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Introduction: Magmatic volatiles (e.g., H2O, CO2, 

S, F, Cl, etc.) strongly influence igneous phase equilib-
ria, eruptive behavior, atmospheric composition and, 
indirectly, climate. Several lines of evidence suggest 
that Mars is rich in chlorine and sulfur relative to Earth 
[1-2]. However, magmatic volatile abundances and 
their effects on magmatic processes on Mars remain 
unclear [3-5]. We report measurements of Cl, F, H, and 
S from SNC apatites in an effort to constrain the vola-
tile abundances of martian magmas. 

Methods: We measured the abundances of Cl, F, H 
(reported as H2O), and S in 23 apatite grains from 3 
basaltic shergottites (JaH 479, NWA 856, and NWA 
2986), 1 lherzolitic shergottite (NWA 1950), and 1 na-
khlite (NWA 998) by SIMS using the Cameca 7f at 
Caltech. We also measured these same elements in 3 
apatite grains from the basaltic shergottite Shergotty 
and 3 grains in the chassignite NWA 2737 using Cal-
tech’s NanoSIMS. The NanoSIMS was also used to 
generate elemental images of 5 grains (some that have 
spot analyses, and some that do not) from 1 basaltic 
shergottite (JaH 479) and 1 olivine-phyric shergottite 
(NWA 6710) in order to determine the homogeneity of 
apatite grains. We used 4 independently analyzed natu-
ral apatites (provided by F. McCubbin and colleagues) 
and synthetic fluorapatite and chlorapatite as standards. 
Another natural apatite was used as an intralaboratory 
standard. All spot analyses were made after making 
secondary ion images of carbon (typically associated 
with contaminants) to identify and avoid cracks. Addi-
tionally, the cracks were analyzed and compared to 
nominally crack-free sampes to better recognize sample 
measurements that accidentally included cryptic crack-
associated contaminants. Finally, we rejected any anal-
yses in which measured H, Cl, and F summed to signif-
icantly greater than 1 atom per formula unit (i.e., were 
greater than possible in stoichiometric apatite). Fifteen 
analyses were rejected for one or more of these reasons. 

Results: An example of the NanoSIMS images is 
shown in Figure 1, and all spot analyses are displayed 
in Figures 2 and 3.  

H2O: Our new measurements of H2O contents of 
SNC apatites are similar to previous data, but the in-
creased amount of data now available sheds light on 
systematic variations in H2O abundance by rock type 
(Figure 2). Apatites from the 4 basaltic shergottites 
measured here have 3180-8960 ppm H2O (literature 
data are 1800-6400 ppm [6-7]). Apatites from the lher-
zolitic shergottite contain 750-2840 ppm H2O; the only 

other measurement of H2O in apatite from a lherzolitic 
shergottite is 4300 ppm [8]. Apatites from the nakhlite 
included in our study have 690-1110 ppm H2O; we are 
not aware of any other measurements of H2O in apatite 
from nakhlites. Apatites from the chassignite contain 
1220-2490 ppm H2O; a previous study reports 2130 
ppm for apatite from Chassigny [9]. Apatites from ALH 
84001 contain 800 ppm [7] and 2210 ppm [9]. 

 

       
Figure 1. SEM image on the left and NanoSIMS image for S on the 
right of a region of an apatite from basaltic shergottite JaH 479. 
The spot analysis for this apatite was not performed on this region, 
but on a similar (yet larger), uncracked region nearby. 

 
Cl and F: Cl and F measurements from this study 

agree with previous observations that SNC apatites 
have more Cl and less F than terrestrial igneous apatites 
(Figure 2). 

 

 
Figure 2. Apatite compositions from this study compared to terres-
trial, igneous, mafic apatites. Data on terrestrial apatites come from 
GEOROC. 

 
S: Sulfur in SNC apatites ranges from the detection 

limit (theoretically <10 ppm) to 2230 ppm; the few pre-
vious measurements range from 40 to 800 ppm [9-12]. 
As with H2O, S abundances are lower in apatites from 
the lherzolitic shergottite, nakhlite, and chassignite than 
in those from the basaltic shergottites (Figure 3). Figure 
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1 illustrates an example of the distribution of S in SNC 
apatite grains. It should be noted that the Cl, F, and H 
images do not illustrate any obvious zonation. 
 

 
Figure 3. Data for sulfur in apatites from this study compared to 
published SNC data and terrestrial data.  Red circles are from this 
study, grey triangles are previous SNC data, the histogram summa-
rizes data for apatites from terrestrial mafic igneous rocks. 

 
Discussion: Apatites in basaltic shergottites span a 

range of H2O contents similar to those from terrestrial 
mafic igneous rocks but are systematically enriched in 
H2O relative to those from other SNC lithologies, all of 
which are cumulates (Figure 2). The higher H2O con-
tents of apatites from basaltic shergottites relative to 
other SNC rock types have several possible explana-
tions, including higher water contents of their parent 
liquids; different extents of crystallization of the 
groundmass (or intercumulus melt) prior to apatite crys-
tallization; or different degassing histories in extrusive 
or hypabyssal rocks compared to deeper intrustive 
rocks. Perhaps, slow cooling of deeper rocks permits 
redistribution of H2O (although it is important to note 
that low-H2O apatites in the SNC’s are not accompa-
nied by high F; a phenomenon observed in terrestrial 
apatites associated with loss of volatiles). If the H2O 
contents of apatites faithfully record the relative H2O 
contents of their parent magmas (but see [13] for possi-
ble complexities), the similarities between apatites in 
basaltic shergottites and terrestrial basalts could signify 
similar water contents in the sources of basalts on these 
two planets. 

The high S contents in some of the basaltic sher-
gottites are distinctive; these apatites are richer in S (by 
up to a factor of 3) than terrestrial basaltic apatites 
(Figure 3).  

SNC apatites with the highest S contents are only 
found in basaltic shergottites, which could be a result of 
either higher oxygen fugacities (i.e., because high ƒO2 
supports high concentrations of sulfate, which is 
thought to be more compatible in apatite than reduced 
sulfur) or higher S abundances in their parent magmas. 
Of the basaltic shergottites from this study, we are only 

aware of oxygen fugacities reported for Shergotty; -1.6 
(using Eu anomalies in augite cores [14]), -1.17 (using 
Fe-Ti oxides [15]) and -0.92 (using the QUIlF model 
[15]) ΔFMQ. An ƒO2 of -1 ΔFMQ approaches the low-
er limit at which sulfate may be present in significant 
amounts. Because crystallization tends to increase ƒO2 
in the residual melt, and apatite is a late-stage crystalli-
zation phase, apatite may be crystallizing at a slightly 
higher ƒO2 than determinations for the bulk rock. The 
other basaltic shergottites in this study are all enriched 
in incompatible elements, which, for the shergottites, is 
positively correlated with oxygen fugacity [16]. Thus, 
the other basaltic shergottites examined in this study 
were also plausibly high enough in ƒO2 to support high 
dissolved sulfate contents. 
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