we consider to be a valid ion-beam event.

In addition to inspecting data from the IMA sensor, we also
examined data from the electron spectrometer (ELS), which
is part of the ASPERA-3 instrument. ELS measures electron
fluxes in the energy range 0.01–20 keV. These data indicate
higher count rates of electrons when there is an increase in ion
counts, especially when we identified an ion-beam event. The
higher count rate in electrons also served as an indication show-
ing that the ion-beam event could not be an instrument affect.

Fig. 3 shows a typical energy–mass matrix of ion-beam
events in this study. The event of Orbit 539 is here integrated
over the event time interval, selected energy steps, polar and
azimuthal directions, which are showing the highest count rate.
The vertical axis represents the energy per charge in electron
volts and the horizontal axis represents the IMA sensor’s mass
ring number. The red and blue lines in the figure indicate the
calibrated mass band ranges for different ion species of O+

2 ,
O+, He2+, and H+. The lower count rate from mass ring num-
ber 22 is a result of the anode read-out electronics priority
scheme and was disregarded in the analysis. The highest ion
count for this particular heavy ion-beam event was found for
the polar angles of 5–15 and the azimuth angles of 1–4. Note
that the angular distribution of the planetary ion flow is very
narrow, usually less than 20◦, i.e., one azimuthal sector. The
mass peak of this ion-beam event lies at an energy of ∼800 eV
and occupies both mass bands of O+

2 and O+. There is no obvi-
ous separation between these two species and we need to apply
a special technique to reconstruct each mass distribution.

Fig. 3. Energy–mass matrix of the event at Orbit 539. The vertical axis repre-
sents the energy per charge in electron volts and the horizontal axis the mass
ring number. The red and blue lines show the calibrated mass band ranges for
O+

2 , O+, He2+, and H+.

3.2. Mass composition analysis

The IMA sensor is designed and optimized for studies of
plasma dynamics. Since it does not meet the same specifications
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Fig. 4. The top left panel shows count rate versus mass ring number for different energies for the ion-beam event that occurred during Orbit 539, 22 June 2004. The
other three panels show a mass-fitting of recorded profiles of count rates for three selected energies. Best fitting is shown for the species CO+

2 (M/q = 44), O+
2

(M/q = 32), and O+ (M/q = 16).

as a mass spectrometer, it has a reduced capacity to directly re-
solve and separate adjacent ion masses. Fig. 3 shows that even
O+

2 and O+ are not well separated. The main approach in sepa-
rating the different mass species is based on the following two
facts: (1) For each energy and for each given mass, the central
position of the mass peak has been obtained from ground cali-
brations, and (2) the shape of the peak is always Gaussian with
a constant characteristic width which also was obtained from
calibrations on ground and later justified in flight data. Thus for
each ion-beam event and each energy we try to fit the shape
of the mass spectra with three Gaussian fittings, corresponding
to O+ (M/q = 16), O+

2 (M/q = 32), and CO+
2 (M/q = 44).

Note that only the height of the peak is the subject of the best
fit of the in-flight data. The position and width is known from
calibration data. This fitting technique was developed from a
program made by Markwardt (2003) to create the best Gaussian
mass-fitting for a post-acceleration of 2.4 kV. Fig. 4 displays
an example of such a mass peak reconstruction. The top left
panel in Fig. 4 shows count rates as a function of mass ring for
different energies for the ion-beam event identified during Or-
bit 539. The other three panels display the Gaussian fittings of
the recorded count rates that were performed to resolve the dif-
ferent ion masses for each energy. The best fit for this ion-beam
event occurred in the energy range of 600–900 eV. The identi-
fied ion species in this particular event are O+

2 with a peak count
rate of 190 at 733.9 eV, followed by O+. Note that the wings of
the O+

2 distribution are composed of both CO+
2 and O+.

Fig. 5. Mass spectrum with fitting for the ion-beam event at Orbit 495, 10 June
2004. The red lined area indicates the mass-fitted ion-species of O+. The spec-
trum was integrated over the time interval of 18 min.

In Fig. 5, we can see the signature of an ion-beam event that
occurred on 10 June 2004 at 07:52–08:10 UT. The most abun-
dant species in this event is O+, with a peak count rate of 70
and with an energy of 1025.7 eV. The minor ion species in this
event is O+

2 , visible as a lag on the O+ peak. The area under the
O+ peak is marked with red lines in the figure. Within this area
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Fig. 6. Pieces of the orbits corresponding to the time intervals of all ion-beam
events used in this study.

we counted all the ion counts coming from polar angles 5–15
(61.9◦) and azimuth angles 1–4 (90◦) over the time interval of
18 min. The total count for the specified time interval, energy,
polar and azimuth angles was 430 for O+ and 82 for O+

2 for this
event. We performed this total ion count procedure for all the
mass-fitted areas and for every energy in each event.

Fig. 6 displays the orbital positions over which we encoun-
tered the ion-beam events. To avoid any possible mass channel
contaminations from protons we considered events only in-
side the induced magnetosphere boundary. Most of the detected
events occurred between 1 and 2 martian radii from the planet
on the night side, as seen in the figure.

We investigated all orbits from 23 April 2004 to 31 Decem-
ber 2004 inside the induced magnetosphere and examined them
for heavy ion events. We discarded all ion-beam events with:
(1) fewer ion counts than 25, (2) events with no post-accelera-
tion and (3) events characterized by poor Gaussian mass-fitting,
which were selected manually. Altogether we found 77 ion-
beam events, each with one or more energy levels, adding up
to a total of 209 mass-fitted ion-beam events.

4. Results

First we calculate all the ratios of the CO+
2 /O+ and O+

2 /O+
fluxes for each event following the standard relation between
differential flux and count rate for an electrostatic analyzer
(Kessel et al., 1989):

(7)Rj

(
CO+

2 /O+) =
∑

i

Nij (CO+
2 )

Eij∑
i

Nij (O+)

Eij

,

(8)Rj

(
O+

2 /O+) =
∑

i

Nij (O+
2 )

Eij∑
i

Nij (O+)

Eij

,

where the index i denotes the energy step, j the event number,
Eij the energy, and Nij the integrated counts under the fitted
peak for respective ion.

Fig. 7. Ratios of the CO+
2 /O+ and O+

2 /O+ fluxes related to energy. The vertical

axis in each panel shows the CO+
2 /O+ and O+

2 /O+ ratios for each event, while
the horizontal axis shows the mean energy in electron volts for each event.

Then we investigate if the ratios of the CO+
2 /O+ and O+

2 /O+
fluxes have any correlation with energy. First we calculate the
mean energy for each event with regard to the number of counts
under the fitted O+ peaks by

(9)〈E〉j (O+) =
∑

i Eij
Nij (O+)

E2
ij∑

i

Nij (O+)

E2
ij

,

where the ratio Nij /E
2
ij is proportional to the distribution func-

tion. The result is presented in Fig. 7 where it can be seen that
there is no clear correlation between energy and ratio. In the
upper panel where the ratios of CO+

2 /O+ are displayed, it can
also bee seen that some of the ratios are zero which is due to
the absence of CO+

2 in 12 of the events.
We then investigate the CO+

2 /O+ and O+
2 /O+ ratio distribu-

tions (Eqs. (7) and (8)) by displaying them in histograms as seen
in Figs. 8 and 9. We used a bin-size of 0.1 and applied a loga-
rithmic scale to the vertical axis, which represents the number
of ratios. If a particular ratio occurs only once, it is discarded
from the histogram and further calculations. It is clearly seen
that many of the CO+

2 /O+ ratios have a value of zero, which
corresponds to an absence of CO+

2 . Note that O+ is observed in
all of the events.

We then calculated the arithmetic mean for all the ratios that
we used in the histograms by

(10)R̄j

(
CO+

2 /O+) = 1

Nratios(CO+
2 /O+)

∑
j

Rj

(
CO+

2 /O+)
,

(11)R̄j

(
O+

2 /O+) = 1

Nratios(O
+
2 /O+)

∑
j

Rj

(
O+

2 /O+)
,

where Nratios is the number of respective ratios.
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Fig. 8. Ratio distributions of CO+
2 /O+. The vertical axis represents the number

of ratios within each bin in a logarithmic scale and the horizontal axis represents
the ratio values within bins of size 0.1.

We also estimate the standard deviation for these ratios
(Eqs. (10) and (11)) by

�Rj

(
CO+

2 /O+) =
(

1

Nratios(CO+
2 /O+) − 1

∑
j

(
Rj

(
CO+

2 /O+)

(12)− R̄j

(
CO+

2 /O+))2

)1/2

,

�Rj

(
O+

2 /O+) =
(

1

Nratios(O
+
2 /O+) − 1

∑
j

(
Rj

(
O+

2 /O+)

(13)− R̄j

(
O+

2 /O+))2

)1/2

,

which is presented in Table 2. We define a confidence interval
for 97% probability as from 0 to R̄j + �Rj for the CO+

2 /O+
flux, because it turns out that �Rj > R̄j .

The most surprising discovery in this study is that the ratio
of O+

2 /O+ diverges with a factor of 10 than the ratios deduced
from the maximum upward fluxes modeled by Fox (private
communication, 2005).

5. Discussion

Based on in situ measurements from the instrument AS-
PERA onboard the satellite Phobos-2, Lundin et al. (1989)
concluded that the total escape rate of O+ was 2 × 1025 s−1.
The ASPERA instrument could measure angular distribution,
composition and energy of ions within the energy regions of
0.5 eV/q–24 keV/q , which is similar to the IMA sensor. The
ion analyzer on Phobos-2 also had a FOV of 360◦ divided
into 10 sensors which each had an intrinsic FOV of 3◦ × 36◦.
Since Phobos-2 was spinning with a spin-period of 12 min,

Fig. 9. Ratio distributions of O+
2 /O+. The vertical axis represents the number of

ratios within each bin in a logarithmic scale and the horizontal axis represents
the ratio values within bins of size 0.1.

Table 2
The arithmetic mean ratios for CO+

2 /O+ and O+
2 /O+ compared to the ratios by

Fox (private communication, 2005) based on the maximum upward fluxes from
the ionosphere and their confidence intervals in which 97% of the ratios can be
found

CO+
2 /O+ O+

2 /O+

This study, arithmetic ratio mean, R̄j 0.2 0.9
Confidence interval (97% probability) 0–0.4 0.4–1.4
Fox (private communication, 2005) 1.6 9.47
Divergence factor (this study with respect
to Fox, private communication, 2005)

8.0 10.5

a three-dimensional particle coverage of ions could be obtained.
The three-dimensional plasma moments such as flow velocity
and number density, needed to calculate the ion escape, were
deduced from the two-dimensional moments by assuming az-
imuthal symmetry. Similar ion-beam events such as analyzed
in this study, were also detected by Phobos-2. However, the ion
escape was integrated over the whole magnetotail region and
just for a couple of orbits. Furthermore, Phobos-2 was func-
tional during high solar activity.

By using this number and the ratio of CO+
2 /O+ presented

in Table 2, we can estimate the escape rate for CO+
2 to be

4.0 × 1024 s−1 (0.29 kg s−1) with the escape rate data of O+
from Phobos-2. We then extrapolate the numbers back in time
with disregard to possible solar wind variations due to the faint
young sun. By using this very tentative model we find the total
loss of CO+

2 over the past 4 billion years to be 3.7 × 1016 kg.
However, ion escape from the martian atmosphere is effected
by the rate of photoionization and the temperature of the ex-
osphere which strongly depends on the solar XUV radiation
which was ∼100–1000 times stronger for the young-sequence
Sun (Ribas et al., 2005). Furthermore, the young solar wind
may have been more than 1000 times more massive than to-
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day (Wood et al., 2002). Both the increased XUV radiation and
the higher solar wind density and velocity in the past suggest
that the solar wind erosion must have had a dramatic impact
on the evolution of the martian atmosphere where the ion es-
cape rates must have been significantly higher (Lammer et al.,
2003). At present Mars lacks an intrinsic magnetic field, how-
ever, magnetic anomalies have been detected with concentra-
tions in the southern hemisphere which implies that Mars used
to have an intrinsic magnetic field in the past (Acuña et al.,
2001). This would also have a major impact on the escape rates
of ions.

Let us compare the escape rate with the total amount of CO2
in the early atmosphere of Mars. As discussed in Section 1, the
climate on Mars in the past must have been warmer and wet-
ter in order to explain all the water-related features. According
to different models (Haberle, 1998), Mars could have had an
atmospheric pressure between ∼1–5 bar in order to raise the
surface temperatures above 273 K needed to create these ge-
omorphological features. If Mars had a pressure of ∼3 bar,
then the atmosphere would have a mass of ∼1.2 × 1019 kg,
whereas the atmosphere today (6.36 mbar) only has a mass of
∼2.5 × 1016 kg. If we compare the mass of the atmosphere in
the past and in the present with the rough estimated total escape
mass of CO+

2 , we can conclude that the solar wind and the XUV
radiation must have been ∼1000 times higher in order to ex-
plain the removal of CO2 from the ancient martian atmosphere.
Impact erosion could also have contributed to the atmospheric
loss (Melosh and Vickery, 1989).

An other additional factor which may increase the total CO+
2

escape through the solar wind interaction is the escape in the
form of cold ionospheric plasma clouds (Penz et al., 2005).
However, the detection of such clouds is beyond the capability
of the IMA sensor. The reason for deviations between the ratios
defined by the maximum ionospheric supply and our measure-
ments is not clear. The most probable explanation is that the
escape is driven by a mass selection processes which does not
reflect the actual ionospheric composition.
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1 Introduction

The solar wind interaction with the near-Mars space environment has been stud-
ied mainly by the Phobos-2 spacecraft [e.g. 20; 21; 7; 3; 34], the Mars Global
Surveyor (MGS) [e.g. 25; 26; 36; 15; 19; 4; 5], combinations of these two data
sets [35] and the, at the time of writing, most recently arrived spacecraft Mars
Express [e.g. 22; 18; 33]. Much of the picture emerging from the first two space-
craft has been summarized in Nagy et al [27]. The solar wind interaction with the
near-Mars space results in several distinctive regions, mainly the bow-shock, the
magnetosheath and the magnetic pile-up region. These regions are dominated by
the solar wind magnetic field which is draped around the obstacle. However MGS
data shows clearly that the crustal magnetic fields [e.g. 1; 12] of Mars significantly
affect the distribution of electrons in near-Mars space, in particular at the magnetic
pile-up boundary [36; 15; 5] and the ionopause [e.g. 26; 18] .

The magnetic field of the magnetic pile-up region (MPR) is the interplanetary
magnetic field draped around the planetary obstacle. The outer boundary towards
the magnetosheath is termed the magnetic pile-up boundary (MPB) and is char-
acterized from MGS measurements by an increase in magnetic field strength [15]
and a decrease in suprathermal electron fluxes and a decrease in magnetic field
variability and wave activity [5] . The decrease in suprathermal electrons is con-
sistent with energy loss of the magnetosheath electrons due to impact ionization
of exospheric neutrals [14]. The MPB is thus not a pressure balance boundary,
nor an impenetrable obstacle, at least not for magnetosheath electrons and mag-
netic fields. The ions of the magnetic pile-up region are expected to be mainly of
planetary origin but the more extensive MGS data set lacks ion data.

The lower boundary of the magnetic pile-up region is characterized by a fur-
ther reduction of the electron fluxes of magnetosheath origin, and below the MPR
planetary origin photo-electron fluxes dominate. Mitchell et al [25, 26] identifiy
this as the Martian ionopause. The many strong crustal magnetic anomalies in the
southern hemisphere stands off solar wind electrons up to higher altitudes in both
the boundary regions.

The crustal magnetic fields also affect the ionosphere at altitudes well below
the ionopause and even the neutral atmosphere. Krymskii et al [19] reported in-
creased electron temperatures inside the ”mini-magnetospheres” created by strong
crustal magnetic fields, through confinement of photo-electrons, as well as a cooler
neutral atmosphere which is shielded from additional heating by the solar wind
interaction. Ness et al [28] reported an influence of magnetic fields on the iono-
spheric scale height, where horizontal fields inhibit vertical diffusion as compared
to vertical or magnetic field-free regions. Mitchell et al [26] showed similar results
at higher altitudes where strong crustal fields allowed the ionosphere to extend to
higher altitudes, resulting in regions with enhanced photo-electron fluxes at an al-
titude of 400 km in the dayside. On the other hand photo-electron drift from day-
to nightside and magnetosheath origin electron access were inhibited in the closed
crustal fields on the nightside resulting in ”void” regions with very low electron
fluxes. Series of plasma void regions were often separated by electron flux-spikes.
This tends to occur where the radial magnetic field is near a local maximum. The
presence of magnetosheath-like electrons on such field-lines suggests that they are
or were once connected to the magnetosheath, and the situation is thus similar to
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the cusps in the Earth’s magnetosphere but on a much smaller scale. Brain et al [6]
took the similarities with the Earth further, showing that peaked electron spectra,
resembling the accelerated electron spectra associated with aurora on Earth, were
frequently observed near strong radial crustal fields in the Martian nightside.

