
 
Fig. 1: BSE images of NWA 6234. Larger image shows overall the 
fine grained texture, which is composed of olivine (Ol) crystals, set 
in a finer-grained groundmass (see detailed inset) of pyroxene 
(Pyx), maskelynite (Mask), ferroan olivine (Ol), oxides (Ox), 
merrillite (Merrl), and apatite (Apt). 
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Introduction:  Understanding the distribution and 

behavior of volatiles in martian magmas and the corre-
sponding mantle provides crucial constraints on plane-
tary properties such as mantle melting temperatures 
and melt production, as well as the availability of 
magmatic fluids for any potential occurrences of life 
[e.g., 1-4]. Current evaluations of the pre-eruptive vol-
atile concentrations of martian magmas are based on 
analyses of volatile bearing mineral phases in martian 
meteorites such as apatite. The composition of these 
crystalline phases reflect, in some way, the volatile 
content (OH, F, Cl) of their parental magmas [e.g. 5]. 
However, these magmas may have potentially de-
gassed upon eruption and/or emplacement losing their 
magmatic water while retaining some halogens [6,7]. 
Given these difficulties, it is not surprising that esti-
mates for the pre-eruptive volatile contents of martian 
basaltic magmas range from nearly anhydrous to 2 
wt% H2O [5,8,9]. 

Here we report apatite compositional data from the 
martian meteorite NWA 6234, an olivine-phyric sher-
gottite, and calculate relative F2, Cl2, H2O fugacity 
ratios for its parental magma [10]. NWA 6234 has spe-
cial significance among the martian meteorites because 
it represents a mantle derived melt composition that 
crystallized completely under upper crustal pressure 
conditions, never erupted onto the martian surface, and 
thus it has not been affected by volatile loss due to 
degassing. Therefore, its apatite compositions repre-
sent true snap-shots of the volatile ratios of the parental 
magma and by extension the mantle source region.  

Sample:  NWA 6234 is an olivine-phyric sher-
gottite. It is relatively unaltered, fine grained, and 
composed of olivine set in an even-finer-grained 
ground mass of pyroxene, maskelynite, ferroan olivine, 

spinel, ilmenite, merrillite, apatite and Fe-sulfide 
(Fig.1) [11,12]. NWA 6234 represents a primitive 
mantle derived melt with an intermediate REE compo-
sition [11-13]. The Li-isotope ratios in NWA 6234 
show that the rock has not been affected by post-
crystallization secondary processes such as degassing 
or interaction with a fluid [13]. Merrillite and apatite 
occur in the groundmass of NWA 6234 and are found 
as intergrowths with each other as well as individual 
grains. The grain size ranges from 10 m up to 100 m 
in length [11,12]. 

Analytical Method: Apatite analyses were ob-
tained with the Cameca SX100 at the American Muse-
um of Natural History (AMNH) using the methods 
described in [14]. Operating conditions included: ac-
celeration voltage of 10kV, 4nA beam current for Na, 
Cl, and F; 15kV, 20nA beam current for P, Si, Fe, Mg, 
Al, Mn, Ti, Ca and K; defocused electron beam (10 
m in size); and peak and background counting times 
of 30s and 15s. Hydroxyl in apatite cannot be meas-
ured directly by the EPMA technique; however, the 
missing component in the X-site of the apatite was 
calculated on the basis of stoichiometry using the 
method of [6].  

Computational Method: We have employed the 
thermodynamic formulism developed by [15] to calcu-
late the relative fluorine, chlorine, and water fugacity 
ratios of the magma parental to NWA 6234 that pre-
vailed during the crystallization of the apatite-merrilite 
assemblage. This methodology makes it possible to 
account for the large differences in oxygen fugacity 
between different planetary bodies and/or source re-
gions, which is important because the halogen fugacity 
required for apatite saturation is in part controlled by 
oxygen fugacity. Our merrilite activity calculations 
have been conducted with the assumption (as pre-
scribed by [15]) that ideal mixing occurs on the three 
Ca2+ cation sites in its structure. In a similar manner, 
the activities of the apatite end-members have been 
calculated assuming ideal mixing on the five Ca2+ cati-
on-sites, as well as on the F, Cl, OH anion site of the 
structure.  Oxygen fugacity values used in the calcula-
tions are taken from [11,12].  

