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PRODUCTION OF THE MARTIAN ATMOSPHERE BY 2 - S T A G E  
OUTGASSING OF AN EARLY MAGMA OCEAN. Donald S. Musselwhite, Michael 
J. Drake, and Timothy D. Swindle, Lunar and Planetary Laboratory, University of Arizona, 
Tucson, AZ 85721 

Introduction: Argon and Xe in the martian atmosphere are radiogenic relative to the martian 
mantle (Table 1) if the SNC meteorites are from Mars [I]. Decay of the short lived isotope 1291 
to 129Xe (tlI2 = 16 m.y.) is the most plausible source of the radiogenic Xe. This short half life 

- - 

constrains any process responsible for the elevated 129Xe1132Xe ratio of the martian atmosphere to 
occur very early in solar system history. Musselwhite et al. [2] proposed that the differential 
solubility of I and Xe in liquid water played a key role in producing the radiogenic signature in the 
martian atmosphere. Here we explore an alternative hypothesis involving purely igneous 
processes, motivated in part by new experimental results on the partitioning of I and Xe between 
minerals and melt. 

MineraVmelt partitioning experiments [3,4] show that light noble gases are always less 
compatible than heavy species. Precise numerical values of noble gas partition coefficients are 
uncertain, however. Our simultaneous determination of a forsteritelmelt D(Ar) and D(1) [5] 
allows us to predict an internally consistent D(Xe) from the trends seen by other investigators 
(Table 2). These results lead us to the conclusion that the IIXe ratio would be increased in a melt 
during crystallization of a magma ocean. The silicate melt solubilities (Table 2) of the daughter 
elements Xe and Ar are quite low compared with the parent elements I and K -- thus outgassing of 
a silicate melt would result in an increase in the parent to daughter ratios. 
2-Stage Outgassing of a Martian Magma Ocean: The higher solubility of I relative to Xe 
in silicate melts as well as the greater compatibility of Xe relative to I in forsterite points to 
producing the radiogenic Xe in the martian atmosphere by 2-stage outgassing of the martian 
mantle: In the first stage of outgassing: A magma ocean forms on Mars during late accretion. 
Outgassing of the magma ocean lowers the total I, Xe and Ar abundances but enhances the I/Xe 
and KIAr ratios in the magma. Following the first stage of outgassing, most of the early 
outgassed atmosphere is removed by impact erosion during heavy bombardment [6]. During this 
period 1291 decays to 129Xe and 40K decays to 4OAr in the mantle reservoir outgassed in stage 1. 
In stage 2, subsequent outgassing of the magma ocean derived mantle yields a radiogenic Xe and 
Ar signature in the martian atmosphere. 

What conditions of timing and extent of magma ocean outgassing can produce the present 
day martian atmosphere? To construct a quantitative model we need to recognize that silicate melt 
solubility is pressure dependent for Xe, Ar and I; i.e., the greater the extent of outgassing the 
greater the partial pressure of a particular species in the atmosphere and thus the greater the 
solubility in the silicate melt. Assuming equilibrium between the atmosphere and the magma 
ocean, we arrive at the following equation: 

[ d e p t h ] ~ ( p g ) ~ [ ~ ~ l ~ b i l i t y ] ~ [ ~ ~ n ~ . ] i ~ i ~ i ~ ~  
[conc. in magma ~cean],~,, outgassing = 

{I + [depth]x(pg)x[solubility]] 
Assuming that the initial concentrations would be those of Orgeuil, adjusted upwards to 

account for a 30% by mass core, and using experimentally determined solubilities, we can solve 
this equation for various depths of magma ocean outgassing. The total amount of 129Xe available 
for the post heavy bombardment atmosphere depends on the timing of isotopic closure of the 
magma ocean. 

The results are shown in the aph below along with the present day atmospheric inventories F of 129Xe and 132~e .  Enough 12 Xe exists in the mantle outgassed during the magma ocean 
phase with only a 5 km deep magma ocean at 4.55 Ga; with a 100 km or deeper magma ocean for 
closure at 4.4 Ga. Enough 132Xe is available from a 300 km or deeper magma ocean. In all 
cases, the resulting 129~e1132~e ratios are actually far too high, but mixing of non- outgassed 
with outgassed Xe is likely to have occurred. Because of higher total abundances of Xe 
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in non-outgassed mantle, mixing of a small percentage of Xe from non-outgassed with outgassed 
mantle will bring the 12%e/132~e ratio down to the present day ratio. 
Conclusions: The parameters explored above show that early outgassing of a martian magma 
ocean can provide the abundances of 12%e and 1 3 2 ~ e  of the present day martian atmosphere. A 
similar exercise produces the correct 4 0 ~ r  abundances. These calculations were done for the 
extreme case assuming complete outgassing. If a magma ocean existed on Mars it would Likely 
have formed a surface crust in less than 1000 years [7]. While the extreme fractionation shown 
here allows room for some inefficiency, if efficient outgassing is severely impeded, then an 
additional or separate fractionation method such as water solubility will be necessary[2]. This 
model differs from the water solubility fractionation model [2] in that later outgassing of the 
martian mantle serves as the radiogenic noble gas source for the atmosphere, rather than a surface 
or near surface reservoir of radiogenic noble gases due to sequestering of parent isotopes by liquid 
water. In both models the mantle outgasses in the first 0.5 Ga and the initial mantle-derived 
atmosphere is removed by impact erosion. There are parallels between this model and the model 
for early outgassing of the Earth's MORB mantle source proposed by Allegre et al. [8] The 
difference in outcome for Mars results from atmospheric erosion of the martian atmosphere which 
has been shown not to occur on the Earth. 

Total Xenon Species in Magma Ocean After Outgassing 
A vs Total Depth of Magma Ocean 
2 
!? as f (time of closure) - - 4.55 Ga - 4.50 Ga 

4.45 Ga 

-.-.-.-.- 132Xe 

present atmospheric inventory 
.................. 129Xe (fad) 

Atmosphere 
Basalts 

Depth of Magma Ocean (km) 

Table 1: 129Xe P32Xe and 40Ar P6Ar ratios in Mars ~esewoirs[9-11] 

~Fo/Melt [3-51 
Iodine Xenon Potassium Argon 
0.001 0.6 0.001 0.05 

Melt Solubility [2,41 0.2 3 x 10-5 >> 1 5 x 10-5 
(ccSTP/g=atm) 

~ F o m e l t  = concentration in Forsterite/concentration in melt 
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