Thus the MGS results have firmly established the importance of the crustal
fields for a number of electron plasma processes and structures at Mars. What
about the influence of crustal fields on the ions? MGS lacks an ion spectrometer
and we must now turn to Mars Express measurements.

We first tie the measurements from the two spacecraft together by looking at
the reported electron observations from Mars Express. The work of Fränz et al
[18] confirmed the crustal field influence on the statistical distribution of magne-
tosheath electron stand-off distance and the work of Soobiah et al [33] compared
Mars Express electron spectrometer results with those obtained from MGS by
Mitchell et al [26] and the Mars crustal magnetic field model of Cain et al [8] to
investigate the influence of magnetic anomalies on the electron fluxes. They found
that the presence of plasma voids in the nightside and flux enhancements in the
dayside were well ordered by the Cain magnetic field model.

As Mars Express does not carry a magnetometer it is customary to call the
planetary boundary towards the magnetosheath the Induced Magnetosphere Bound-
ary (IMB) rather than the MPB, but it has been shown that on a large scale these
are the same [22; 36]. The only works which so far have discussed ion observa-
tions in relation to magnetic anomalies are those by Lundin et al [22, 23, 24].
These works report ion outflow as observed by the ASPERA-3 Ion Mass Ana-
lyzer (IMA). It is suggested that ion energization frequently involves acceleration
by field-aligned electric fields and low frequency waves (as determined from elec-
tron flux variations, Winningham et al [37]). These can involve induced or draped
magnetic fields just as well as crustal fields, but in Lundin et al [24] only deep
nightside tail events were studied in an attempt to avoid the influence of non-
crustal fields. Evidence of large scale field-aligned electric fields was found in the
form of accelerated beam-like outflowing ionospheric ions observed simultane-
ously with precipitating electrons with peaked energy spectra, similar to what is
observed in the auroral region on Earth. Mapping these events to crustal sources
indicated that they were associated with magnetic cusps. The altitude of the ob-
servations was fairly high (several thousand km) and the mapping thus somewhat
uncertain, but the association with magnetic anomalies is strengthened by the fact
that the observations reported by Brain et al [6] clearly show that the peaked elec-
tron spectra observed by MGS at 400 km altitude are associated with strong radial
crustal magnetic fields.

There thus seem to be cases when the magnetic anomalies may also be of im-
portance for the ions. For the large scale distribution of ions this should mainly
be for low energy ions or for field-aligned acceleration events because the crustal
fields are relatively weak at altitudes where more energetic ions can be expected.
The gyro-radii of ions quickly become large compared to the scale size of the
anomalies when they are energized to energies observable by IMA (lower limit
between 10 and 100 eV, see discussion in section 2). However just as at Earth
the outflow of planetary ions is essentially a two-step process where the flow may
either be regulated at the source (ionosphere, availability of ions) or by the en-
ergization process which typically occurs at higher altitudes. The purpose of this
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paper is to examine the potential role of crustal magnetic fields on the distribution
of ions in near-Mars space. This has been done in 4 steps:

(1) We have examined the clearest of the electron events reported by Soobiah
et al [33] which were associated with magnetic anomalies and examined the cor-
responding ion data.

(2) We have also examined the orbits containing the ion events used by Lundin
et al [23] and compared the data with the Cain magnetic field model [8] on a case
basis.

(3) We have studied the distribution of all energetic planetary ion beam events
reported by Carlsson et al [9], including an extended study of similar events also
for the year 2005.

(4) We have gone through all the data when IMA was used in a non-entrance
deflection scanning mode to improve time resolution and the ability to observe
low energy ions (see section 2).

2 Instrument Description

The Ion Mass Analyzer (IMA) is a mass resolving ion spectrometer, part of the
ASPERA-3 instrument onboard Mars Express [2]. IMA:s twin ICA on the Rosetta
spacecraft is described in detail in Nilsson et al [31]. IMA consists of an electro-
static acceptance angle filter, an electrostatic energy filter, and a magnetic veloc-
ity analyzer. Particles are detected using large diameter (100 mm) microchannel
plates and a two-dimensional anode system. The energy range of the instrument
is nominally from 10 eV to 36 keV and an angular field-of-view of 360◦ × 90◦
is achieved through electrostatic deflection of incoming particles. This field of
view is partially obstructed by the spacecraft body and the solar panels. IMA is
mounted on the spacecraft -Z side, facing towards spacecraft -Y (i.e. the instru-
ment symmetry axis is along spacecraft Y), see figure 1. The basic field-of-view
of the instrument is the spacecraft X-Z plane, particles are brought in from ±45◦
out of this plane through the electrostatic deflection system. The deflection sys-
tem does not have high enough voltage to reach all angles for the highest energies
and not enough voltage resolution to reach all deflection angles for low energies.
Above 15 keV the field-of-view is restricted towards the central viewing plane.
For energies below 100 eV the angular resolution is degraded. Turning off the
entrance deflection scan and using the instrument in a 2D mode removes the res-
olution problems at low energies and improves the instrument’s ability to mea-
sure low energy ions as well as the time resolution. The time for one full energy
scan is 12 s. and for one full measurement of 16 different deflection angles the
time resolution becomes 192 s. The no entrance deflection mode may therefore be
necessary to catch any finer structure of the ion distribution, in particular at low
altitude where high time resolution is more important. IMA may run in different
spatial and mass resolution modes to save telemetry. In practice almost all data is
in the full resolution mode; no binning of data from different acceptance angles or
binning of mass anodes is made (instrument mode 24).

Mass resolution is obtained through the magnetic velocity analyzer, where par-
ticles with the same energy but different mass will hit the micro-channel plate in
different locations due to the analyzer magnetic field. The range of masses observ-
able and the mass resolution can be influenced by adding energy to the incoming
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Fig. 1 Schematic figure of the IMA Ion Mass Analyzer on the Mars Express spacecraft. Indi-
cated are the spacecraft coordinate system and the field-of-view of one sector of the instrument
at no deflection and at 45◦ away from the spacecraft.

particles through a post-acceleration voltage. This voltage is applied between the
electrostatic energy filter and the magnetic velocity analyzer and is controlled by
a 3-bit reference value (0-7), corresponding to post-acceleration voltages between
0 and 4.3 keV.

3 Observations

3.1 Electron events associated with magnetic anomalies

The clearest and most pronounced electron signatures associated with magnetic
anomalies reported by Soobiah et al [33] were investigated to see if any ion sig-
natures were found. This corresponded to 20 events selected from a total of 57
events identified in data from 144 orbits. The result was negative. Usually no ions
at all were detected and when ions were detected they were not exactly coinci-
dent with either electron signatures or magnetic anomalies as determined from the
Cain model [8]. Care was taken to determine that the IMA instrument was looking
downward during at least some of the events. However the poor angular coverage
at low energies means that there may still be low energy ions associated with the
magnetic anomalies (there must be at least thermal ions due to charge neutrality).
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3.2 Magnetic fields around clear ion observation events

Having failed to find good ion data in step 1 described above we proceeded to
check the magnetic field as determined from the Cain model around some clear
ion signatures, those reported by Lundin et al [23]. A total of 30 events were
plotted and investigated in detail. Typically ion beams were observed at the low-
est altitude and some cases occurred at magnetic anomalies. However ion beams
clearly existed even when no magnetic anomaly was nearby or the extrapolated
Cain model field was very weak at the altitude of observation. No general similar-
ity in the fine structure of ions and the magnetic field model was found though the
temporal resolution may have been too poor to allow such a comparison. We re-
port this part of the study for completeness, but will show data only from the cases
when the IMA instrument was run in the ”no entrance deflection” mode in section
3.4). Then we also make a comparison with the magnetic field at a fixed altitude
to avoid the risks inherent in extrapolating the Cain model to higher altitudes than
the data from which the model was obtained.

3.3 The distribution of planetary origin ion beam events

Here we used the data base of the ion observations used by Carlsson et al [9].
It consists of all heavy ion beams (O+,CO+

2 ,CO+/O+
2 ) as identified from man-

ual inspection of data from inside the nominal Induced Magnetosphere Boundary
(IMB). A sample ion beam (in high time resolution ”no entrance deflection mode”)
is shown in figure 2. The same event is marked with number 1 in figure 7. The ob-
servation altitude was in the range 2000-3000 km, and the solar zenith angle was
136◦ −140◦.

This database has been updated with all ion beam events observed up to 22 Oc-
tober 2005, likewise determined from visual inspection of all IMA data obtained
inside the nominal IMB. In Carlsson et al [9] only post-acceleration level 1 (out of
three, 0 (none), 1 (reference value 1-4) and 2 (reference value 5-7)) was used, but
for the subsequent data all identified events regardless of post-acceleration setting
have been used (a total of 818 events). Before proceeding to investigate a possible
influence on the distribution of planetary origin ion beams from crustal magnetic
fields, we show in figure 3 the ion beam occurrence rate (panel a) and the space-
craft coverage (number of passes in bin, panel b) as a function of solar zenith angle
(x-axis) and altitude (y-axis). As can be seen, there is a clear dependence in the
sense that dayside beams are observed at low altitude and nightside beams at high
altitude. A lack of coverage at the lowest nightside altitudes is also evident, caused
by restricted operation in spacecraft eclipse. Essentially the distribution follows
what we expect from the induced magnetosphere boundaries and we can say that
we do not have a strong dependence on solar zenith angle. In order to search for an
influence on the distribution of these ion beam events from magnetic anomalies,
we have plotted their occurrence rate as a function of latitude and longitude, using
20×20 bins, i.e. a resolution of 18◦×9◦ in longitude-latitude space. The data was
also binned in altitude, and the normalized result for four different altitude bins
(up to 1000 km, 1000-2000, 2000-3000 and 4000-10000 km) is shown in figure
4. The distribution was calculated such that each ”event” (continuous presence of
an ion beam) was counted only once inside each latitude, longitude and altitude
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Fig. 2 Sample energy spectra of a heavy ion beam from 20060102 when no entrance deflection
scanning was used. The upper panel shows the corresponding electron spectra summed over
all sectors (the electrons are typically rather isotropic). The lower panel shows the ion counts,
summed over all sectors. One sector dominates and only a few sectors (of 22.5◦ ×5◦) detect any
ions at all. The Y-axis shows particle energy in eV for both panels, and the x-axis time (UT).

bin. The same type of distribution was then obtained for all cases when IMA was
on in full resolution mode (mode number 24), post-acceleration setting was 1 for
the 2004 data (all according to the housekeeping data) and Mars Express was in-
side the nominal IMB. This result was used to normalize the beam occurrence.
What is shown in figure 4 is the normalized occurrence frequency. The number
of events is rather small and the plot in figure 4 therefore rather noisy. It can nev-
ertheless clearly be noted that the events occur over all locations on Mars. There
seems to be some preference for northern latitudes for low altitudes (below 1000
km, panel a) and some preference for southern latitudes just below the equator
at high altitude (above 3000 km, panel d). There is also a relatively low occur-
rence frequency for the southernmost latitude bins. Possibly this could indicate a
large-scale influence from magnetic anomalies as these are stronger in the south-
ern hemisphere. However latitude distributions are very sensitive to the orbit char-
acteristics which causes an ambiguity between altitude and latitude dependence.
The perigee is drifting so in due time all latitudes will be sampled at different al-
titudes but this is not true for a data set from a limited time interval such as the
three-month data with entrance deflection turned off discussed in section 3.4.

There is no longitudinal distribution (which is much less sensitive to orbit
characteristics) resembling that of magnetic anomalies which are shown in figure
7. To further investigate the significance of the observed north-south asymmetry
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Fig. 3 Panel (a) Distribution of occurrence rate of ions beams as a function of solar zenith angle
(x-axis, degrees) and altitude (y-axis, [km]). Panel (b) Number of satellite passes through each
statistical bin when IMA was operating in an appropriate mode.

Fig. 4 Distribution of occurrence rate of ions beams. Panel (a) shows the altitude interval up
to 1000 km, (b) shows the interval 1000 to 2000 km, (c) 2000 to 3000 km and (d) 3000 up to
10000 km altitude.
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Fig. 5 Distribution of number of different orbits of Mars Express passing through different
latitude, longitude and altitude bins, when IMA was on in the right mode. Panel (a) shows the
altitude interval up to 1000 km, (b) shows the interval 1000 to 2000 km, (c) 2000 to 3000 km
and (d) 3000-10000 km altitude.

we plot in figure 5 the number of orbits when IMA was on in the right mode
when Mars Express passed above the indicated latitude and longitude bin. Clearly
there are a significant amount of samples in the south for low altitudes as well
as for the southernmost latitudes at high altitude. Finally one may note that there
is an increasing occurrence rate at higher altitude. As IMA cannot detect thermal
ions this is consistent with an extended altitude range where ion energization is
significant. This can be both thermal ionospheric origin ions and newly created
pick-up ions.

One may also study the presence of ion beam events as a function of the mag-
netic field as determined from MGS statistics. We have used the data for 400 km
altitude as provided by Connerney et al [13]. Interpolating the MGS data (we used
linear interpolation) at each measurement point yields rather few points above
significant anomalies. We show in figure 6 the occurrence frequency of ion beams
for some altitude intervals as a function of radial magnetic field at 400 km alti-
tude. Radial magnetic field was used because ion outflow can be expected along
strong radial fields. Strong transverse fields can be expected to inhibit vertical
plasma transport so we have made the same study with the transverse and total
magnetic field as well, but with no significant differences in the result. Almost all
data points are located above magnetic field values below 40 nT, as shown by the
grey bars in the plot (number of data points on right y-axis). We can now discern
an influence from magnetic anomalies on ion beams at the lowest altitudes. Up
to 2000 km the likelihood of observing an ion beam decreases in the presence of
even rather low magnetic field strengths. The statistics are very poor for the data
at higher magnetic field values, but there are a number of events there also for the
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We have in the discussion above used a radial mapping of the location of the
spacecraft down to our reference magnetic field model at 400 km. The obvious
alternatives are to compare to the magnetic field values of an extrapolated math-
ematical model (i.e. the Cain model) at the actual altitude of observation or do
field-tracing along such a model, which must be coupled to an IMF / draped field-
line model to justify the effort of such a precise mapping. The latter is desirable
but outside the scope of our current work. We have tried the former but it suffers
from the fact that all extrapolated model fields are weak at high altitudes whereas
the radial field can be stretched out and therefore stronger during certain events.
Relatively strong crustal fields at high altitude always correspond to strong crustal
magnetic fields at low altitude as well.

3.4 Distribution of events with no entrance deflection

The small data set from December 2005 to March 2006 (when IMA was run with
entrance deflection off) is particularly important both because of its higher time
resolution and its better ability to measure low energy ions. We have visually
inspected all such orbits and picked out ion beam events in the lower altitude
part. The heavy ion counts summed over all energies are plotted along the satellite
track as shown in figure 7 (background count levels subtracted). Also shown in
figure 7 is a grayscale map of the radial crustal magnetic field at 400 km altitude
[13] so that the fine structure of the ion counts can be compared with the fine
structure of the radial field. About half of the data points were obtained below
1500 km altitude, and altitudes up to 4000 km have been used. Clearly many of
the events occur where there are no strong magnetic anomalies straight below the
spacecraft. Fine structures also occur when no magnetic anomaly is nearby. A
number of events with significant structure do occur close to magnetic anomalies,
and the structure could possibly arise either from an interaction between pick-
up ions and the anomalies or because the ions emanate from the anomalies as in
the cases reported by Lundin et al [24]. We leave a closer investigation of this
to future case studies but show two sample cases here. The first, from 2006-02-
16, numbered 2 in figure 7, is a sample of a beam that appears very structured
and occurs away from any anomaly, as shown in figure 8. The other sample is
shown in figure 9 and was taken in the close proximity of a significant crustal
magnetic anomaly. Both figures have four panels, where the first shows electron
counts from the ELS electron spectrometer, the second shows proton counts, the
third shows oxygen ion counts and the fourth shows altitude (black line, left y-
axis) and radial magnetic field at 400 km altitude, interpolated from the statistical
MGS results (red line, right y-axis). The oxygen ion counts dominated but may
contain contributions from heavier ions [see 9, for details]. Just as the impression
one gets from the overview shown in figure 7, there is indeed significant structure
in the heavy ion counts in both cases. These are often correlated with variability
in the electron counts but we leave the detailed comparison for future studies.
In the case observed close to an anomaly it turns out that low energy ions are
observed at a peak in the radial magnetic field (dashed red line). On both sides
of the low energy ions we observe beams with a narrow energy distribution. Low
energy ions are those most likely to be affected by the magnetic fields, and such
low energy ionospheric ions are usually not observed in the ion beam events, (e.g.
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Fig. 7 Counts in the heavy ion mass channels mapped radially to the planet , superposed on a
map of the radial crustal field at 400 km as obtained from the MGS spacecraft. Three cases are
marked with a number, these are discussed in more detail in the text.

the samples shown in figures 2 and 8). The low energy ions were not observed at
the lowest point in the orbit, nor were low energy ions observed at the peak in the
radial field which the spacecraft passed at a lower altitude at about 7:46 UT. The
observed structure is therefore consistent with an influence due to the anomaly,
but this is not a clear proof that this is really the case and anomalies are clearly
not associated with such enhancements all the time. Rather the opposite is true
according to our statistical results discussed in section 3.3, where ion beams were
less common above moderately strong (10-40 nT) crustal fields than over regions
with the lowest crustal fields.

