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Introduction:  Methane has been detected in the 

Martian atmosphere at an average concentration of 

10±5 ppbv according to recent PFS observations [1].  

Total photochemical loss of CH4 in the martian atmos-

phere is equal to 2.2x10
5
 cm

-1
 s

-1
, and methane should 

be uniformly mixed in the atmosphere. There are no 

processes of CH4 formation in the atmosphere, so the 

photochemical loss must therefore be balanced by 

abiogenic and biogenic sources. By analogy to Earth, it 

is suggested that there are three likeliest methane 

sources on Mars; they include: active volcanism and 

hot springs; comet and meteoroid impact; extant mi-

crobial metabolism. From these three sources, we 

looked at the production of methane from meteoritic 

material entering Mars’ atmosphere. Recent studies 

have concentrated on constraining the amount of meth-

ane released during impact at the surface [2,3]. In the 

current work, we estimate the amount of methane ob-

tained due to ablation of meteoroids in Mars’ atmos-

phere. In order to estimate methane production from 

this source we need to know the proportion of ablated 

mass from meteoroids passing through Mars’ atmos-

phere, the efficiency with which organic material in 

meteorites can be converted to methane,, and the flux 

of meteoroids entering the atmosphere.  

There have been several research groups calculat-

ing methane concentration on Mars from extraterres-

trial sources. Krasnopolsky et al. [2] and Kress and 

McKay [3] calculated methane concentration from 

cometary and meteoroid impacts at Mars’ surface. Our 

approach is based on a calculation of the methane pro-

duction due to ablation of the meteoroid during its at-

mospheric flight, and does not, not include methane 

production on impact. By using a simple meteoroid 

atmospheric flight model (“pancake” model), we have 

constrained the production of methane from meteoroids 

entering Mars’s atmosphere in the mass range of 10
-13

 

to 10
5
 kg. 

Methane prone organic matter in meteorites.  Most 

of the extraterrestrial material arriving at Mars’ surface 

is in the form of stony meteorites and dust. The average 

carbon content of interplanetary dust particles (10
-14

 to 

10
-11

 kg) collected from the stratosphere of the Earth 

has been measured as 10 to 12% [4]. The carbon con-

tent of the larger micrometeorites (> 10
-10

 kg) is not 

well established since most of these particles melt or 

vaporize on Earth atmospheric entry. 

When considering contributions to atmospheres 

from extraterrestrial objects traditional interpretations 

use a simple addition approach where a gas concentra-

tion of the object is multiplied by the mass delivered 

[3]. The organic content of Murchison is the most 

comprehensively studied of any carbonaceous chon-

drite. Murchison has an average organic content of 

around 2% but only 0.14 ppm free methane [5]. Yet the 

majority of organic matter present is in the form of a 

macromolecular material [6], ignored in the addition 

approach, but after ablation, a potential contributor to 

the overall methane budget.  

Cody et al. [7] used elemental analysis to obtain the 

following weight percentages for the Murchison mac-

romolecular material: 51.2 wt% C, 2.25 wt% H, and 

1.74 wt% N. These data correspond to an empirical 

formula of C100H52.7N2.9. Moreover, Cody et al. [7] 

used solid-state 13C-NMR to provide a quantitative 

structural picture of the organic macromolecular mate-

rial in Murchison. From further NMR measurement, it 

was established that the average CHx (where x = 1, 2, 

or 3 for methane, methylene, and methyl carbon) 

ranges from 2.0 (Orgueil), 1.8 – 2.1 (Murchinson), to 

1.7 (Tagish Lake) [8]. 

The average carbon content of interplanetary dust 

particles (10
-14

 to 10
-11

 kg) collected from the strato-

sphere of the Earth has been measured as 10 to 12% 

[4]. For the ordinary chondrites this value can be as 

low as 0.1%. Our value of organic matter for meteor-

oids was chosen as 2% - a midpoint estimate of the 

measured values.  

