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Abstract

Consideration is given to the formation and collapse
of supersaturated tropospheric cavities on Mars for
dust vertical transport at extreme altitudes as a tenta-
tive mechanism explaining the martian march-2012
plume. It will be shown that if, during the night-time
radiative cooling is exacerbated by suspended dust
surrounding a tropospheric parcel and then impeding
heat flow from the surface into the parcel and if,
additionally the parcel itself is devoid of condensation
nuclei (dust aerosol on Mars) a supersaturated cavity
might be generated. Then, with the first rays of sun-
light in the morning -and the beginning of the daily
dust activity, any dust incursion into the cavity driven
by local winds, could trigger the condensation of the
parcel and the subsequent vigorous prompt collapse of
the cavity. Utilizing a simplified geometrical model,
it is shown that the collapse and rebound of such
tropospheric cavities could provide enough energy
to lift dust well into the thermosphere and then a
possible explanation to the extremely high-altitude
plumes seen on Mars. The proposed hypothesis
seems consistent with the high-altitude plume seen at
Mars 2012 at Cimmeria region -and still unresolved,
occurred at the Martian terminator (the day-night
boundary) when the atmosphere could be coldest
because has been without the heat of the sun for the
longest time and the beginning of the dust activity
driven by solar heating. Finally the possibility that the
local strong magnetic field in Cimmeria region may
have played a role in triggering the formation of the
hypothesized supersaturated tropospheric cavity or
"magnetocavity” was also discussed.

Introduction

On 12 March 2012, amateur planetary observers
reported an unusual small protrusion seen at sunrise
of Mars within the Terra Cimmeria region at roughly
45 south, 195 ¢ west. The protrusion became more
prominent over the following days until March 23rd.
In 2015 a thorough research report undertaken by
the Prof. Sanchez-Lavega research group at the
Universidad del Pais Vasco, Spain, estimated the
height of these plumes as 200 to 250 km above
the surface of Mars,[1]. Since then, concern has
been raised in the scientific planetary community
because according with the general circulation model
(GCM) for Mars, [2], clouds should not exist this
high in Mars’s atmosphere. The mystery about what
happened on 2012 is still unresolved.

From photometric measurements, two possible sce-
narios were explored in that report in order to explain
the event. These two scenarios are as follows:

In the first scenario the observed plume is formed
by particle of COgz-ice, HoO-ice or dust reflecting
solar radiation with a best fit for COs-ice, HoO-ice
particles with effective radii of 0.170-}, um. However,
according with the general circulation model (GCM)
for Mars, HoO condensation at the relevant altitudes
requires either anomalous temperature drop > 50
K or an unusual increase in the HoO mixing ratio
to complete saturation above 140 km. For COqy
condensation the situation is even worse, requiring
temperature drop of 100 K above 125 km. (see Fig.
1). In addition, explaining the plume as formed by
dust would require a strong vertical transport up to
at least 180 km above the surface. There is only a
known mechanism -so far, able to provide the required
vigorous updrafts which is driven by dry convection
under high insolation called rocket dust storms, [3],
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Figure 1: Atmospheric temperature profile and water and carbon dioxide condensation temperatures on Mars.

From Sanchez et al,[1].

however, the fact that the plume was observed at
the Martian terminator makes the rocket dust storm
mechanism difficult to support.

In the second scenario, it was conjectured the
possibility whether the observed plume might be
attributable to an aurora, where it is known the
existence of strong magnetic field anomalies in the
crust at Terra Cimmeria region, and where actually
Mars aurora activity have been observed in the past.
This hypotheses seems to be in agreement with the
meridional extent of the plume above 500 km as well
as its variability. However, quantitative estimates of
the required aurora intensity defy such a hypotheses
and additionally requiring an exceptional influx of
energetic particles over days from the Sun, although
the solar activity in march 2012 was not unusually
high. As was concluded in that research report,
both explanations, defy our current understanding of
Mars’s upper atmosphere.

In this paper, we will explore a possible mechanism
which may rescue the first scenario by providing
a source of energy able to lift material from the
troposphere well into the thermosphere of Mars but
contrary to the rocket dust storm mechanism it does
not require high insolation but rather high insulation.