The most important observation is that the events occur everywhere regardless
of the presence of anomalies and there is a considerable amount of fine structure
everywhere, not only close to anomalies. One may note that fine structure in the
”no entrance deflection” cases can be due to flow direction changes, not necessar-
ily a particle flux modulation, but it still represents a small scale structure in the
plasma characteristics.
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Fig. 8 Sample energy spectra of a heavy ion beam from 2006-02-16 when no entrance deflec-
tion scanning was used. The first panel show the corresponding electron spectra summed over
all sectors (the electrons are typically rather isotropic). The two consecutive panels show the
H+ and O+ ion counts, summed over all sectors. Only a few sectors (of 22.5◦ ×5◦) detect any
ions at all. The Y-axis shows particle energy in eV for all of the first three panels, and the x-axis
time (UT). The bottom panel shows the altitude of the spacecraft (black line, left y-axis [km])
together with the radial (red dashed line) and transverse (red solid line) magnetic field at 400 km
altitude, radially below the spacecraft (right y-axis, [nT]).

4 Discussion and conclusions

The data shown in this paper clearly indicate that heavy ion beams (and thus of
planetary origin) occur over most locations above Mars. This is a very expected
result as planetary ions are expected to dominate in the magnetic pile-up region
which is draped around the planet. There are, however, three interesting findings
in our data set:

(1) There is some north-south asymmetry in the data. Ion beams are some-
what less common at low altitudes (up to 1000) over the southern hemisphere and
more common just below the equator in the southern hemisphere for high altitude
(above 3000 km). North-south asymmetries are sensitive to orbit characteristics
but the data we show have been normalized to take into account the number of ob-
servations in the different latitude-longitude-altitude intervals used in our study.
There is no longitudinal variation resembling those of the magnetic anomalies.
Our conclusion is that the latitudinal asymmetry is not directly caused by mag-
netic anomalies. One may have to compare with the average solar wind electric
field direction and possibly planet rotation axis tilt to explain the difference. As
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Fig. 9 Sample energy spectra of a heavy ion beam from 2006-12-29 when no entrance deflec-
tion scanning was used. The first panel show the corresponding electron spectra summed over
all sectors (the electrons are typically rather isotropic). The two consecutive panels show the
H+ and O+ ion counts, summed over all sectors. Only a few sectors (of 22.5◦ ×5◦) detect any
ions at all. The Y-axis shows particle energy in eV for all of the first three panels, and the x-axis
time (UT). The bottom panel shows the altitude of the spacecraft (black line, left y-axis [km])
together with the radial (red dashed line) and transverse (red solid line) magnetic field at 400 km
altitude, radially below the spacecraft (right y-axis, [nT]).

was shown by Dubinin et al [16]; Fedorov et al [17] the heavy ion flux distribu-
tion is well organized by the solar wind electric field. Furthermore the ion beam
occurrence rate increases somewhat with altitude. This is consistent with an ex-
tended altitude region where ion energization up to the beam energies of 100 eV
and above occurs.

(2) A study of the dependence of ion beam occurrence rate vs. radial magnetic
field at 400 km altitude revealed no dependence on ion beam occurrence at alti-
tudes above 2000 km. For altitudes below 2000 km a dependence on ion beam
occurrence could be seen. The occurrence frequency was highest for the lowest
magnetic field region (0-10 nT) and decreased for the moderately strong crustal
fields (about 40 nT). For higher magnetic field values the variability was large,
mainly because of poor statistics but the decrease seen from about 0 to 40 nT mag-
netic field strength can clearly not be extrapolated to higher magnetic field cases.
There was no signature of magnetic anomalies discernible in the longitude distri-
bution of the ion beams, and the latitude asymmetry discussed above seems not to
be directly related to magnetic anomalies. This is different from what is the case
for electrons where the ionopause and magnetic-pileup boundary as detected from
electron data are clearly modulated by the presence of magnetic anomalies (see
references in introduction), and the strongest fields have a clear and pronounced
effect. Typical electron signatures associated with magnetic anomalies have been
demonstrated [26; 33]. The reason for the discrepancy between ion and electron
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observations is most likely finite gyro radii effects of the ions for the energies
observable by the IMA instrument. The beams observed by IMA typically have
energies of several 100 eV. In a magnetic field of 50 nT a 300 eV O+ ion has a
gyro radius of 200 km. When the field is down to 10 nT the gyro radius is 1000
km. Therefore ions may be tied to the magnetic fields at low altitudes where the
magnetic field is strong and the ion energy typically low. As the ions gain energy
they will still be affected by magnetic anomalies, but in a dynamical way, they will
not stay in place the way the electrons do. The ions may be accelerated along the
field-line, in which case the mirror force will keep the outflowing ions beam-like
and tied to the original field-line [24] which is indeed the only clear ion-magnetic
anomaly association reported). The influence may also be through small scale rip-
ples in the draped field-lines, causing non-adiabatic drift and acceleration through
the centrifugal force mechanism [10; 11].

It could, despite gyro-radius considerations, be possible that the actual num-
ber flux and ion composition would be influenced by magnetic anomalies. This
would then mainly concern ionospheric upflow and escape, not pick-up ions. At
Earth the ionospheric escape is a two-stage process consisting of initial upflow in
the ionosphere observable for example by incoherent scatter radar [e.g. 29; 32]
and subsequent energization to escape velocity at higher altitudes. The initial up-
flowing ions are typically gravitionally bound and flow down again unless fur-
ther heating processes take place at higher altitudes (as is the case at Earth, from
the topside ionosphere and throughout the magnetosphere, e.g see discussion and
references in Nilsson et al [30]). The lower altitude processes regulate the num-
ber flux of planetary origin ions and, if something similar occurs at Mars, would
most likely be strongly affected by the magnetic anomalies as these regulate iono-
spheric scale height and heating rates [e.g. 19]. A possible explanation for our
results of decreasing ion beam occurrence for intermediate strength crustal fields
is that most field-lines close below the spacecraft and reduce the vertical transport
of ionospheric ions. It would therefore be worthwhile to study the number flux and
detailed composition of the planetary origin fluxes as a function of geographic lo-
cation above Mars. This is, however, a rather demanding task as the detailed ion
composition requires a manual inspection of every mass spectrogram [e.g. 9] and
is thus beyond the scope of this report.

(3) There is considerable small scale structure in many of the ion beams ob-
served. Some of these structures may indeed be caused by magnetic anomalies
which show variations on the proper spatial scale. It would be of interest from a
fundamental plasma physics point-og-view to identify some such cases and study
them in detail, but if magnetic anomalies disperse or further energize already
picked-up ions passing through them this should not be of major importance for
the total outflow. Outflow caused more directly by processes associated with the
crustal fields could have some influence on the total outflow. If that is the cause
of small scale structures then due to the small size it cannot have a large overall
impact on the ion escape from Mars. Inhibition of vertical transport and therefore
lower escape is rather more in line with the results obtained in this study (see point
2 above). The data we presented in figure 7 contained cases with considerable fine
structure also when no magnetic anomalies were nearby so clearly there are other
plasma structuring processes at work as well.
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Abstract

The formation process(es) responsible for creating the observed geologically recent gully features

on Mars has remained the subject of intense debate since their discovery (Malin and Edgett 2000).

Gullies have previously been identified in the southern hemisphere and have been studied in much

detail (Malin and Edgett 2000; Heldmann and Mellon 2004; and references therein). We now present

new data and analysis of northern hemisphere gullies. Data from the Mars Global Surveyor spacecraft

has been analyzed to uncover trends in the dimensional and physical properties of the northern

hemisphere gullies and their surrounding terrain which is then used to test the various proposed

mechanisms of gully formation. We located 137 Mars Orbiter Camera (MOC) images in the northern

hemisphere that contain clear evidence of gully landforms, distributed in the northern mid and high

latitudes, and analyzed these images in combination with Mars Orbiter Laser Altimeter (MOLA) and

Thermal Emission Spectrometer (TES) data to provide quantitative measurements of numerous gully

characteristics. Parameters we measured include apparent source depth and distribution, vertical and

horizontal dimensions, slopes, orientations, and present-day characteristics that affect local ground

temperatures.

Northern hemisphere gullies are clustered in Arcadia Planitia, Tempe Terra, Acidalia Plani-

tia, and Utopia Planitia. These gullies form in craters (84%), knobby terrain (4%), valleys (3%),

other/unknown terrains (9%) and are found on all slope orientations although the majority of gul-

lies are equator-facing. Most gullies (63%) are associated with competent rock strata, 26% are not

associated with strata, and 11% are ambiguous. Assuming thermal conductivities derived from TES

measurements as well as modeled surface temperatures, we find that 95% of the gully alcove bases

with adequate data coverage lie at depths where subsurface temperatures are greater than 273 ◦K
and 5% of the alcove bases lie within the solid water regime. The average alcove length is 470 m and

the average channel length is 690 m.

The general trends in the data characterizing the northern hemisphere gullies are consistent with

trends previously reported for southern hemisphere gullies (Heldmann and Mellon 2004). Based on a

comparison of measured gully features with predictions from the various models of gully formation,

we find that models involving carbon dioxide, melting ground ice in the upper few meters of the

soil, dry landslide, and surface snowmelt are the least likely to describe the formation of the martian

gullies. Although some discrepancies still exist between prediction and observation, the shallow and

deep aquifer models remain as the most plausible theories. Interior processes involving subsurface

fluid sources are generally favored over exogenic processes such as wind and snowfall for explaining

the origin of the martian gullies. These findings gleaned from the northern hemisphere data are in

general agreement with analyses of gullies in the southern hemisphere (Heldmann and Mellon 2004).

KEYWORDS: MARS, GEOLOGICAL PROCESSES
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1 Introduction

The Mars Global Surveyor (MGS) Mars Orbiter
Camera (MOC) revealed the presence of geologi-
cally young small-scale features resembling terres-
trial water-carved gullies in 2000 (Malin and Edgett
2000) and initial research mostly concentrated on
studying gully features in the southern hemisphere.
Gullies have been previously reported in the north-
ern hemisphere (Edgett et al. 2003; Heldmann et
al. 2005a) and in this work we systematically ana-
lyze these northern hemisphere gullies to 1) deter-
mine their physical and dimensional properties, 2)
place constraints on potential mechanisms of for-
mation, and 3) compare and contrast the northern
hemisphere gullies with their southern hemisphere
counterparts.

Gullies in both the northern and southern hemi-
sphere display similar morphologies and age rela-
tions. The superposition of the gullies on geolog-
ically young surfaces such as dunes and polygons
as well as a general scarcity of superposed impact
craters indicate the relative youth of the gullies,
suggesting that the gullies formed within the past
few million years (Malin and Edgett 2000; Malin
and Edgett 2001; Edgett et al. 2003). These fea-
tures exhibit a characteristic morphology indicative
of fluid-type erosion and liquid water has been sug-
gested as a likely fluid. However, since liquid water
is currently unstable on the surface of Mars with re-
spect to boiling and freezing, the relatively young
geologic age of these gullies has been perceived as a
paradox for the occurrence or production of liquid
water under present-day martian conditions. Held-
mann et al. (2005b) have shown, however, that the
formation of the gullies is consistent with simul-
taneous freezing and boiling of liquid water on the
martian surface under current martian environmen-
tal conditions. The precise gully formation mecha-
nism remains controversial, though, and numerous
models for a source of water have been proposed,
along with other potential erosional agents such as
dry debris and CO2. Here we compare the proposed
models with numerous observations of the physical
and dimensional properties of these gully features.
Our goal is to better constrain the hypothesized
models of gully formation and to support future
modeling efforts.

Gully morphology can generally be divided into
alcove, channel, and depositional-apron regions
(Malin and Edgett 2000). The theater-shaped al-
cove is eroded into the host rock and generally ta-
pers downslope. The channels typically begin at
the base of the alcove, appear incised into the slope
surface, and are characterized by a V-shaped cross
section (Malin and Edgett 2000; Heldmann and

Mellon 2004). A single channel usually dominates
from each alcove, but secondary channels are com-
mon. The path of each channel appears influenced
by surface topography and sometimes by subsur-
face characteristics as a small number of channels
are discontinuous and appear to flow underground
before reemerging on the surface further downslope.
Near the alcove-channel transition there is some-
times evidence of channels streamlining around ob-
stacles and anastomosing channel patterns (Malin
and Edgett 2000; Heldmann and Mellon 2004).

The depositional aprons typically have a trian-
gular shape which broadens downslope. The aprons
appear smooth on a decameter scale but smaller
swells and swales are observed that are oriented
downslope along the long axis of the gully (Malin
and Edgett 2000). The aprons sometimes extend
beyond the base of the gully slope, and channels
sometimes cut into the apron structure (Malin and
Edgett 2001; Heldmann and Mellon 2004).

The surrounding terrain typically consists of an
overlying flat plateau, broken by a crater, valley,
pit, or graben, which creates a distinct break in
slope or ”ridge” above the gully alcove. The al-
coves emanate from a discrete distance below this
overlying ridge.

Numerous models have been proposed which in-
voke various physical processes, as well as various
agents of erosion, to explain the origin of the mar-
tian gullies and the origin of the erosive agents.
Musselwhite et al. (2001) proposed that a liq-
uid aquifer could provide liquid CO2 to carve the
gullies. Malin and Edgett (2000) and Mellon and
Phillips (2001) suggested that a shallow aquifer of
liquid water could feed the gully systems, while Gai-
dos (2001) argued for a deep water aquifer. Costard
et al. (2002) suggested that melting shallow ground
ice is the source of the water. Gilmore and Phillips
(2002) argue for the presence of an aquiclude which
drives meltwater from the near-surface ice towards
the gully sites. Lee et al. (2002), Hartmann et al.
(2002) and Christensen (2003) suggested that the
gullies may be formed by liquid water from dissi-
pating snowpacks. In addition, Treiman (2003) pro-
posed that mass-wasting is also a candidate mech-
anism of gully formation.

Any viable model of the formation of these gul-
lies, the type of erosive fluid, and its source, must
be consistent with the observational constraints. In
this work we combine MGS MOC, Mars Orbiter
Laser Altimeter (MOLA), and Thermal Emission
Spectrometer (TES) measurements for 137 MOC
gully images in the northern hemisphere to de-
termine systematic trends in these data and test
the various proposed mechanisms for the formation
of the gully features. In subsequent sections we
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describe the method of data collection as well as
measurements of various gully parameters includ-
ing apparent source depth and distribution, vertical
and horizontal dimensions, slopes, orientations, and
properties controlling the local thermal regimes.
These observed gully properties are analyzed for
implications relevant to gully formation and the
results are then compared with several proposed
theories of gully formation to place additional con-
straints on these mechanisms. We also compare
these findings with results obtained for the south-
ern hemisphere to determine any differences and/or
similarities between the two populations of gullies
in the northern and southern hemispheres of Mars.

2 Methodology

We utilized MOC narrow-angle images from mis-
sion phases AB1 through R15 (September 1997
through March 2004) and systematically examined
13 710 of these images over latitudes 30◦N to 90◦N
for the presence of gullies. Gullies were geomor-
phically identified primarily based on the presence
of distinctive incised V-shaped channels emanating
from an eroded alcove. Debris aprons further con-
firm the positive identification of gully features, but
were sometimes cut off by the finite image size. Im-
ages containing potential gully landforms with am-
biguous or unclear evidence of incised channels and
alcove-channel morphology were discarded. For ex-
ample, gully-like features found on crater central
peaks and sand dunes were not included due to sig-
nificant deviations from this requisite morphology
(Heldmann et al. 2005c). Also, many gully loca-
tions have been imaged by MOC multiple times and
so duplicate images of the same gully systems were
not used here. A total of 137 MOC images con-
taining well-defined gully features in the northern
hemisphere of Mars were found and used in this
analysis.