Meteoritic flux at Mars. The meteoritic flux meas-

ured at Earth provides a starting point to estimate the 

flux at Mars for this size fraction of the meteoroid 

complex. For meteoroids in the mass range from 10
-13

 

to 10
10
 kg, the size-frequency distribution at the Earth’s 

upper atmosphere can be estimated by using a series of 

power-law branches [9], each branch a best-fit to the 

available data in that mass range: 

 

kgmmN 3,568.4log48.0log ≤+−=  

 

kgmkgmN 10107.13,739.4log926.0log ⋅≤≤+−=

  

To extrapolate the mass influx at Earth to the corre-

sponding Mars value requires an estimate of the ratio 

of the Mars flux to the Earth flux. This ratio depends 
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on the type of orbital evolution experienced by the par-

ticles. Two significant mechanisms exist for perturba-

tion of particles from the asteroid belt into Mars inter-

secting orbits: Poynting-Robertson drag (P-R drag) and 

planetary gravitational perturbations. The orbits of 

large meteorites are perturbed principally by gravita-

tional interactions with the planet; for small particles, 

P-R drag causes significant orbital changes on time 

scales comparable to or shorter than the gravitational 

perturbation time scale [10]. For large, crater-

producing objects Shoemaker [11] estimated the flux 

of objects at Mars producing craters > 10 km in diame-

ter to be approximately 2.6 times the terrestrial value. 

When this cratering rate ratio is adjusted for the differ-

ence in planetary areas, the total meteoritic flux on 

Mars for large objects will be around 0.75 times the 

Earth flux. For particles up to 10
-5
 kg the ratio of the 

mass influx at Mars to that at Earth would be 0.17 [10]. 

 

Numerical model: An impactor releases an enor-

mous amount of energy, that disrupts it, and evaporates 

and dissociates its constituent molecules. By applying a 

“pancake” model [9] to model the flight of impactors 

through Mars’ atmosphere, we arrived at an estimate 

for the total mass of ablated meteoritic material at 

Mars.  

Impact chemistry and impact survival. When mete-

orites pass through a planet’s upper atmosphere, their 

surfaces are heated to above 900 K. Chemical equilib-

rium in the fireball is maintained until the reactions are 

quenched, at which point the temperature drops so low 

that the chemical reaction timescale exceeds the cool-

ing time. Reactions on catalytically active dust grains 

can proceed down to ~500 K, providing kinetically 

viable pathways to form CH4 and CO2.  

It is important to note that elemental analysis and 

NMR spectroscopy data [7] have revealed that there 

are over five times the number of H moles than meth-

ane-prone carbon moles. Experimental studies [7] have 

shown that at high temperatures, disproportionation of 

carbon occurs and the pyrolysis products become 

dominated by low molecular weight hydrogen-rich 

molecules and high molecular weight hydrogen-poor 

residues. If we assume complete disproportionation of 

carbon in the Murchison macromolecular material then 

it is clear that there is ample hydrogen to saturate CHx 

carbons and transform them quantitatively to methane. 

Stoichiometric considerations demand that a 10% by 

weight yield of C that is transformed to CH4 becomes 

14% by weight of the total organic matter when the 

addition of H is considered. 

Modelling atmospheric flight. Meteoroids of differ-

ent composition differ not only by strength but also by 

bulk densities, ablation energy, and heat transfer coef-

ficients. We adopted the heat transfer coefficients for 

Earth (Golub 1996) for H chondrite (OC) meteoroids. 

For carbonaceous chondrites, we used coefficients for 

OCs, assuming that evaporation alone will not differ 

substantially for these substances. 

In the atmospheric flight simulations, individual 

meteoroids, assumed spherical, are started at an alti-

tude of eight martian atmospheric scale heights (~ 87 

km), where the atmospheric pressure is 0.03% of its 

surface value. “Pancake” model equations [9] were 

applied to impactors over a range of initial masses (10
-

13
 to 10

5
 kg). The mean velocity distribution of material 

at the top of Mars atmosphere was 10.2 km/s [11]. For 

stony bodies the density value was 3500 kg/m
3
. The 

strength value for a 1 kg sample of a stony impactor 

was 4.4*10
6
 N/m

2
.  

 

Results: Knowing the meteoroid flux for the Earth, 

Ni, for a range of initial masses, mi, entering Mars’ at-

mosphere, and of the proportion of these initial masses 

that was ablated, l

im , then scaling the results with scal-

ing factor, fi, according to different initial mass ranges, 

we can calculate the total ablated mass of meteoroids in 

Mars’ atmosphere: 

∑=
i

i

l

iiab NmfM . 

Table 1. Mass loss of meteoroids due to ablation when 

entering Mars’ atmosphere (based on our “pancake” 

model estimations) and flux estimates for the Earth’s 

atmosphere, based on [9] model, composed of a series 

of power laws. The data are presented as number of 

events per year for the Earth above a given mass.  
 