1 Formation and collapse of su-
persaturated tropospheric cavi-
ties

1.1 Formation

To begin with, let us consider a certain tropospheric
parcel as schematically depicted in Fig. 2-left. This
tropospheric parcel is placed just at the top of a dense
dust cloud which is -after a local dust storm, gravita-
tionally settling down during the night. The presence
of this dense suspended dust cloud between the parcel
and the surface translates into an overcooling of the
parcel because the dust is impeding the input of heat
from the surface and then exacerbating the loss of heat
of the parcel.

The magnitude of this overcooling will depend
mostly on the optical opacity of the suspended dust
below the parcel which can be as large as 7 = 5, [4].
In anyway, it is suffice to point out for our descriptive
purpose that from the available data registered by
Viking landings for several years on the Martian
surface, with the arrival of dust storms temperature
drops down by 10 to 15 ° K, [5], which referring to
Fig. 1, it is within the required overcooling required
for condensation of HoO or COq at the troposphere
(< 50 Km).
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Figure 2: Pictorially sketch of the possible mechanism for the formation of supersaturated tropospheric cavities

and collapse on Mars.

Now, if the parcel is devoid of condensation nuclei
(dust aerosol on Mars) high supersaturation is possi-
ble. This spesaturation has been already observed on
Mars from the relatively recent data sent back by the
SPICAM spectrometer on board ESA“s Mars Express
spacecraft which revealed that the planet’s atmosphere
could be supersaturated with water vapor at altitudes
of up to 50 km above the surface (troposphere),[6],
with extremely high levels of supersaturation -up to
10 times greater than those found on Earth. Once
this unstable supersaturated parcel is generated and
with the first rays of sunlight in the morning -and
the beginning of the daily dust activity, any dust
incursion (from the beginning of daily dust activity)
might trigger the condensation of the parcel and the
formation of a cavity with its subsequent vigorous
prompt collapse as schematically depicted in Fig.
2-right.

The proposed mechanism would be analogous to
the well know superheated explosions -also known as
steam explosions, where a region initially devoid of
condensation nuclei explode vigorously if incursion
of condensation nuclei occurs disrupting the meta-
stable state. Here is the same, but instead superheating
and explosion, we have supersaturation and implosion.

1.2 Collapse and rebound

Immediately after condensation, the cavity will col-
lapse owing to the surrounding pressure. The collapse
will continue and the material inside will be progres-
sively compacted as the collapse progresses until at a
certain critical density (of the mixture CO2-ice, HoO-
ice particles and dust) is attained. At this density, the
collapse is stopped and the rebound stage starts. An
schematic picture of the collapse and rebound stages
is given in Fig. 3.

For the sake of analysis and with the purpose to ob-
tain a first estimate of the energy released from such an
event, let us assume a spherical cavity small enough in
comparison with the surrounding atmosphere and then
making allowable the assumption of an infinite mass of
homogeneous incompressible atmosphere with pres-
sure and density calculated at the location where the
cavity is formed. With this configuration the infalling
velocity of the cavity as function of the contraction ra-
tio is given by the generalized Rayleigh equation, [7],

as
o2 ( Bo
wilt)= 3p (33(75) 1) M

where u is the infalling velocity of the cavity at time
t after collapse starts, p and p the surrounding atmo-
spheric pressure and density., respectively. R the ra-
dius of the boundary cavity at time ¢, and R, the ini-
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Figure 3: Pictorially sketch of the collapse and rebound phase.

tial value of R, i.e., the initial radius of the cavity at
the moment the collapse starts or ¢ = 0. On the other
hand the whole kinetic energy at time ¢ of the motion
is given by

B = Tp (B - B()

(@)

As the collapse progresses, the material inside the
cavity (mixture COz-ice, HoO-ice particles and dust)
attain a certain critical density at which the collapse
is stopped followed by a rebound phase. If the criti-
cal radius at which the critical density p. is attained is
called as R., then from Eq.(2) the maximum energy
available is

B, = %”p (R? - RY) ©)

where by balance of mass inside the cavity we have
R 3

el

If we assume that the critical density p. is the
maximum density of a compacted solid-ice core, then
with p, ~ 103 kg m~ and the density of troposphere
on p~ 107% kg m~3, then £ ~ 100.