The MOC data were radiometrically calibrated
and geometrically transformed to an equal-area
sinusoidal map projection using ISIS (Integrated
Software for Images and Spectrometers) (Kirk et
al. 2001b). For each image where a simultane-
ous MOLA track was taken with the MOC image,
an elevation map was assembled using all MOLA
ground tracks over and around the area to maxi-
mize the density of elevation data in each gully lo-
cale. Typical MOLA coverage was approximately
10 MOLA tracks per MOC narrow angle image.
MOC and MOLA databases were co-registered by
aligning the datasets based on the spacecraft clock
time and then calculating the resultant difference
in geographic coordinates. A final correction was

applied to account for the boresight offset between
MOC and MOLA (Kirk et al. 2001a). Bilinear in-
terpolation was applied to the irregularly gridded
data before contouring and this MOLA elevation
data was then used to create a topographic map of
the region as shown in Fig. 1. Linear distances were
determined directly from the ISIS-projected MOC
image and elevations were extracted from the topo-
graphic map (see Fig. 1). The schematic in Fig. 2
shows the horizontal and vertical gully parameters
that were measured and are described in Table I.
Throughout this paper, an individual gully is com-
posed of one alcove with one or more channel(s)
originating from the alcove base. A gully system is
composed of numerous gullies which emanate from
the same slope face, occur side by side along the
slope, and have similar vertical and horizontal di-
mensions. A gully image refers to a MOC image
which has clear evidence for at least one gully; each
MOC image may contain numerous gullies and/or
gully systems. Depending on clipping along image
boundaries not all properties could be measured for
each individual gully. Up to 13 individual gullies
were measured for each gully system; variability of
horizontal and vertical gully parameters was found
to be small within a gully system, thus 13 individ-
ual gullies well represented the gully system. This
variability increases when comparing gullies among
different systems. The elevation of the ridge above
each gully alcove (assuming the ridge was not cut
off in the MOC image due to the finite image size),
ZR, was measured directly above each gully alcove
head. The break in slope between the plateau and
the slope surface containing the gullies is primar-
ily determined by the elevation data. The break in
slope is further verified by brightness differences in
the MOC image between the flat upslope plateau
and the slope containing the gullies.

The elevation of the alcove head (ZAlc1) and
base (ZAlc2) was also measured. The identification
of an alcove was based on the presence of an eroded
theater-shaped depression from which emanate a
system of roughly V-shaped channels. The alcove
base was marked by the location where the alcove
tapered to form a narrower, more condensed net-
work of channels. The alcove base elevation (ZAlc2)
is also the channel head elevation (ZChan1), un-
less otherwise noted. The debris apron begins at
the transition point where channels are no longer
prominent and instead the terrain transitions into
a widened fan with less relief (i.e. lack of V-shaped
channels). The debris apron head elevation (ZApr1)
is also the channel base elevation (ZChan2), unless
otherwise noted. The elevation of the debris apron
base (ZApr2) at its furthest visible location from the
debris apron head was measured as well.
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Figure 1: Elevation contour map derived from MOLA data overlaid on a portion of MOC image
M0204253. Contours are at 50 m intervals with respect to the MOLA datum. The width of the MOC
image is 3.07 km.
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Figure 2: Schematic depicting the various horizontal and vertical gully parameters measured from the
MOC and MOLA datasets. Ridge elevation (ZR), alcove head elevation (ZAlc1), alcove base elevation
and channel head elevation (ZAlc2 and ZChan1), channel base elevation and debris apron head elevation
(ZChan2 and ZApr1), and debris apron base elevation (ZApr2) as well as alcove, channel, and debris apron
length (LAlc, LChan, and LApr, respectively) were measured for each gully with adequate data coverage
of each feature.
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Table 1: Description of the horizontal and vertical gully parameters measured using the MOC and MOLA

datasets.

Feature Parameter
Ridge elevation ZR

Alcove head elevation ZAlc1

Alcove base elevation, channel head elevation ZAlc2, ZChan1

Alcove horizontal length LAlc

Channel horizontal length LChan

Debris apron head elevation, channel base elevation ZApr1, ZChan2

Debris apron base elevation ZApr2

Debris apron horizontal length LApr

Gully orientation relative to the geographic pole –

The horizontal extents of the alcoves (LAlc),
channels (LChan), and debris aprons (LApr) were
also measured for each gully. Lengths were mea-
sured directly from the MOC images and therefore
along-slope lengths may be slightly longer than re-
ported here since these features are found on sloped
terrain. The length of the alcoves was measured
from the alcove head to the alcove base. Channel
lengths were measured from the alcove base to the
beginning of the debris apron or until the chan-
nel ended if there was no clear debris apron. The
horizontal extent of the debris apron was measured
from the head of the apron to the debris apron end.

The range of gully orientations was measured
for each gully system within an image. Gully ori-
entations were measured from the map projected
MOC images along the gully axis formed by the
alcove-channel-debris apron structure with respect
to the geographic pole.

We estimate that elevations derived from
MOLA data and lengths derived from MOC data
are both typically accurate to ∼10 meters. The ver-
tical accuracy of MOLA is 1.5 meters (Zuber et al.
1992) and elevation maps were created at 50 meter
contour intervals; smaller contour intervals proved
impractical due to the high density of contours ob-
scuring the gully slopes. The horizontal accuracy of
MOLA is ∼ 100 m which is smaller than the 160 m
diameter MOLA footprint (Kirk et al. 2001; Zu-
ber et al. 1992). Hence, our elevation uncertainty
is mainly an artifact of our contour map interpola-
tion. Horizontal length uncertainties are governed
by the lowest image resolution of ∼ 10 meters/pixel.

TES thermal inertia and albedo measurements
are valuable in characterizing the surface and sub-
surface temperature environment, and were ex-
tracted from 1/20 resolution binned maps (Mellon
et al. 2000; 2002) for each MOC image containing
gullies. TES resolution is significantly lower than
the scale of individual gullies; a single TES foot-

print is about the same as the width of an entire
MOC image. Thermal inertia and albedo values
are therefore representative of the general terrain
surrounding the gully systems.

3 Observations

In this section we present our observations of gully
dimensions and properties for the northern hemi-
sphere. We examine the variation of these proper-
ties to look for specific trends that may help con-
strain the process by which gullies form.

Martian gullies occur in a wide variety of ter-
rain types. For the northern hemisphere, 84% of
the gullies form in craters, 4% in knobby terrain,
3% in valleys, 7% in other terrain types, and 2%
in unknown terrain (no wide angle MOC context
image). Most gullies (63%) are clearly associated
with competent rock strata, 26% are not associated
with strata, and 11% are ambiguous cases (unclear
imagery and/or the alcoves are clipped by the finite
image size). Where gullies emanate from more com-
petent strata, the alcoves are not always associated
with the uppermost layer but may be embedded
within a sequence of strata that are morphologi-
cally indistinguishable.

Figure 3 shows the geographic location of the
137 gully images located in the northern hemi-
sphere. Gully locations in the southern hemisphere
are from Heldmann and Mellon (2004). Northern
hemisphere gullies are clustered in Arcadia Plani-
tia, Tempe Terra, Acidalia Planitia, and Utopia
Planitia. These trends of regional clustering ap-
pear to be real and not a result of biased imaging
at particular locations given the relatively even dis-
tribution of MOC narrow-angle images within the
studied latitude range. The latitudinal distribution
of gully images is shown in Fig. 4. As latitude in-
creases from 30◦ to ∼ 45◦N the number of gully
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Figure 3: Distribution map showing location of all MOC images containing clear evidence of gullies.
Gullies in the northern hemisphere are clustered in Arcadia Planitia, Tempe Terra, Acidalia Planitia,
and Utopia Planitia. Location of southern hemisphere gullies from Heldmann and Mellon (2004).

Figure 4: Histogram showing the number of MOC images containing clear evidence of gullies per 3◦

latitude bin.
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images also increases. From ∼ 45◦ to 72◦N the
number of gully images declines with the excep-
tion of a spike in the occurrence of gullies between
48◦−51◦N. MOC images were searched up through
90◦N but no gullies were found at these higher lati-
tudes above 72◦N. The distribution of the absolute
elevation of the gully alcoves as a function of lati-
tude is shown in Fig. 5 relative to the global eleva-
tion trends. The gullies span a range in elevations
from +0.8 km to −5.4 km. The gullies do not dis-
play a distinct preference for any specific elevation
since they tend to be found at the average eleva-
tions of Mars as well as higher elevations where such
terrains are available (e.g. 32◦ − 50◦N).

Most gullies (95%) are located at elevations be-
low the 0 m datum on Mars as the majority of the
northern lowlands (where the gullies are located) is
below 0 m. Poleward of 50◦N gullies are not ob-
served at elevations higher than -2.2 km, possibly
because of the lack of terrains at higher elevations
in these regions as shown in Fig. 5. The minimum
gully elevation poleward of 50◦N is -4.9 km. The
depth from the overlying ridge to each gully alcove
base (ZR-ZAlc2) was measured for each alcove where
coalignment of the MOC and MOLA data was pos-
sible given the existence of a simultaneous MOLA
track taken with the MOC image. Forty-two al-
cove base depths were measured from 10 individual
MOC images and these values ranged from 100 m
to 550 m with an average depth of 350 m. Visual
inspection of the remaining MOC images (without
the coaligned MOLA data) indicate that 1) the vast
majority of alcove base depths likely fall within this
measured range and 2) most alcoves form in the up-
per reaches of the encompassing slope.

The latitudinal distributions of alcove, channel,
and debris apron lengths (LAlc, LChan, LApr) are
shown in Figs. 6, 7, and 8, respectively. Gullies
at each latitude have a wide range of alcove, chan-
nel, and debris apron lengths with no strong trends
with respect to latitude. Alcove lengths span a
range from 0.10 - 1.6 km with an average value
of 0.469 km. Channel lengths show the most vari-
ance with lengths ranging from 0.192−2.65 km and
the average is 0.688 km. Debris aprons range from
0.120−0.970 km in length with an average value of
0.387 km. Figure 9 shows the relationship between
alcove and channel lengths for each individual gully.
The majority of gullies (66%) have longer channels
than alcoves. The remaining gullies (∼ 34%) have
longer alcoves than channels. There is only once in-
stance of equal alcove and channel length (located
at 38.38◦N). The ratio of channel length to alcove
length varies from 0.34 (alcove length= 1.6 km,
channel length= 0.54 km) to 5.0 (alcove length=
0.18 km, channel length= 0.90 km) with an aver-

age of 1.76, indicating that channels are on average
1.76 times as long as the alcoves. The orientation
of the gullies is shown with respect to latitude in
Fig. 10. An inherent bias may exist in the orienta-
tion results due to MOC targeting and the common
saturation of more brightly lit equatorward-facing
slopes in MOC images which makes gully identi-
fication difficult. In spite of potential biases, we
find that gullies occur on all orientations of slopes.
Gullies are fairly evenly divided between poleward
and equatorward facing orientations at the lower
latitudes (30◦ − 44◦N) with a slight preference for
equatorward facing slopes. At the mid-latitudes
(44◦−58◦N) the gullies are almost exclusively found
on equatorward facing slopes. Then again at the
higher latitudes (58◦ − 72◦N) the gullies are again
fairly evenly divided between poleward and equa-
torward facing orientations. Overall, more gullies
are found on equatorward facing slopes. This re-
sult is consistent with the findings of Edgett et al.
(2003) which state that ”[I]n the northern hemi-
sphere, more gullies face south than north” (Edgett
et al. 2003). Gullies also show a wide range in the
east-west orientation component, so the equator-
ward or poleward preference of gullies at any lati-
tude should not be overemphasized. The thermal
inertia and albedo of the regions in and around gul-
lies are compared with the general thermal inertia
and albedo distributions of terrain between 30◦S
and 72◦S in Figs. 11 and 12, respectively. The
gullies tend to be found in regions of lower thermal
inertia and higher albedo relative to the global ther-
mal inertia and albedo trends. Most alcoves are
found on slope angles that are less than the angle
of repose (Fig. 13). The average alcove slope is 28◦

with a standard deviation of 9◦. Forty-five percent
of the alcove slope values fall within the range of the
angle of repose while the remaining 55% of alcove
slope values lie outside of this range. Of the val-
ues outside of this range, most (83%) are below the
lower limit on the angle of repose. The MOC data
also reveals several additional interesting geomor-
phic characteristics of northern hemisphere gullies
which may be important for understanding the for-
mation history of these gully systems. These ob-
servations include the relation to superposed im-
pact craters, associations with ice features, and the
eroded appearance of the gully features.

First, there are several examples of gullies with
superposed impact craters. Figure 14 shows two
separate gully systems with small impact craters
overlain on top of the gully features. Small impact
features were observed on 20% of the gully systems
in this study. Gullies in the northern hemisphere
are also sometimes associated with ice-related mor-
phologies. There are several such examples of this
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Figure 5: Gully elevations (red diamonds) compared with the global elevation distribution in the northern
latitudes. Contours show the zonal distribution of elevations for each 1◦ latitude bin at 1 km intervals.
Contour values are the fraction of each elevation bin per latitude zone; contour intervals are 0.05.

Figure 6: Horizontal alcove length (LAlc) of each gully versus latitude.
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Figure 7: Horizontal channel length (LChan) of each gully versus latitude.

Figure 8: Horizontal debris apron length (LApr) of each gully versus latitude.
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Figure 9: Horizontal alcove length (LAlc) versus horizontal channel length (LChan). Generally longer
alcoves are associated with longer channels.

relationship with the coexisting morphologies in-
dicative of ice activity including pasted-on mate-
rial, lobate apron features, and associations with
patterned ground, rampart craters, and other ice-
related morphologies.

Figures 15a and 15b show examples of the
pasted-on terrain first reported by Christensen
(2003) in the southern hemisphere. It has been
argued that this material is remnant ice/snow cov-
ered by a layer of dust which inhibits the water
ice from rapidly sublimating away into the martian
atmosphere and allows for heating and subsequent
melting of the snowpack (Christensen 2003). Gul-
lies can also be found associated with features such
as patterned ground and rampart craters which
suggest the presence of ice in the near surface at
some time. Patterned ground and rampart craters
associated with gully features are rare but exist
nonetheless. Figure 16 shows our only example of
gullies on a crater wall with patterned ground in
the form of polygon structures covering the crater
floor. Figures 17a, 17b, and 17c show our only three
examples of a rampart crater with lobate ejecta;
gullies are found on the crater walls. The gully sys-
tem shown in the crater of Figure 17c is particu-
larly interesting because as shown in Figure 17d,

this poleward facing crater wall has an interest-
ing feature comprised of a raised slab of material
flowing downslope in a lobate form with compres-
sional cracks. Such features may be indicative of
the possibility of an ice flow or some other flow of
competent material capable of retaining this struc-
ture. In the northern hemisphere, 15% (21 MOC
images) of the gully systems exhibit lobate de-
bris apron morphologies (also described as arcuate
ridges by Berman et al. 2005). These debris aprons
have crescent-shaped terminal ridges with relatively
rounded, lobate planforms. The majority of these
gully systems with ridged, lobate apron structures
are polefacing. Figure 18 shows an example of the
lobate morphology of the gully debris aprons. Gul-
lies in the northern hemisphere of Mars also often
have an exceptionally eroded and degraded appear-
ance. Many of the gullies lack sharp, crisp mor-
phologies reminiscent of other classic examples of
martian gullies. The topography appears muted
and in some cases the gullies appear to be over-
lain by a layer of dust and/or sediment. Figure 19
shows several examples of degraded gully morpholo-
gies. Figures 19a and 19b show evidence of eroded
alcoves that may have once had a more pristine
and defined morphology. Figure 19c shows what
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Figure 10: The orientation of the martian gully systems are plotted for three latitude bins (30◦N to
44◦N, 44◦N to 58◦N, 58◦N to 72◦N) as well as for all latitudes (30◦N to 72◦N). The labels ”N”, ”S”,
”E”, and ”W” on each orientation plot indicate gullies that are on north, south, east, and west slopes,
respectively. Contours are in intervals of two gullies within each angle bin of 1◦.
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Figure 11: Histogram of the thermal inertia in regions containing gullies (solid line) compared with the
general distribution of thermal inertia (dotted line) for all terrains between 30◦N - 90◦N.
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Figure 12: Histogram of the albedo in regions containing gullies (solid line) compared with the general
distribution of albedo (dotted line) for all terrains between 30◦N - 90◦N.
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Figure 13: Gully alcove slopes compared with the angle of repose. Alcove slopes are determined by
dividing the change in vertical gully alcove elevation (ZAlc1-ZAlc2) by the horizontal gully alcove length
(LAlc).