Mass range 

(kg) 

Mass loss 

(kg) 

Frequency (N 

> m yr
-1
) 

10
-13

 to 10
-12

   6.9•10
-14

 9.09•10
8
 

10
-12

 to 10
-11

  6.9•10
-13

 5.77•10
8
 

10
-11

 to 10
-10 6.9•10

-12
 3.58•10

8
 

10
-10

 to 10
-9 6.9•10

-11
 2.18•10

8
 

10
-9
 to 10

-8   6.91•10
-10

 1.28•10
8
 

10
-8
 to 10

-7 6.91•10
-9
 7.38•10

7
 

10
-7
 to 10

-6 6.91•10
-8
 4.10•10

7
 

10
-6
 to 10

-5 6.91•10
-7
 2.19•10

7
 

10
-5
 to 10

-4 6.92•10
-6
 1.12•10

7
 

10
-4
 to 10

-3 6.92•10
-5
 5.52•10

6
 

10
-3
 to 10

-2 6.92•10
-4
 2.56•10

6
 

10
-2
 to 10

-1 3.08•10
-1
 5.98•10

6
 

10
-1
 to 10

0
 3.28•10

0
 2.46•10

6
 

10
0
 to 10

1 4.46•10
0
 8.19•10

5
 

10
1
 to 10

2 2.67•10
1
 6.35•10

5
 

10
2
 to 10

3 1.41•10
2
 7.76•10

5
 

10
3
 to 10

4
 6.72•10

2
 8.24•10

5
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10
4
 to 10

5 3.2•10
3
 6.49•10

5
 

 

We received the total mass loss of meteoroids due 

to ablation in Mars’ atmosphere – 1.875•10
10
 g.  

The concentration of methane that could be ob-

tained from the above amount of ablated meteoroid 

mass is as follows: 

Ma

methylorganicab

Ma
M

ffM
CH =][ 4

 

where forganic is the fraction of organic matter 

(~2%), fmethyl is the fraction of organic matter which is 

methane prone (16% [8]), and MMa is the mass of the 

atmosphere of Mars (2.5•10
19
 g). Then, the concentra-

tion of methane is 2.4•10
-12

 g g
-1
.  

Methane has a lifetime of around 340 years in 

Mars’ atmosphere, so steady-state concentration can be 

calculated by multiplying methane concentration by the 

average calculated residence time, tr, of methane on 

Mars: 

rMaSS tCHCH ][][ 44 = . 

 

The steady state concentration, then, is equal to 

0.8•10
-9
 g g

-1
 or 0.8•ppb. To convert ppb to ppbv (parts 

per billion by volume) we used methane volume mix-

ing ratio in Mars’ atmosphere (equal to 2.7). The ppbv 

methane production from ablated meteoroids is then 

equal to 2.16 ppbv. 

Influence of atmospheric density variations. At-

mospheric density variations effect the proportion of 

material ablated from a meteoroid, and therefore the 

amount of methane produced. The higher the atmos-

pheric pressure, the more ablated material is generated 

from the impactor. Several observations showed sea-

sonal variations in the atmospheric density [13] and 

some researchers have found that radical changes in 

Mars’ obliquity may cause its surface pressure to vary 

between essentially zero and 30-40 mbar [14]. Other 

recent work suggests that Mars may presently be 

emerging from an “ice age”, which, on Mars, is a pe-

riod of high obliquity [15]. But we are interested in 

variation on the more recent timescale defined by the 

340 year residence time for methane in Mars’ atmos-

phere. Variation in atmospheric density on this time-

scale is not well constrained, so we will assume that the 

current atmospheric data has remained stable over the 

last 340 years.  

 

Conclusions: Methane has been detected in the 

Martian atmosphere at an average concentration of 

10±5 ppbv. We estimated the methane production in 

Mars’ atmosphere due to meteoroid ablation at 2.2 

ppbv (which is 22% of the measured value). According 

to [16] the impact-produced methane is 0.6 ppbv 

(which is 6% of the measured value). Therefore, the 

overall steady-state production of methane from extra-

terrestrial sources in Mars’ atmosphere is 2.8 ppbv. By 

using a very simple model to simulate the flight of the 

meteoroid through Mars’ atmosphere, we received an 

estimate of the methane concentration within a factor-

of-two of the error range on the measured methane 

concentration. Compared to a more sophisticated sepa-

rate fragments model [e.g. 9, 15], where ablation is 

calculated for individual separated fragments, the 

“pancake” model ‘sees’ a smaller ablated surface area, 

producing a lower estimate for the overall amount of 

ablated material. Thus, it appears possible that the 

methane recently detected in Mars’ atmosphere may be 

largely explained by meteoroid ablation. 
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