Results: Apatite in NWA 6234 is halogen rich with 
up to 1.9wt% F and 3.4wt% Cl. Based on the halogen 
content and apatite stoichiometry, the apatite has up to 
0.6sfu OH component. The volatile data show that 
apatites in NWA 6234 range from Cl-rich to OH-F rich 
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members (Fig. 2a). The OH-F contents of the apatites 
in NWA6234 are among the highest values measured 
for any martian meteorite.  

The distribution of the proportions of OH, F and Cl 
in apatite in NWA 6234 (Fig. 2a) is indicative of a 
fractional crystallization trend rather than a degassing 
trend because degassing strongly decreases the water 
to halogen ratio in apatites as well as increases their 
F:Cl ratio [16-18]. Degassing should presumably affect 
both the F/Cl and F/OH fugacity ratios, because mag-
matic degassing typically causes preferential chlorine 
and water loss, whereas fluorine tends to stay dissolved 
in the silicate melt [19,20]. For a degassed magma, 
chlorine and water are expected to display a wide 
spread in Cl-, and OH-fugacities. However, from Fig. 
2b it is evident that for NWA 6234 Δlogf(Cl2)QFM and 
Δlogf(H2O)QFM are relative constant. 

Discussion and Implications: Apatites in 
NWA6234 are unique and can serve as pristine proxies 
for its un-degassed parental magma and therefore the 
source region [10]. The analyses of the volatiles data in 
apatite and the observations about the relative volatile 
fugacity ratios allow us to draw three important con-
clusions: 1) based on the higher volatile fugacity ratios 
of NWA 6234 compared to other martian samples, the 
actual content of fluorine, chlorine and water of the 
martian mantle, parental to SNC meteorites, is higher 
than previously thought. 2) The fact that Δlogf(Cl2)F2 
and  Δlogf(H2O)F2 of NWA 6234 and the terrestrial 
samples follow the same trend and overlap significant-
ly (Fig. 3) means that the ratio of f(Cl2) to f(H2O) is 
broadly the same in the source region parental to NWA 
6234 and the terrestrial samples. Therefore, if the mar-
tian mantle is enriched in F and Cl compared to the 
terrestrial mantle, it also has to be enriched in water. 
Conversely, if the mantle is depleted in water com-
pared with the terrestrial mantle, it would have to be 
depleted in F and Cl as well.  3) The relative volatile 
fugacity ratios of NWA 6234 are very similar to the 
terrestrial mantle but the actual content of fluorine, 
chlorine, and water of the martian mantle could be an 
order of magnitude lower and still show the same fu-
gacity ratio relationship. 

NWA 6234 is, like most SNC meteorites, saturated 
with merrillite, while most terrestrial basalts do not 
contain merrillite, instead only contain apatite. There-
fore, we conclude that the phosphorous activity (and 
concentration) in NWA 6234 must have been higher 
than typical terrestrial basalts in order to be saturated 
with merrillite. Further, the halogen and water activi-
ties (and thus concentrations) must be lower in NWA 
6234 compared to terrestrial basalts, in order for apa-
tite to crystallize after merrillite. Terrestrial basaltic 
magmas typically have H2O contents ranging from 
1,000ppm in MORBs to 20,000ppm in basaltic mag-
mas from subduction zones [e.g., 21-23], and contain 
apatite instead of merrillite. That means, that the mar-
tian mantle source region for NWA 6234 has less than 
or equal to MORB mantle volatile contents. This is a 
similar but slightly lower value than a recent estimate 
for Shergotty and QUE 94201 [5]. 
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Fig. 3: Chlorine and water fugacities relationship normalized to 
fluorine fugacities (after [15]). NWA 6234 overlaps significantly 
with terrestrial samples and has the most primitive fugacities. Grey 
arrow indicates positive sloping trend. 

 
Fig. 2: a) X-site occupancy (mol%) in apatite shows the proportions 
of Cl, F, and OH in apatite grains. The blue arrow indicates a degas-
sing trend. b) Relative chlorine and water fugacity relationship. 
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