(a) Arrows point to superposed impact craters
on gully systems. Figure 14a is MOC im-
age R0300489 (3.21 km in width) located at
33.66◦N, 44.39◦W.

(b) Figure 14b is MOC image M2300984
(3.16 km in width) located at 39.18◦N, 18.69◦W.

Figure 14: Arrows point to superposed impact craters on gully systems.
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(a) Figure 15a is MOC image E1400478 (3.33 km
in width) located at 39.92◦N, 254.86◦W.

(b) Figure 15b is MOC image M1800658
(2.43 km in width) located at 58.79◦N,
270.64◦W.

Figure 15: Arrows point to pasted-on material on gully systems.

may have been alcoves and channels that are now
infilled with another material. Figure 19d shows
evidence of both degraded and sharp gullies within
the same crater at different locations on the crater
wall. The gullies on the northernmost wall face ap-
pear muted and degraded in appearance. In con-
trast, the gullies on the southernmost wall appear
sharper and clearer with more well-defined incised
channel structures.

4 Discussion

The data based on the MGS observations as de-
scribed in Section III may be useful for determin-
ing the formation processes of these enigmatic gully
features. We now discuss possible implications of
these MGS observations of the northern hemisphere
gullies and then compare and contrast these obser-
vations with those documented for gullies in the
southern hemisphere.

4.1 Northern Hemisphere Gullies

Gullies in the northern hemisphere of Mars have
formed over a wide range of absolute elevations
(+0.8 km to −5.4 km) as shown in Fig. 5. The fact
that gullies are found at such extreme ranges in el-
evation suggests that gullies can form regardless of
present conditions of stability with respect to boil-
ing. Haberle et al. (2000) used a general circulation
model to determine the current locations on Mars
where liquid water is presently stable with respect
to boiling, i.e. where the ambient CO2 pressure is

greater than the water vapor pressure at the local
temperature. In the northern hemisphere, liquid
water could be stable with respect to boiling be-
tween 0◦−30◦N in the plains of Amazonis, Arabia,
and Elysium (Haberle et al. 2000). Gullies are not
found equatorward of 30◦N and are clustered in Ar-
cadia Planitia, Tempe Terra, Acidalia Planitia, and
Utopia Planitia, none of which are regions of water
stability as outlined by Haberle et al. (2000). How-
ever, liquid water could persist transiently, while
boiling, if emplaced on the surface at higher ele-
vations (Hecht 2002). The formation of the gullies
has been shown to be consistent with the action
of liquid water simultaneously boiling and freezing
under current martian conditions (Heldmann et al.
2005b) and thus, in light of these results, it is not
surprising that the gullies form in regions of water
instability. Most of the northern hemisphere gullies
form at elevations below the 0 m datum and surface
pressures are greater than 6.1 mbar, the triple point
of water. If gullies can only form when the water
is simultaneously evaporating and freezing (Held-
mann et al. 2005b) then this may suggest that the
northern hemisphere gullies formed in a different
epoch when surface pressures may have been lower
in these low elevation plains. In any case, the gul-
lies are able to form at locations independent of
absolute elevation.

The gully alcoves may be indicative of a source
region of any erosive fluid which ultimately carves
the gully features. The depths to the alcove bases
may be representative of subsurface depths where
the eroding fluid might be sequestered before being
released onto the martian surface. The fluid may be
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Figure 16: Crater harboring gullies and also showing evidence of patterned ground. MOC image
E0300154 (3.23 km in width) located at 50.84◦N, 18.62◦W
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(a) Figure 17a is MOC image R1104040
(136.23 km in width) located at 57.33◦N,
263.69◦W.

(b) Figure 17b is MOC image R1400075
(135.38 km in width) located at 51.71◦N,
125.32◦W.

(c) Figure 17c is MOC image R1102184
(131.49 km in width) located at 33.58◦N,
241.27◦W.

(d) Figure 17d is MOC image R1102183
(3.30 km in width) located at 33.61◦N,
241.75◦W.

Figure 17: Figures 17a, 17b, and 17c are MOC wide-angle images which show rampart craters that
harbor gullies. The white box indicates the location of the MOC narrow-angle image. Figure 17d shows
an ice tongue on the poleward facing slope on the walls of a rampart crater. Note no ice tongues are
visible on the equatorward facing slope.

Figure 18: Arrows point to lobate debris aprons. MOC image M1500907 (3.09 km in width) located at
43.87◦N, 25.60◦W.
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(a) Figure 19a is MOC image M2301399
(3.18 km in width) located at 41.48◦N,
236.23◦W.

(b) Figure 19b is MOC image E020228 (3.14 km
in width) located at 39.38◦N, 244.11◦W.

(c) Figure 19c is MOC image E1601187 (3.10 km
in width) located at 35.08◦N, 239.83◦W.

(d) Figure 19d is MOC image E2200251
(3.11 km in width) located at 39.08◦N, 18.54◦W.

Figure 19: Figures 19a, 19b, 19c, and 19d show eroded gullies. Arrows in Figures 19a, 19b, and 19c
point to eroded or infilled alcoves. Figure 19d shows more well-preserved gullies on the poleward facing
slope and more eroded and/or infilled gullies on the equatorward facing slope.
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released at the alcove base with subsequent head-
ward erosion forming the alcove or may originate
from a broader zone in the middle or top of the al-
cove and cause alcove erosion both above and below
the location where the fluid is introduced onto the
surface.

Based on observations of MOC images, we find
that the alcoves typically commence within the up-
per reaches of the slope face. Assuming an ero-
sive fluid originates within the alcove then this fluid
must correspondingly originate towards the top of
the slope. Models of gully formation that would be
expected to operate at any location along the full
length of the slope are therefore inconsistent with
this observation.

Erosion forming the alcoves and channels occurs
once the eroding fluid reaches the martian surface.
The length of the alcoves and channels are shown in
Figures 6 and 7. Channel length is representative of
the distance the fluid has traveled across the mar-
tian surface while alcove length may be represen-
tative of the amount of headward erosion carving
the alcove from the host rock. Channel and alcove
lengths show no systematic trends with respect to
latitude. The inferred mean surface temperatures
(Mellon et al. 2000) for the gully locations over this
latitude range span from 179 ◦K to 219 ◦K in the
northern hemisphere. This may indicate that the
degree of gully activity is independent of latitude
(and the corresponding mean surface temperature
gradient) since no obvious changes in gully size are
observed as a function of latitude.

The range in alcove and channel lengths, how-
ever, may be attributed to several processes. First,
shorter gullies may form in shorter timespans than
longer gullies, resulting in less time for the liquid
water to flow across the martian surface and carve
the gully features. Sustained flow may be able to
travel further on the martian surface and create
longer gullies. Water released later in time may be
able to take advantage of an already-carved chan-
nel structure which allows water to flow relatively
unimpeded down the length of the channel. The
water would then slow only towards the channel
base where the channel length is extended by addi-
tional erosion. Second, shorter gullies may simply
form from less water than the longer gullies. In-
creased flow rates can result in longer channels as
more liquid water is available to carve the features
before rapidly evaporating and freezing on the mar-
tian surface (Heldmann et al. 2005b).

As shown in Fig. 9, longer channels are usu-
ally associated with longer alcoves. Assuming that
longer alcove lengths are formed via increased head-
ward erosion, longer alcoves may be formed due to
an increased amount of fluid emanating from the

alcove and/or higher fluid exit velocities. Channel
lengths, however, are typically longer than the al-
cove lengths by a factor of 1.76.

Most of the alcoves in the northern hemisphere
fall outside of the range in angle of repose (Fig.
13). Although smaller regions within the alcove
appear to exhibit higher slope angles, these may
form from subsequent mass wasting and headward
erosion within the alcove caused by an undermin-
ing of the slope surface. These slope angles suggest
the formation of the gully alcoves is probably not
initiated solely by a dry downslope movement of
unconsolidated soil for the majority of the gullies.

Gullies exhibit a complex latitudinal trend in
orientation, including varying east-west compo-
nents and north-south concentrations (see Fig 10).
The majority of gullies in the northern hemisphere
are observed on equatorward facing slopes. How-
ever, since gullies are found on such a range of
slope orientations at all latitudes, models of gully
formation must be consistent with both poleward
and equatorward facing processes and characteris-
tics, as well as all orientations in between.

There are several geomorphic features associ-
ated with the gullies which suggest a connection
with the presence of past and/or recent water.
First, the pasted-on material (Fig. 15) associated
with the gullies may be evidence of recent snow
and/or ice. Christensen (2003) suggests that the
pasted-on material is the remnant of snowpacks de-
posited from during periods of high obliquity which
subsequently melt to form the gullies. Alterna-
tively, the pasted-on material may be a remnant ice
deposit resulting from the freeze-up of the gullies as
the liquid water flows on the martian surface. In
either case, the pasted-on material may represent a
connection with the presence of water in association
with the gullies.

Second, the presence of patterned ground (Fig.
16) within and around craters harboring gullies
may suggest water ice and/or melt is or was present
in these locales. Patterned ground is commonly
observed in the polar regions on Earth and forms
via the thermally derived stresses of subsurface ice
and/or sand wedges which can be manifested as ice
and/or sand wedge polygons (Ritter et al. 1978).
Thermal contraction cracking typically occurs in
frozen, ice-rich materials with a high internal cohe-
sive strength and generally produces polygonal pat-
terns on the surface as the cracks intersect one an-
other (Yoshikawa 2000). As tensile stresses exceed
tensile strengths, fractures form in the ice-rich soils.
These fractures can later be filled with 1) meltwater
to create ice wedges or 2) sand and other surface
materials to create sand wedges (although water is
still required for sand wedge formation). Modeling
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suggests such processes are expected on Mars (Mel-
lon 1997) and hence the formation of thermal con-
traction polygons (10−100 m diameter) is expected.
Since polygons have been observed within a crater
which exhibits gullies on its crater walls, this region
may have been dominated by ice-rich soils. How-
ever, polygons are rare in association with gullies
since most craters containing gullies do not show
polygonal ground, perhaps suggesting gullies do not
preferentially form in ice-rich regions.

Third, rampart craters are also suggestive of
subsurface ice on Mars. These lobate or multi-
lobate ejecta deposits and have also been termed
”splosh,” ”fluidized,” or ”pedestal” craters (Match
and Worronow 1980; Mouginis-Mark 1979). Ram-
part craters form by surface flowage as ejecta surges
lose fluidizing vapors and transported particles are
deposited en masse (Wohletz and Sheridan 1983).
Such craters may form as a result of impact melting
of ground ice (Carr et al. 1977) and thus may sug-
gest that gullies forming on rampart crater walls
may have formed in regions where ground ice is
or once was present. However, rampart craters are
relatively rare in association with gullies since most
craters containing gullies do not show such lobate
ejecta deposits, perhaps suggesting gullies do not
preferentially form in ice-rich regions.

Fourth, lobate debris apron morphologies asso-
ciated with martian gullies may also indicate the
presence of near-surface water ice on Mars. These
lobate ridge features are reminiscent of terrestrial
rock glaciers (Howard 2003; Hartmann et al. 2003).
These aprons may have formed from sublimation of
gullied fans and from massive ice (Howard 2003).
Alternatively, the lobate apron morphologies may
form from a perched ice lens created from water
stored in a subsurface aquifer which freezes before
reaching the martian surface to flow and form the
gully (Hartmann et al. 2003). Regardless of the
precise origin, such structures likely result from the
presence of water and/or ice. However, the lobate
debris aprons are relatively rare in association with
gullies, perhaps suggesting gullies do not preferen-
tially form in ice-rich regions.

4.2 Comparison of North and South
Hemisphere Gully Data

Gullies on Mars show more similarities than dif-
ferences between the northern and southern hemi-
spheres. For example, gullies in both hemispheres
show regional clustering. Gullies in the south are
most abundant in Dao Vallis, chaotic terrain north
of Terra Sirenum, and the south polar pits (Held-
mann and Mellon 2004). Gullies in the north-
ern hemisphere are clustered in Arcadia Planitia,

Tempe Terra, Acidalia Planitia, and Utopia Plani-
tia. With respect to latitudinal trends, the gully
population in both hemispheres tends to taper off
approaching 60◦. In the south a spike in gully oc-
currence is seen at 72◦S which coincides with the
south polar pits. A similar spike is not seen in the
northern hemisphere which is perhaps not surpris-
ing since no analogous polar pits exist in the north.
Gullies in both hemispheres show association with
layering, though, as competent strata layers are ob-
served in the majority of the gully alcoves in both
the north and the south. Gullies in both hemi-
spheres also show similar overall morphologies with
continuous alcove, channel, and debris apron struc-
tures.

The gullies form at a wide range of elevations.
Considering the locations of gullies in both hemi-
spheres, gullies are found at a total range of eleva-
tions from approximately −5000 m to +3000 m.The
majority of this elevation range is attributed to the
southern hemisphere gullies since the range of avail-
able terrains is less in the northern highlands (see
Fig. 5). As previously mentioned, gullies in the
north are not found in regions where water is ex-
pected to be stable with respect to temperature
and pressure, e.g. Amazonis, Arabia, and Elysium
(Haberle et al. 2000). In the southern hemisphere,
liquid water would only be stable with respect to
boiling in the Hellas and Argyre basins (Haberle et
al. 2000). However, gullies are not found in these
locations (Heldmann and Mellon 2004) and so gul-
lies in both the northern and southern hemispheres
of Mars do not form in regions of water stability.

Channel and alcove lengths do not show strong
trends with respect to latitude in either hemisphere.
No strong trend is observed for the northern hemi-
sphere gullies (Figs. 6 and 7). This finding is some-
what consistent with the findings based on data
in the southern hemisphere. Alcove and channel
lengths of gullies in the south only showed a latitu-
dinal trend of shorter gullies at higher latitudes due
to the presence of many small gullies in the south
polar pits (72◦S) (Heldmann and Mellon 2004). Re-
moval of these high-latitude gullies from the dataset
results in no latitudinal trend between 30 − 70◦S.
The south polar pit data may be a product of geo-
graphical biasing and so overall, alcoves and chan-
nels exhibit similar lengths at various latitudes on
Mars.

The formation of gullies does not seem to be
controlled by local surface temperatures in either
hemisphere. Inferred mean surface temperatures
(Mellon et al. 2000) range from 218 ◦K at the lower
latitude to 190◦K at the higher latitudes in the
southern hemisphere (Heldmann and Mellon 2004)
compared with a range of 179 ◦K to 219 ◦K in the
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northern hemisphere.
Longer alcoves are generally associated with

longer channels in both hemispheres. Alcove and
channel lengths in the southern hemisphere more
closely showed a 1:1 ratio (Heldmann and Mellon
2004) compared with a 1:1.76 ratio for the northern
hemisphere. There is no particular reason to expect
a 1:1 alcove:channel ratio but our findings may indi-
cate that the gullies in the northern hemisphere are
forming in a substrate more resistant to headward
erosion. Alternatively the northern hemisphere al-
coves may be more degraded than the southern
hemisphere counterparts and so we are measuring
only the remnants of once-longer alcoves. However,
such degradation would be expected to affect the
channels as well and assuming the channels and al-
coves are degraded similarly then our current mea-
surements would retain the same alcove:channel
length ratios. Nonetheless, in both the north and
the south, longer alcoves are generally correlated
with longer channels. This is consistent with in-
creased water activity carving these longer features
(alcoves and channels) and decreased amounts of
water activity carving the shorter features.

Most of the alcoves in the northern hemisphere
fall outside of the range in angle of repose (Fig. 13)
as do the majority of alcoves in the southern hemi-
sphere (Heldmann and Mellon 2004). Although
smaller regions within the alcove appear to exhibit
higher slope angles in both hemispheres, these may
form from subsequent mass wasting and headward
erosion within the alcove caused by an undermining
of the slope surface.

Northern hemisphere gullies exhibit a complex
latitudinal trend in orientation, including varying
east-west components and north-south concentra-
tions (see Fig 10). Such variation in orientation is
also seen in the southern hemisphere gullies (Held-
mann and Mellon 2004). A slight majority of gullies
are observed on poleward facing slopes in the south-
ern hemisphere (which may be attributed to biased
MOC targeting of poleward slopes and/or image
saturation of the brightly lit equatorward slopes)
(Heldmann and Mellon 2004) whereas a slight ma-
jority of gullies are observed on equatorward facing
slopes in the northern hemisphere. Due to these
variations in orientation, any proposed mechanism
of gully formation must be consistent with both
poleward and equatorward facing gullies.