In order to know how fast the surrounding mate-
rial will be accelerated when the inside material is re-
bound, we could use the Gurney equations by analogy

with material ejected by explosive detonations sur-
rounding initially the explosive. This equation deter-
mines how fast fragments surrounding explosives are
released into the surrounding and is given by the gen-
eralized expression [8]

. -1
s [M 3}

c 5

where v is the velocity of accelerated material sur-
rounding the cavity after implosion-rebound; C' is the
mass contained in the cavity; M the mass of the accel-
erated sheet of material.
Inserting Eq.(1) into Eq.(5) one obtains
o2

M, s -

" 3p |R3 C 5
In order to obtain some rough idea or upper limit of
the maximum altitude H,,,, attainable by the acceler-

ated material, we can equal the kinetic energy with the
potential energy yielding

()

v =u

(6)
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where ¢ is the gravity acceleration which in view of
several uncertainties we will take as the surface grav-
ity. By inserting Eq.(6) into Eq.(7), we obtain

p [RS M 317!
Hmaa: = |55 L 2l = 8
<39/){ HCJr5 ®

R3

the collapse stops and matter
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Figure 4: The maximum altitude upper limit as a function of the contraction ratio from Eq.(10).

and taking into account Eq.(4) we get

—1
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39p | p c s
Eq.(9) may be simplified further by considering
the relation of ideal gases % = % where 7" is the

temperature, R the gas constant and 7 the molecular
mass of the atmosphere. Thus we obtain

RT [pc 1} [y 3
P

—1
H’ITLGZ o = = 1
< 30 ot 5} (10)

e Discussion

To obtain some idea of the shape of the curves pre-
dicted by Eq.(10), we assume some typical values of
the parameters: 7' = 130 K; m = 43 x 10—2 kg/mol;
g = 3.7 m s~2. The resulting curves are shown in
Fig. 4. It is seen, that with a maximum theoreti-
cal value of 2¢ =< 10° (if it is is assumed as crit-
ical density the density of a solid ice core), there is
enough energy to lift material well into thermosphere
and even ionosphere. For example, with 22 < 10*
the implosion will be able to lift 100 times the mass
of the condensate cavity up to a height of 100 km or
thereabouts. Although admittedly this is an idealized
calculation where in reality with such high velocities
and pressures there would be thermal effects -which
had been neglected in the calculation, and also the as-

sumed atmospheric incompressibility is not longer ap-
propriated, nonetheless, it is shown that the conjec-
tured mechanism is potentially able to lift material at
high altitudes.

2 The possible role of the mag-
netic field: magnetocavities

At it was mentioned in introduction, it is known the ex-
istence of strong magnetic field anomalies in the crust
at Terra Cimmeria region, which is given place to the
aurora hypothesis for explanation of the March 2012
event.

It is interesting to investigate if the magnetic field
at Cimmeria region could play some role within the
framework of our proposed mechanism., i.e, in the
formation of supersaturated tropospheric cavities.
Although cavities could be formed in a number of
different ways which can lead to the basic condition,
i.e., supersaturation by overcooling, however it could
be true that if it is demonstrated that magnetic fields
can play some role in the formation of such cavities
this will be more completeness to the proposed
hypothesis, and in fact, will be possibly the only
hypothesis which can merge all the accounts known
on the March 2012-event. Fig. 5 shows an illustrative
sketch of what we are seeking to investigate in this
section. In this picture, we want to know if it is
possible that in someway the local magnetic could
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Figure 5: Possible formation of supersaturated cavity induced by the local magnetic field at Cimmeria region.

manage a certain place devoid of dust (allowing high
supersaturation).

First of all, it is required that dust particles are

electrically charged and then permitting it to respond
to the imposed local magnetic field.
It is known that bipolar charging of dust particles
(by tribocharging or friction charging process) are
generated from dust atmospheric activity on Mars,
[91; [10]; [11]-[13]., and it had been hypothesized that
the smaller, or finer, particles tribocharge oppositely
to the larger size particles, [14]; [15]; [16];[17] and
additionally the particle-size dependence of the charge
polarity of particles of dust has been experimentally
demonstrated [18].