The gullies in the northern hemisphere may be
older than their southern hemisphere counterparts
based on observations in the north of 1) high de-
grees of gully degradation and 2) superposed im-
pact craters on gully systems. The exceptionally
eroded and degraded appearance of many of the
northern hemisphere gullies (see Fig. 19) suggests

that either 1) these gullies are relatively old and
have had time to be eroded or else that 2) the north-
ern hemisphere gullies are simply subject to higher
erosion rates than the southern hemisphere gullies
and both sets of gullies are of the same age. The
presence of superposed impact craters on northern
hemisphere gully systems (see Fig. 14) is also sug-
gestive of a relatively older age for the northern
hemisphere gullies. Alternatively, these gullies may
be of the same age as the southern hemisphere gul-
lies but may have formed in areas of unusually high
impact rates.

5 Constraint on Proposed
Models

In this section we review several proposed hypothe-
ses of gully formation and the potential source of
an erosive material. We examine these hypotheses
for predicted characteristics that can be used to
constrain these models, and compare these predic-
tions to observations and inferred thermal regimes,
taking into account the data pertaining to both the
northern and southern hemisphere gullies.

Liquid Carbon Dioxide Reservoir
Liquid carbon dioxide has been proposed as the
main agent of erosion in the formation of the gullies
where a liquid CO2 reservoir forms in the martian
subsurface behind the exposed slope housing the
gullies and below the upslope plateau as shown in
Fig. 20 and detailed in Musselwhite et al. 2001.
There are several difficulties that arise from the
CO2 model that were discussed by Heldmann and
Mellon (2004) and still remain unresolved. These
issues are more thoroughly explained in Heldmann
and Mellon (2004) and are only summarized here.
For example, CO2 cannot condense from the at-
mosphere into the subsurface because of unfavor-
able surface and subsurface temperature regimes.
Carbon dioxide would be unstable in the martian
subsurface over geologic timescales (Stewart and
Nimmo 2002). Likewise, an adequate supply of
CO2 to supply the subsurface has yet to be found
(Stewart and Nimmo 2002).

Gully morphology is also inconsistent with a
carbon dioxide formation process. The exit velocity
of the CO2 is expected to be on the order of 100 m/s
(Stewart and Nimmo 2002). The morphology of the
martian gullies in both the northern and southern
hemispheres (i.e. sinuous channels and the deflec-
tion of channel paths around low topographic fea-
tures) implies lower flow velocities. Plus, carbon-
dioxide ladened debris would travel through the
atmosphere approximately 100 meters after being
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Figure 20: Schematic showing location of proposed liquid aquifer.

ejected from the subsurface (Stewart and Nimmo
2002), but both the northern and southern hemi-
sphere martian alcoves and channels are not discon-
tinuous and show no evidence of such large erup-
tions.

The carbon dioxide model also does not explain
the geographical distribution of gullies. The dearth
of gullies between 30◦N and 30◦S (Malin and Ed-
gett 2000; Edgett et al. 2003) still remains unre-
solved. Also, the general latitudinal distribution
shown in Fig. 4 also remains unexplained. Gullies
follow a similar latitudinal trend in both the north-
ern and southern hemispheres (most gullies are lo-
cated at more equatorward latitudes (30◦ − 45◦)
with the concentration of gullies decreasing with
increasing latitude up to ∼ 72◦).

The orientation trends of the martian gullies
may not be entirely inconsistent with the carbon
dioxide model. Gullies in the southern hemisphere
have been observed more often on poleward facing
slopes (Heldmann and Mellon 2004) while gullies in
the northern hemisphere have been observed more
often on equatorward facing slopes (Fig. 10; Ed-
gett et al. 2003). The CO2 model provides no
mechanism in which the reservoir would form or
release liquid CO2 on a preferred slope orientation
as a function of latitude if such trends are real.
However, orientation may not be a driving factor
in gully formation since overburden soil thermal
properties may compensate for the orientation (and
resultant surface thermal conditions) (Mellon and
Phillips 2001).

If the gullies are formed via release from a CO2

reservoir, then this reservoir must reside within the
temperature-pressure stability field of liquid CO2.
To examine the potential presence of a liquid CO2

reservoir at the observed alcove depths we compare

estimates of subsurface pressure and temperature
with the phase stability regime of carbon dioxide.
Here we calculate the pressure-temperature regimes
of 41 individual alcove bases from 10 different MOC
image scenes containing gullies. (We are limited
to performing these calculations on these 41 alcove
bases because accurate coalignment of the MOC
and MOLA data requires a simultaneous MOLA
track taken with each MOC image. Most MOC
gully images in the northern hemisphere were taken
later during the MGS mission, after the MOLA in-
strument ceased collecting data).

Following the methodology of Heldmann and
Mellon (2004), we use the measured TES thermal
inertia (I) at each gully site as well as modeled mean
surface temperatures (To) (Mellon et al. 2000) to
compute the subsurface temperature at the depth
of each individual alcove base. For a given alcove
base depth (z) the lithostatic pressure of a sub-
surface aquifer is calculated as P = gz and the
aquifer temperature is calculated from conduction
of geothermal heat as T = (q/k)z + T0 using val-
ues for gravitational acceleration (g), geothermal
heat flux (q), and thermal conductivity (k) from
Table II. We assume a constant thermal conductiv-
ity through the soil column and determine the sub-
surface thermal regime for a dry overburden and
an icy CO2 overburden to consider a wide range of
possibilities with respect to the overlying soil type.
For the dry overburden case we compute the ther-
mal conductivity based on the TES thermal inertia
at each location since thermal inertia (I), thermal
conductivity (k), density (ρ), and specific heat (c)
are related by I =

√
kρc. Because the thermal iner-

tia only characterizes the thermal properties of the
upper few centimeters of the soil surface, we recog-
nize that the resulting thermal conductivity may
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not be representative of the conductivity of the en-
tire soil column and so we also consider different
plausible conductivity values.

Depth and subsurface temperature of gully al-
cove bases are compared with the CO2 phase space
for both the dry and icy overburden cases. Assum-
ing a dry overburden soil with model parameters as
listed in Table II, all of the gully alcove bases fall
within the gaseous CO2 regime. Assuming a CO2-
ice laden soil overburden with model parameters as
listed in Table II, still none of the gully alcove bases
fall within the temperature-pressure space of liquid
CO2. Although our initial calculations suggest that
none of the gully alcoves lie within the liquid CO2

regime, we consider the possibility that the thermal
conductivity of the overlying soil may be different
from the values used in the previous calculations
due to variations in the overburden composition.
We therefore calculate the effective thermal con-
ductivity needed to position all of the gully alcoves
within the temperature-pressure regime of liquid
CO2. Alcoves originally located within the solid
CO2 regime require thermal conductivities rang-
ing from 0.12 to 22.48 Wm−1K−1 with an aver-
age value of 3.09 Wm−1K−1 to reach subsurface
temperatures equaling the CO2 triple point tem-
perature. It is therefore theoretically possible to in-
crease the calculated temperatures at the measured
depth of the alcove bases by generally assuming a
drier overburden (lower thermal conductivity) such
that these values are above the triple point tem-
perature of CO2. However, the pressure at these
depths is still too low to move the alcove bases
into the liquid CO2 regime. Increased overburden
ice content can increase the overburden pressure at
depth but this is inconsistent with the temperature
analysis since increasing the temperature at depth
requires a drier overburden with less ice content. It
is therefore not possible for all of the gully alcove
bases to reside within the liquid CO2 temperature-
pressure regime; a liquid CO2 aquifer cannot exist
at the observed alcove base depths for all the gul-
lies. This finding is consistent with results for the
southern hemisphere (Heldmann and Mellon 2004).

There are several unresolved problems with the
carbon dioxide gully model and these same prob-
lems exist for gullies in both the northern and
southern hemispheres on Mars. Liquid CO2 cannot
condense in the subsurface in sufficient quantities
to form the martian gullies. The morphology of the
gullies is inconsistent with a CO2 origin and the
CO2 hypothesis does not explain the geographic
or orientation distribution (if applicable) of the
martian gullies. It is not possible given the ob-
servational constraints imposed by the MGS data
for all supposed aquifers at the observed alcove

base depths to reside in the liquid temperature and
pressure phase space of CO2. Based on all of these
reasons, we conclude that carbon dioxide is an un-
likely eroding agent to carve the martian gullies.

Shallow Liquid Water Aquifer
We now test the hypothesis that liquid water from
a subsurface aquifer is the main erosional agent
carving the martian gullies. Mellon and Phillips
(2001) suggest that competent rock layers can trap
water below ground upslope from the ridge, while
maintaining an overlying dry and thermally insu-
lating soil layer. The dry insulating overburden
allows geothermal heat to maintain liquid water
within the confined aquifer at only a few hundred
meters depth. An ice-cemented-soil plug between
the aquifer and slope surface develops where ground
ice is generally stable. Freezing cycles induced by
obliquity variations cause increased fluid pressure
in the aquifer to fracture the ground ice plug and
allow liquid water to emerge from the side of a
slope to create the gully.

The shallow aquifer model predicts several gully
trends which we now test via comparisons with the
observations. First, gullies should be found pole-
ward of 30◦ where ground ice (for the icy-soil plug)
is thermodynamically stable (Mellon and Phillips
2001). This dependence on ground ice stability
would explain the lack of any gullies between 30◦N
and 30◦S (Malin and Edgett 2000; Edgett et al.
2003). Additionally, Mellon and Phillips (2001)
predict that a dearth of gullies should occur be-
tween latitudes of ∼ 60◦ and 65◦. As the martian
obliquity varies between 20◦ and 40◦, the depth to
the 273 ◦K melting isotherm undergoes the least
amount of change near 60◦ latitude. At these lat-
itudes a shallow aquifer would not undergo the
freeze-thaw cycles necessary to build up the re-
quired pressures within the aquifer to cause the
subsequent release of the aquifer water. The lat-
itudinal distribution of gullies shown in Fig. 4 in-
dicates that the number of gullies decreases as lat-
itude increases up to ∼ 60◦N and then the least
amount of gullies are found poleward of 60◦N. This
trend in latitudinal gully distribution with a mini-
mum number of gullies near 60◦ is largely consistent
with the predictions of the shallow aquifer model of
Mellon and Phillips (2001). A dearth of gullies was
also observed in the southern hemisphere near 60 S
(Heldmann and Mellon 2004).

Assuming that the liquid water source for the
gullies is a shallow aquifer and that the alcove bases
are the most likely locations of water release, then
the alcove bases must be within the temperature-
pressure regime of liquid water. We test this hy-
pothesis by comparing the subsurface pressure and
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Table 2: Subsurface temperature calculations: Model parameters.

Property Parameter Icy Soil (CO2 ice)e Icy Soil (H2O ice)e Dry Soil Units
Soil density ρ 2274b 2018d 1650d kg/m3

Heat capacity c - 1287d 837d J/(kgK)
Thermal conductivity k 0.5c 2.4 I2/(ρc) W/(mK)

Gravity g 3.71 3.71 3.71 m/s2

Geothermal heat fluxa q 30 30 30 mW/m2

a The martian geothermal heat flux (q) has never been measured but theoretical values range from 20-45 mW/m2

and so we adopt the typical value of 30 mW/m2 (Johnston et al. 1974, Fanale 1976, Toksoz and Hsui 1978,

Toksoz et al. 1978, Davies and Arvidson 1981, Stevenson et al. 1983, Franck and Orgzall 1987, Schubert and

Spohn 1990, Spohn 1991). Results are not very sensitive to the value of q. See Mellon and Phillips (2001)

for further discussion of geothermal heat values.
b Weast, 1986.
c Kravchenko and Krupskii 1986.
d Mellon and Phillips, 2001.
e Values assume ice saturation at 40% porosity.

temperature of the alcove base depths with the wa-
ter phase stability diagram. Similar to the analysis
previously used to examine the potential for a CO2

liquid reservoir, we consider a liquid water reservoir
buried beneath the upslope plateau at depths corre-
sponding to the gully alcove bases in the same con-
figuration as shown in Fig. 20. Based on the mea-
sured TES thermal inertia (I) at each gully site as
well as modeled surface temperatures (Mellon et al.
2000), the subsurface temperature at the depth of
each observed alcove base is computed for both the
water-ice laden soil and dry soil overburden cases.
Assuming an icy overburden soil with model para-
meters as listed in Table II, 98% of the gully al-
cove bases fall within the solid H2O portion of the
phase diagram. An icy overburden soil results in
depths to the 273 ◦K isotherm ranging from 4525 m
to 7933 m which is inconsistent with the observed
depths of the gully alcoves. However, assuming a
dry overburden soil with parameters as listed in Ta-
ble II, only 5% of the gully alcoves fall within the
solid H2O regime while 95% of the gully alcoves fall
within the liquid H2O regime. This computation
assumes that the subsurface thermal conductivity
is constant throughout the entire column of over-
burden.

If the gullies were formed via liquid water in a
shallow aquifer, then the subsurface regime at the
alcove base depth must lie within the stability field
of liquid water. We therefore examine several dif-
ferent mechanisms which may effectively move the
5% of the gullies from the solid water regime to the
liquid water regime. The presence of soluble salts
results in a freezing point depression that can allow
water on Mars to exist in the liquid state below

273 ◦K (Brass 1980; Knauth and Burt 2002). The
lowest calculated subsurface temperature of an al-
cove base is ∼ 239 ◦K (assuming a dry overburden)
which would require a freezing point depression of
34 ◦K. Such freezing point depressions are possible
given a unique mixture of salts, and so this scenario
remains possible (Brass 1980). However, such a sit-
uation is geologically improbable given the lack of
evidence of salt deposits associated with the gul-
lies and the geologically unique set of circumstances
which would have to persist over vast geographic
areas to produce waters with complex salt eutectic
chemistries in regions of gully formation.

Alternatively, the gully alcove bases originally
placed within the solid water regime may actually
lie within the temperature-pressure regime of liq-
uid water if different values for the thermal con-
ductivity of the overburden soil are applicable.
Given that thermal conductivities can vary by or-
ders of magnitude for different geologic materials
(Farouki 1986), the effective thermal conductivity
was calculated such that each gully alcove base
would have a subsurface temperature of 273 ◦K.
The necessary thermal conductivities range from
0.04 to 0.24 Wm−1K−1 with an average value of
0.16 Wm−1K−1 which are geologically possible and
plausible values consistent with a composite sub-
surface material composed of rock and loosely con-
solidated soil. In addition, these thermal conduc-
tivity values can be obtained from a higher con-
ductivity subsurface soil with a varying amounts
of low conductivity layered material; the presence
of a layered subsurface is consistent with the fre-
quent occurrence of layered strata at the gully al-
cove locations. Additionally, our calculated ther-
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mal conductivity values are plausible when com-
pared with experimental values of soil conductivi-
ties under martian atmospheric pressures (Presley
and Christensen 1997). The lowest conductivity
is that of fine soil and corresponds with observed
martian thermal inertias (Presley and Christensen
1997; Mellon et al. 2002). Hence it is very possible
that all the gully alcove bases lie within the sta-
bility field of liquid water. Such a finding implies
that liquid water could exist in an aquifer at these
depths. A similar result was found for gullies in the
southern hemisphere (Heldmann and Mellon 2004).

At lower latitudes gullies are expected to prefer-
entially form on poleward-facing (colder) slopes to
preserve the near-surface ground ice for the ground-
ice plug. Closer to the poles one should expect
less preference for gully orientation because ground
ice is stable on all slopes. The latitudinal distri-
bution of gully orientation angles is shown in Fig.
10. Gullies are preferentially found on equatorward
facing slopes closest to the equator (30◦ − 58◦N)
which is unexpected. At the more poleward lati-
tudes (58◦ − 72◦N) the gullies are more evenly di-
vided between equatorward and poleward facing
slopes. These trends are not entirely consistent
with the original predictions of Mellon and Philips
(2001) and there are two possible explanations for
these apparent discrepancies: 1) the shallow aquifer
model may be incorrect or 2) regional variations in
the thermal properties of the soil may compensate
for the deviation from original predictions of gully
orientations (Mellon and Phillips 2001).

The depth to the bottom of the alcove may
serve as a good proxy for determining the depth to
a subsurface aquifer that is the water source be-
cause typically fluids emanate from the alcove base
and cause headward erosion of the alcove structure.
We calculate the depth to the 273 ◦K isotherm us-
ing the model parameters as listed in Table II along
with measured values of TES thermal inertia and
modeled surface temperatures for each gully loca-
tion. As shown in Fig. 21, the depth to the 273 ◦K
isotherm is typically within a few hundred meters
which is consistent with the actual measured alcove
depths reported here and in previous works (Held-
mann and Mellon 2004; Gilmore and Phillips 2002),
thereby suggesting that liquid water can exist at
the observed alcove base depths. A similar result
was found for gullies in the southern hemisphere
(Heldmann and Mellon 2004). Hartmann (2001)
has also suggested that a shallow aquifer may be
the source of water for the martian gullies and
hypothesizes that the aquifer is kept warm via lo-
calized geothermal heating which melts permafrost
ice. Several studies including martian meteorite
analysis (Nyquist et al. 2001) and crater density

studies of lava flows (Hartmann and Berman 2000;
Hartmann and Neukum 2001) have suggested that
geothermal heating has occurred on Mars in the last
10-300 Ma and possibly more recently. Hartmann
(2001) suggests that these heating events would be
relatively low intensity and thus would not be man-
ifested as surface expressions of volcanism which
explains why gully sites are not associated with ob-
servations of volcanic features. Localized geother-
mal heating could, however, explain the clustering
in the geographic distribution of the gullies since
gullies would only form in the discrete locations
of enhanced geothermal activity. The geothermal
activity model remains as an intriguing hypothe-
sis and perhaps warrants further exploration with
observations and numerical modeling of heat con-
vection and mantle plume behavior in the martian
subsurface.

Melting Ground Ice
Costard et al. (2002) suggest that poleward facing
slopes in the mid to high latitudes may experience
subsurface temperatures above the melting point
of water during high obliquity periods. According
to this model, these conditions could allow melt-
water from ground ice to carve the gullies. The
melting ground ice model predicts several trends
that can be tested by observation. Several of these
trends are also outlined in Heldmann and Mellon
(2004) and are summarized here in light of the new
northern hemisphere observations.

If gullies form from melting ground ice then
the gullies should be found where subsurface tem-
peratures reach the melting point of water. Ac-
cording to Costard et al. (2002), daily mean tem-
peratures reach 273 ◦K in the mid and high lati-
tudes above 30◦ on poleward-facing slopes during
the past obliquity cycles. Therefore gullies are ex-
pected to form in these locales. However, Mellon
and Phillips (2001) show that the maximum tem-
perature of the ice table is more highly dependent
upon the atmospheric saturation temperature than
slope and the ice table does not reach the melt-
ing point. Temperatures above 273 ◦K do not oc-
cur where ground ice is present because as subsur-
face temperatures increase, the ice sublimates away
quickly and is gone before the subsurface temper-
ature reaches 273 ◦K. Also, Mellon and Jakosky
(1995) predict that near-surface ground ice should
be present globally at high obliquities. Thus if the
ice table could ever reach the melting point, then
gullies should be able to form on all slopes globally,
which is not observed.

Also, near-surface ground ice should be present
throughout the martian subsurface along the length
of a slope and temperatures should not vary signif-
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Figure 21: Depth to the 273 ◦K isotherm for each gully alcove location as a function of latitude. Calcula-
tions assume a dry overburden soil with a density (ρ) of 1650 kg/m3, a heat capacity (c) of 837 J/(kgK),
and a thermal conductivity (k) computed as I2/(ρc).
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icantly along a slope surface at different elevations
(Mellon and Phillips 2001). Therefore, there should
be no location along a slope face that would favor
gully formation. If ground ice could melt, ground
ice should melt along the entire length of a slope.
However, the gully alcoves typically are found near
the top of the slope, inconsistent with the melting
ground ice model.

Mellon and Phillips (2001) have shown that ice
will not be present in the subsurface where tem-
peratures reach 273 ◦K. As temperatures rise, ice
quickly sublimates away such that the depth of the
273 ◦K isotherm is always above the depth of the
near-surface ground ice. Temperatures are only
high enough at high obliquities to melt the ice if
the ice is composed of 15 − 40% salts. Such high
salt concentrations could leave high albedo deposits
near the gullies, though such features have not yet
been observed.

Gilmore and Phillips (2002) have expanded
upon the ground ice hypothesis and suggest that
the exposed layers of cohesive strata associated
with the gully alcoves act as an aquiclude. In this
model, ground ice melts and trickles down into the
subsurface until the meltwater encounters an im-
permeable rock layer. The water then flows along
this impermeable layer until it reaches the martian
surface and flows down a cliff face to create a gully.
In this scenario, the water should flow along the
first rock layer it encounters. However, gully al-
coves are often found embedded within numerous
rock strata layers. Assuming each of these morpho-
logically indistinct rock layers have similar perme-
abilities, it is difficult to reconcile why the gullies
would not be primarily associated with the upper-
most rock layer, which would be the first layer that
the trickling water would encounter. Also, since
the ground ice would first melt near the surface,
it will be difficult for this water to trickle down
through unmelted ground ice and the colder sub-
surface soil to reach the underlying impermeable
rock layer without first refreezing. Although we
maintain that a genetic relationship between the
gullies and the exposed rock layers does exist, the
rock layers are probably not acting as an aquiclude
as suggested by Gilmore and Phillips (2002).

Dry Landslide
Treiman (2003) suggests that the gullies were
formed from the downslope movement of fine gran-
ular material in the form of dry landslides. This
sediment could be deposited by the winds on Mars
and then allowed to move downslope to create the
gullies (Treiman 2003). Treiman (2003) cites a
loose correlation between the locations of some of
the observed gullies with areas of predicted wind

decelerations based on global circulation models
(GCMs) and suggests that airborne sediment will
be deposited where windspeeds decrease, sediment
will accumulate in these regions, and once this ma-
terial accumulates beyond the angle of repose, a
gully will form via avalanching. The morphology,
spatial distribution, orientation, and slope angles of
expected dry landslides are now compared with ob-
servations to test this hypothesis. Several of these
lines of reasoning are also outlined in Heldmann
and Mellon (2004) and are summarized here in
light of the new northern hemisphere observations.

First, dry landslides exhibit several morpho-
logic properties inconsistent with the martian gully
systems. The martian gullies have sinuous, in-
cised, V-shaped channels that often follow the local
topography. The morphology of dust avalanches
or dry landslides is typically narrow, fan-shaped
dark streaks which gradually taper and run down
a slope in a linear fashion (Sullivan et al. 2001).
These slope streak features lack well-developed al-
coves, sinuous or incised channels, and broadened
triangular-shaped depositional aprons with notice-
able topographic relief. Such features are very dis-
tinct from gully morphology. Snow avalanches are
sometimes used as a terrestrial analog for dry de-
bris flows, and in these cases eroded alcoves can
form but as conceded by Treiman (2003), ”no dry
snow avalanchesshow the deep entrenched mean-
ders of the Martian gullies”. Dry landslides also do
not explain the incision of gully channels into the
host rock; any channel-type feature formed by such
mass wasting is due to the deposition of avalanch-
ing material instead of erosion of the pre-existing,
underlying rock. Hence, the martian gullies are ge-
omorphically inconsistent with a dry landslide ori-
gin.

Second, if the gullies have formed via mass wast-
ing processes then the slope angle of the source re-
gion should be greater than the angle of repose.
This angle typically ranges between 26◦ − 35◦ de-
pending on the climate and the lithology of the ma-
terial (Ritter 1986). The angle of the broad slope
encompassing the gully alcove has been determined
using the alcove length as well as the alcove head
and base elevations. Figure 13 shows that most al-
coves are found on slope angles that are less than
the angle of repose. Fifty-five percent of alcove
slope values are outside of the range of repose angles
and of the values outside of this range, most (83%)
are less than the angle of repose. Therefore mass
wasting is most likely not the dominant mechanism
acting to form the gully alcoves. Post-gully mod-
ification by mass wasting could occur on steeper
slopes within the alcoves once they have already
formed but the main cause of alcove formation is
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not due to mass-wasting.
Additionally, the dry mass wasting theory has

difficulty accounting for the geographic distribution
(Fig. 3) and the potential slope orientation trends
(Fig. 10) of the martian gullies. According to this
hypothesis, gullies should be most abundant east of
Tempe Terra and in western Chryse because this is
where the winds decelerate significantly and hence
eolian sediment will be deposited and accumulate
in these regions (Treiman 2003). As shown in Fig.
3, gullies are found within Tempe Terra and more
abundantly in nearby Acidalia Planitia, but are also
found in Utopia Planitia and Arcadia Planitia in
significant numbers which is not predicted by the
dry landslide model. The landslide hypothesis also
predicts that gullies will preferentially be found on
poleward facing slopes in the southern hemisphere
because according to the GCM, winds mostly blow
into the southern hemisphere from the north-north-
west and hence most sediment deposition will occur
on the lee sides of slopes, i.e. pole-facing slopes. In
the northern hemisphere, Treiman (2003) predicts
that the orientation of the gullies will be more irreg-
ular since the wind patterns in the north are much
less consistent than in the south. The martian gul-
lies show a complex pattern with respect to orienta-
tion as shown in Fig. 10 with an overall preference
for equator-facing slopes. This equator-facing pref-
erence is most pronounced between 44◦− 58◦N but
is evident at other latitude bands as well. A connec-
tion between wind direction and gully orientation
is unclear and further work may help to elucidate
this issue.

The observations of spatial extent and localized
trends in gully occurrence are difficult to recon-
cile by correlating wind behavior with gully for-
mation. Gully systems are composed of multiple
gully alcove-channel-debris apron structures and of-
ten can be observed at the scale of MOC narrow an-
gle images. The gully systems sometimes only span
a small fraction of the horizontal length of a cliff
face and if gully formation were dependent on the
large-scale atmospheric process of wind decelera-
tion and subsequent sediment deposition, one might
expect the gully features to be much larger in ex-
tent and/or not limited to a relatively small portion
of a given slope. Plus, it is difficult to explain why
gullies are sometimes found on one scarp face and
not on an adjacent scarp which should theoretically
be exposed to a similar wind regime. Similarly, if
gully locations are tied to preferred wind directions
then gullies should not form on all orientations of a
given crater unless wind directions changed drasti-
cally over time. However, gullies can be found on all
sides of the walls of some craters and appear to be
contemporaneous; therefore it is difficult to explain

this observation by invoking changing wind direc-
tions over time. There is also no reason to expect
the observed regularity in the alcove depth distrib-
ution and so again the dry landslide idea does not
explain the observed characteristics of the gullies.

However, a potential correlation between gully
occurrence and locations of sediment deposition
based on GCM wind models is still interesting even
if the gullies are not formed via mass wasting. As
pointed out by Heldmann and Mellon (2004), the
shallow aquifer model of Mellon and Phillips (2001)
requires a low thermal conductivity overburden
layer (i.e. significant quantities of loosely consoli-
dated material overlying the subsurface aquifer) in
order to have a liquid water aquifer at several hun-
dred meters depth. The deposition of fine grained
material in regions of gully formation may provide
a mechanism for preferentially providing this insu-
lating overburden layer in many areas where gullies
are found.

Snowmelt
Christensen (2003) has proposed that the martian
gullies are formed by snowmelt. In this model,
snowpacks accumulate as deposits of snow and
dust on the martian surface during periods of high
obliquity. This dusty ice deposit then melts and
this meltwater carves the gully features observed
today. The dusty snowpacks then sublimate away
to expose the underlying gullies. The ”pasted-on”
terrain observed in association with some gullies is
suggested as a remnant of these dissipating snow-
packs and the snowpack is protected against di-
rect sublimation into the martian atmosphere by
the overlying dust lag deposit (Christensen 2003).
Snowmelt-driven gullies have also been observed on
the Earth in both the Arctic (Lee et al. 2002; 2006)
and Iceland. The associations of these terrestrial
analog features with the martian gullies are pri-
marily morphologic but it has been suggested that
a similar underlying mechanism (e.g. snowmelt)
could be creating the features on both planets.

As discussed in Heldmann and Mellon (2004),
the snowmelt model predicts several trends which
can be tested by observation. First, the orienta-
tion of the gullies should show a distinct preference
for poleward-facing slopes in the snowmelt model
since these slopes are the coldest regions for ice
and snow accumulation at all latitudes at current
and higher obliquities (Mellon and Phillips 2001).
Similar to the theory of Bridges and Hecht (2002)
and Hecht (2002), local coldtrapping in these pre-
ferred (pole-facing) locations of water ice, frost, and
snow may allow for accumulation which can then
melt under ideal conditions. However, as shown
in Fig. 10, gullies form on all slope orientations

29



and most gullies face equatorward in the northern
hemisphere. One might also expect the gullies to
follow the cold traps for snow deposition such that
the gullies would be preferentially located on pole-
ward facing slopes closer to the equator (where tem-
peratures are generally colder) and then this slope
preference would gradually dissipate since closer to
the pole, all slopes are generally colder. However,
Fig. 10 shows that this is not the case and instead
the gullies show a complex orientation distribution
with respect to latitude.

The snowmelt model also still does not explain
the observed locations of the gullies along the slopes
as pointed out previously by Heldmann and Mellon
(2004). Gullies generally form near the top of the
encompassing slope and individual gullies within a
gully system begin at the same depth below the
overlying plateau. However, insolation which pro-
vides heat for melting is relatively evenly distrib-
uted along a slope and so one would expect melt-
ing to occur at any location of snow accumulation.
Therefore gullies would be expected to form all
along a given slope which is not observed. Addi-
tionally, gully alcove base depths range from 100
m to 550 m with an average depth of 350 m in the
northern hemisphere. Most gullies follow this trend
of alcoves depths of a few hundred meters and the
snowmelt model does not account for this observa-
tion.

Also as pointed out by Heldmann and Mel-
lon (2004), if the gullies have a snowmelt origin
then one might expect a relatively homogenous ge-
ographic distribution of gullies. This model is de-
pendent upon the widespread phenomenon of snow-
fall and it is unclear why gullies would be so clus-
tered in terms of location (see Fig. 3). Addition-
ally, gullies are often found where adjacent scarps
and cliffs lack gullies. If gully formation is depen-
dent upon snowfall then it is puzzling why gullies
would be found in one location and not another
nearby location if both regions are subjected to
similar atmospheric conditions and hence snowfall.
These inconsistencies between prediction and the
geographic distribution of the gullies are problem-
atic for the snowmelt hypothesis.

The identification of potential remnants of the
original snowpacks that are protected from subli-
mation by a layer of desiccated dust has been an
important component in the snowmelt hypothesis.
This ”pasted-on” material (or occupied alcoves as
classified by Malin and Edgett 2000) is cited as ob-
servational evidence for these remnant snowpacks
(Christensen 2003). However, the pasted-on mate-
rial is present only rarely and one might expect a
bigger abundance of occupied alcoves if snow is a
dominant source of water for the gullies. There are

several alternate possibilities to explain the origin
of this pasted-on material. These deposits could be
1) isolated events not associated with gully forma-
tion, 2) ice of subsurface origin, or 3) remnant ice
deposits formed from the freeze-back of water that
flowed through the gully channels.

Another major issue for the snowmelt hypoth-
esis comes from the results of numerical modeling
of snowpacks on Mars. Clow (1987) showed that to
get significant runoff from a melting snowpack re-
quires a 100 mbar atmosphere. Also, as the snow-
pack becomes too thick (∼ 35 cm for this Mars
case), meltwater (which is generated at the top of
the snowpack) refreezes before reaching the base
due to the cold conditions of the lower snowpack.
This finding highlights the important distinction
between meltwater and runoff (Clow 1987). It is
runoff that is needed to carve the gullies into the
underlying host rock; the generation of meltwater
is not enough.

Kossacki and Markiewicz (2004) likewise sug-
gest that snow cannot melt in sufficient quantities
to create the gullies on current Mars. They find
a typical melt rate generating only 0.2 kg/m2 of
liquid. Their overall conclusion is that the pre-
dicted amount of moisture is probably not enough
to destabilize the slope and cause flow of the surface
material (Kossacki and Markiewicz 2004).

Recent modeling of snowpacks on Mars by
Williams and Toon (2006) find that 1) snowpacks
on Mars sublime away very quickly and 2) if melting
temperatures are reached within the snowpack, it
is only for few cm of remaining snow, which would
only generate a tiny amount of runoff (should it
melt). Their results suggest that a 10 m thick
dirty snowpack of moderate density (550 kg/m3)
and albedo (0.21) would sublime in less than five
years. A cleaner snow-pack would sublime in less
than 20 years. In addition, snowpack temperatures
never reach the melting point, raising serious ques-
tions regarding the availability of runoff for gully
incision.