Now, assuming a bipolar charged dust particles, we
need to know if the magnetic energy density (at that
region) must be comparable to the kinetic energy den-
sity of the charged particles of dust, or putting another
way, that the dynamic ram pressure from the dust parti-
cles be equal to the magnetic pressure from the Mars’s
local magnetic field. Taking into account that the low-
pressure Martian troposphere gives it a high electrical
conductivity -the high electrical conductivity of the at-
mosphere of Mars could result in an atmospheric elec-
tric circuit as proposed by some researchers [19], then
the magnetic pressure p,, is given by

B2

o

Pm (11)

and then condition for affecting significatively dust

particles yields
2 B2
()
d Ho

where pg is the charged dust density, u; the dust
settling or terminal velocity, B the magnetic strength
at that region and /i, the vacuum permeability.

If its is assumed spherical dust particles, then the
settling velocity is approximately given by

(13)

where p,, and 7, are the density and the radius of
the particle, respectively., po, the atmospheric den-
sity through which the particles is falling, Cy is the
drag coefficient., and g the acceleration due to grav-
ity. Since the gravitational field varies with distance as
a% where a is the radial distance to the center of the
planet. Then Eq.(13) becomes.

2 _ QpPTpguag

T BpooCaa? 14

Where g, is the gravitational acceleration at the sur-
face and a, the radius of the planet. Finally, the den-
sity of the dust is given by

47r3p, N,
pam —L (15)
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Figure 6: Magnetobarrier induced y local magnetic field anomalies acting on charged dust particles on Mars
could generate an effective spatial separative mechanism and the formation of cavities or the creation of large local

electrostatic fields.

where N, is the concentration of dust particles per
unit of volume. This concentration is as first approxi-
mation given as function of the the optical opacity as,

(4]

z

N, = Ny,Texp & (16)

where N, = 6 x 10 m~ is the number density at

the surface when the optical depth 7 = 1., and H = 10

km is the atmospheric scale height for Mars. Substi-
tuting terms, Eq.(12) becomes

2ppa, r
3a

TN,T eXp™ T golto
pooCd

B>

amn

According with Eq.(17) there would be some
induced magnetobarrier for small particles as is
schematically depicted in Fig. 6.

o Discussion
Assuming some reasonable values of the parame-

ters: p, &~ 3 x 10% kg m~3, [4]; dust suspended at a
tropospheric distance of 10 km; and then %= ~ 0.98;

N, = 6 x 105 m™3; z = 10 km and scale height
H = 10 km, [4]; go = 3.7 m s™2; Poo = 102 kg
m~3;and Cy ~ 0.5, then we get

B > 157 x t8r2 (18)

with B in (nT); and 7, in (im).

The resulting curves are shown in Fig. 7. It is seen,
that magnetic anomalies on Mars will be able to sep-
arate dust particles of a few micrometers from large
particles. This mechanism could enhance the forma-
tion of cavities devoid of dust. Also it is interesting to
see, that the smaller particles will be on the top of the
cavity, which means that at the moment of the collapse
of the cavity and rebound, small particles will be pref-
erentially propelled to high altitudes. This fact seems
consistent with the best fit obtained for the effective
radii of particles COz-ice particles of 0.1xm for the
March 2012 event, [1].

NOMENCLATURE

a = distance from center of planet to center of
cavity
a, = radius of the planet
B = magnetic field
C' = mass contained in the cavity
C4 = drag coefficient
L), = kinetic energy
g, = gravity at surface
g = gravity
H = length scale
H,q = maximum permissible altitude
M = mass of the accelerated sheet of material
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Figure 7: Predicted curves by Eq.(18) for several values of dust storms.

m = mean molecular mass of atmosphere

N, = number density of particles per unit volume
p = pressure

r, = radius of particles

R = actual radius of cavity

R = gas constant

R, = initial radius of cavity

R, = critical radius of cavity

u = infalling radial velocity of collapsing cavity
u; = terminal velocity of particles

v = velocity ejected material surrounding the cavity
t = time

T = temperature

z = vertical distance

Greek symbols

p = density

p. = critical density

pa = density of dust cloud

pp = density of particles

Poo = density of atmosphere

T = optical opacity

4o = magnetic permeability of vacuum

subscripts

d = dust; drag

o = reference, surface
p = particle

e = Earth
m = Mars
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