Based on the combination of observational data
and numerical modeling results we therefore con-
clude that the snowmelt model could be possible
but is not the most likely explanation for the origin
of the martian gullies.

Deep Liquid Water Aquifer
Gaidos (2001) suggested that the martian gullies
might derive their water from a deep subsurface
source. As Mars cools, the cryosphere expands
which then increases the pressure onto deep liq-
uid water aquifers that are confined by underlying
basement rock. This pressure forces the water
upwards through cracks and fissures within the
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cryosphere to form horizontal sills of water. Sills
on cold, poleward facing slopes will experience
greater ice stability which then allows liquid water
to drain along the surface and create gullies. Sills
on warm, equatorward facing slopes will tend to
remain within the desiccated regolith.

There are several observational trends that can
be tested using this model for gully formation.
These lines of reasoning are also explained in Held-
mann and Mellon (2004) and are summarized here
in light of our new observations.

The deep aquifer model predicts that gullies
should only be found poleward of 30◦ because 1)
the cryosphere is too thin closer to the equator and
will not impinge on the underlying water to form a
confined aquifer against the basement rock and 2)
an aquifer can become desiccated at lower latitudes
where ground ice is unstable. These arguments ex-
plain why gullies are found poleward of 30◦N but
do not explain the increase in gully occurrence be-
tween 30◦−45◦N and the subsequent decline in the
number of gullies as one moves closer to the pole
from 45◦N as shown in Fig. 4.

Second, it is hypothesized that gullies form
when water from a sill erupts onto the martian sur-
face to release the liquid water. The water stops
moving upwards in the fracture or fissure and forms
a sill where the horizontal normal stress exceeds
the vertical normal stress. However, it is unclear
why sills would erupt onto the surface only on spe-
cific terrains such as the walls of impact craters,
valleys, pits, and graben as opposed to flatter sur-
faces. Water that moves upwards where there is
flat terrain overhead instead of steep-walled terrain
should freeze in place. This freezing process could
be manifested on the surface since the volume of
water will undergo a 9% expansion as it freezes to
ice. This model allows for a continuous supply of
liquid water from the deep aquifer, and therefore
raised, mounded structures formed by the near-
surface freezing of a deep water supply might be
expected on flatter terrain. Increased pressures in-
duced from the water propagating upwards through
the fracture which encounters a frozen sill could be
great enough to exceed the vertical (overburden)
stress, and so occasional outbursts of liquid water
could theoretically be observed on flat terrain. Such
features have not yet been observed on Mars but
could be an intriguing area of future study.

Third, in this model the sills are predicted to
form 100-1000 meters below the surface due to low
vertical stresses or failure of the surrounding rock.
The depth of the sills should correlate with the ob-
served depths of the gully alcoves since the sill rep-
resents the source region of the water. Therefore
the predicted range in sill depth is broadly consis-

tent with the observed alcove base depths although
it is difficult at the present time to account for in-
dividual variations in alcove depth amongst various
gully systems.

Fourth, according to the deep aquifer model,
gullies should show a preference for poleward fac-
ing slopes closer to the equator whereas this pref-
erence should diminish at latitudes closer to the
pole. Gullies would tend to form on the colder
slopes because an ice-saturated regolith would allow
for easier horizontal propagation of the sill or dike
compared to a dry, incompetent regolith. On the
sun-facing slopes water will not reach the surface
but instead will seep back into the dry, desiccated
regolith. This prediction is not fully in agreement
with the observations as shown in Fig. 10 since
the majority of gullies overall are on equator-facing
slopes. However, the distribution of gullies between
equator-facing and pole-facing orientations is most
evenly distributed within the highest latitude band
(58◦ − 72◦N) which may suggest that a preference
for equator-facing versus pole-facing orientation is
lessened closer to the pole. Given all the observa-
tional data, we conclude that a deep aquifer source
feeding each gully system is possible, although not
all of the observations can be explained by this
model.

All of the proposed mechanisms of gully forma-
tion previously discussed are listed in Table III and
compared with several lines of observational evi-
dence as gathered from this work. Based on an
analysis of predicted trends of each model, we de-
termine if the predictions conform to each observa-
tion to assess the relative validity of each model.
The shallow aquifer (Mellon and Phillips 2001),
deep aquifer (Gaidos 2001), and geothermal heat-
ing (Hartmann 2002) hypotheses most adequately
conform to the observational tests listed in Table
III whereas the carbon dioxide (Musselwhite et al.
2001), melting ground ice (Costard et al. 2002),
dry landslide (Treiman 2003), and snowmelt (Lee
et al. 2002; 2006; Hartmann et al. 2002; Chris-
tensen 2003) hypotheses are the most unlikely ex-
planations for the origin of the martian gullies. No
model perfectly explains all of the observations, but
overall the gullies seem intimately tied to subsur-
face phenomenon as opposed to atmospheric phe-
nomenon such as wind deposition of sediment or
snowfall.

6 Summary

We have analyzed 137 MOC images containing
clear evidence of recent gully activity on Mars be-
tween 30◦N and 90◦N using MOC, MOLA, and
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TES data. We have reported and analyzed trends
in the dimensional and physical properties of the
northern hemisphere gullies and their surround-
ing terrain and compared these findings with data
gleaned from a study of the southern hemisphere
gullies. We find that the number of gully systems
rises between 30◦ − 45◦N and then tends to taper
off at higher latitudes. Also, the gully alcove bases
occur typically within the first several hundred me-
ters of the overlying ridge. Additionally, northern
hemisphere gullies are found on all slope orienta-
tions at all latitudes but are preferentially found on
equatorward facing slopes. Using thermal conduc-
tivities derived from TES surface measurements as
well as modeled surface temperatures and assum-
ing a dry overburden soil, we find that 95% of the
gully alcove bases lie at depths where subsurface
temperatures could be greater than 273 ◦K and 5%
of the alcove bases lie within the solid water regime.
A low conductivity overburden results in tempera-
tures above 273 ◦K for all of the alcove bases which
suggests that liquid water could exist in a shallow
aquifer at these depths to carve the gully features.
Assuming an icy overburden soil, all of the alcove
bases lie within the temperature-pressure regime of
solid CO2 and it is not possible for all of the al-
cove bases to be located within the liquid regime,
implying that CO2 is not the most likely agent of
erosion in comparison with liquid water. No model
yet proposed explains all of the observed gully fea-
tures, but based on the data we can place additional
constraints on future models. In general, the sub-
surface water sources are more consistent with the
observations than the surface water, near-surface
water, and any carbon dioxide models. We find
that the carbon dioxide, melting ground ice, dry
landslide, and snowmelt models inadequately con-
form to the MGS observations and are the least
likely mechanisms of gully formation proposed to
date. Although the shallow aquifer, geothermal
heating, and deep aquifer models don’t explain all
of the MGS observations, these models remains as
the most viable theories to explain the origin of the
martian gullies. Findings reported here pertain-
ing to the northern hemisphere gullies are generally
consistent with findings previously reported for the
southern hemisphere gullies (Heldmann and Mellon
2004). Northern hemisphere gullies appear more
eroded and sometimes show evidence of superposed
impact craters, suggesting a possibly older age than
their southern hemisphere counterparts. However,
gullies in both the north and the south appear to
be intrinsically similar and likely were created by
similar formation mechanisms.
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Space Issues: (Law, Policy, Finance, Management, Ethics…) Ella Carlsson is in the Swedish Institute
of Space Physics at Luleå University of
Technology, Kiruna, Sweden (email:
ella@irf.se).Martian Rights?

By Ella Carlsson

Mars has recently been targeted in the
search for life: satellites are probing from
orbit and robotic rovers are currently roam-
ing the surface.  Mars exploration has truly
become one of the space community’s most
popular topics. So far, additional evidence
has been discovered that Mars once had
substantial amounts of water and since
water is the source of life as we know it, the
probability of finding life on Mars has in-
creased.

However, if such life were to be discov-
ered, would we know how to investigate that
life without causing damage to its habitat
or even extinction of the life form itself? Do
we have the right to continue our explora-
tion of Mars without knowing what kind of
damage we could cause to the Martian life
forms or will our human ethics assure the
survival of the Martians? This is a very im-
portant discussion that needs to be ad-
dressed and decided upon. Do the Martians
have rights?

Life in Extreme Environments
Even though the environment on Mars ap-
pears to be very harsh, life has a remark-
able way of adapting and hence surviving.
On Earth, life exists in extreme environments
such as deep in the oceans and in caves,
far away from the light. Life can also be found
in the coldest areas, such as Antarctica, and
in even in acidic environments. Some of
these environments are similar to the ex-
treme environments of Mars, so there is a
remote possibility of finding life on Mars.
Through the thorough imaging of Mars, we
know that there are no civilizations on the
surface. However, there could be small life
forms, such as microbes, that have not yet
been detected.

Evidence of Water
When the Mars Global Surveyor spacecraft
started to send back high-resolution images
of Mars in 1997, evidence of water in the
form of old riverbeds, gullies and possible
shorelines could be observed on the images.
Later, in 2001, the Mars Odyssey space-
craft detected large amounts of frozen wa-
ter in the subsurface of Mars.

In the beginning of 2004, the world’s
attention turned towards NASA’s twin ro-
bots, Spirit and Opportunity. Ever since the
rovers landed, they have been making re-
markable discoveries on the surface of
Mars. The rovers have been taking extraor-
dinary images showing surface structures,
such as small hematite spheres, which are
presumed to be formed by water. The rov-
ers have also discovered another water-re-
lated phenomenon called cross bedding. This
is a geological feature which is created when
shallow water creates migrating sand rip-

ples in the direction of the water flow. Over
the millennia, these ripples solidify to be-
come the cross bedding features. In addi-
tion to that, the latest results from the
stereo camera onboard the European sat-
ellite Mars Express, also indicate water. In a
plain near the equator, geological features
have been detected which could be a fro-
zen sea covered with dust.

All these different research projects
have come up with the same results, inde-
pendently saying that there is water on Mars
and, most important of all, that water ap-
pears to have been abundant earlier in
Martian history.

Evidence of Life?
The first discovery of methane was made
from Earth and was later confirmed by
Vittorio Formisano, the Principal Investiga-
tor for the Planetary Fourier Spectrometer
instrument on Mars Express.  Based on data
from the spectrometer, Formisano con-
cluded that methane could have originated
from two sources: from thermal activity
deep inside from the Martian interior, or
possibly from methane-generating mi-
crobes. Formisano also claims to have found
formaldehyde in the Martian atmosphere,
which is not so surprising since it could be
formed by the oxidation of methane. How-
ever, the amount of formaldehyde he discov-
ered in the atmosphere is rather extraordi-
nary, since there appears to be 10 to 20
times more than the methane. This amount
appears to be too large to be explained by
thermal activity, so he suggests that another
source is involved, possibly life-related.

Contamination
When the lunar module of Apollo 12 landed
on the Moon back in 1969, the crew re-
trieved equipment from Surveyor 3, an
unmanned vehicle that had landed on the
Moon 31 months earlier. The Surveyor 3
had not been sterilized prior to launch. This
fact made the scientists curious to see if
any living biota from Earth remained on the
lander. The equipment items were later
analyzed on Earth and an amazing discov-
ery was made. Scientists found the bacte-
ria streptococcus mitis inside one of the
cameras. The bacteria were dormant but
had still survived the harsh environment of
space. The bacteria had endured the
vacuum in transit to the Moon, three years
of radiation exposure, freezing temperatures
and complete absence of nutrients, energy,
and water.  However, another group of sci-
entists claims that the bacteria were intro-
duced when the camera was opened up
back on Earth.

If the bacteria indeed survived on the
Moon, then it appears that life has a remark-
able way of surviving and that the possibility

that we have already contaminated Mars
with biota from Earth already exists, since
we have deployed both landers and robots
onto the surface of Mars. Neither the
landers nor the rovers had been completely
sterilized prior to launch, although measure-
ments were taken in order to reduce as
many spores as possible. Such possible con-
taminations would make it very hard for sci-
entists to interpret the results of any in situ
experiments that are going to be conducted
in the future in search for Martian life forms.

In fact, Mars and Earth could already
have exchanged biota with each other by way
of meteorites. In 1984, a meteorite which
originated from Mars was found in Antarc-
t ica. In this meteorite, designated
ALH84001, very special features have been
detected which could suggest that they were
created by some kind of bacteria. We have
known that bacteria can withstand the harsh
environment of space ever since the Apollo
12 mission. This could then imply that life
forms could have survived the transit be-
tween Mars and Earth on a meteorite that
was thrown out in space.

If we send humans to Mars, it is most
likely that they will contaminate the Martian
environment. This contamination will prob-
ably be global since winds can carry biota
to other locales as well.

Martian Rights
According to plans made by both ESA and
NASA, further robotic mission are to be
executed, including a sample return mission.
Ultimately, the future vision of the space
agencies is to accept the greatest challenge
of all: sending humans to Mars. However,
current plans have not taken into account
that we could find life on Mars. It is there-
fore important that this discussion starts
as soon as possible in the international
space community and that the investigated
conclusions will be implemented in the cur-
rent plans.

Aspects such as the life form’s building
blocks, in terms of RNA, could change our
view of Martian rights. Perhaps the Martian
life forms could have originated from Earth,
showing the same RNA signature as the one
we have here on Earth. This could mean that
we evolved from the same genetic tree. Fur-
thermore, since we consider primitive life
on Earth to be without rights, we would prob-
ably not have any problems with continuing
the exploration of Mars. The president of
the Mars Society, Robert Zubrin, points out
that “we wouldn’t hesitate to kill with an an-
tibiotic pill” or disinfect the toilet to kill germs.

However, the life forms could have their
own separate genetic tree which could have
originated and evolved from a source other
than Earth. If this were to be the case, would
we try to preserve and protect this biota

mailto:ella@irf.se


w w w . dsairpublications/ISR. c o m6

and its environment? We would probably not
try to repeat mistakes performed by our
forefathers when they discovered new coun-
tries, killing the native people in the name of
exploration and exploitation of resources. I
believe it would be devastating and unfor-
givable if we were to extinguish any extra-
terrestrial life form.

Difficult Questions
First of all, we would have to decide if the
Martian life would be investigated remotely
or in situ. As of now, we do not have the
technology to remotely observe and analyze
any microscopic life from orbit. It is pre-
sumed that the conceivable Martian life
forms would live under the surface, shel-
tered from the high radiation levels and the
oxidizing surface. These conditions would
make it rather difficult to detect them from
orbit. We could wait until such remote sens-
ing technologies have been developed, but I
believe human nature such as our impa-
tience and curiosity would charge us to in-
vestigate the Martians. In order to do so
we would probably have to send a sterilized
robot to do the research. Then we must
consider the damage such a research could
cause. Are we willing to destroy and kill

Martian life forms and their habitat locally,
or even globally, in order to get results?

If we decide that some deaths of the life
forms can be regarded as collateral dam-
age, then perhaps we can send humans to
make the investigations. But then we have
to consider the contamination issue. A hu-
man mission to Mars will most probably
contaminate the Martian environment. Will
this contamination compromise the Martian
life forms? Are we willing to take that risk?
In order to get the required results to an-
swer these questions, further research and
analysis has to be performed in situ, result-
ing in a “Catch 22”.

Perhaps there is a way to co-exist with
the Martian life forms. However, would this
change the evolution of the Martians? One
possible way to solve this would be to ap-
point special areas for the Martians to live
in.

However, this solution sounds very much
like the treatment of the Native American
Indians that were sent to live on reserva-
tions, which turned out to be a devastating
plan that we do not want to repeat.

If we find life on Mars and discover that
it does not come from Earth’s phylogenetic
tree, but has its own independent origin, it
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could imply that life originates rather easily.
This could mean that the possibility of find-
ing life in the universe would increase dra-
matically. If life is a common phenomenon in
the universe and we decide not to interfere
with it, are we then doomed to stay on our
planet for ever?

Humankind is a very curious species.
Ever since the dawn of mankind, we have
explored our surroundings. It would be dev-
astating if we were to be confined to Earth
alone. I would say that going to Mars, and
changing the evolution of a possible Martian
life form, is part of the universal evolution.
Since we cannot set up barriers in space to
avoid meteorites to contaminate the plan-
ets, why should we then try to confine our-
selves from something that is already hap-
pening?

Clearly all these issues are very difficult
to answer. Obviously, we need to discuss how
to proceed and how to integrate the pres-
ervation and protection of Martian life forms
and their ecosystems into current plans of
Mars exploration. I strongly urge the inter-
national space agencies and other space
related organizations to come up with an
appropriate framework now, while we still
have time. <<<
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