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Introduction: Volatiles play a critical role in mag-

matic systems by controlling many physiochemical 

processes such as thermal stabilities of minerals and 

melts, melt density and viscosity, magma eruptive 

processes, and transport of economically important 

metals. Three common volatiles in terrestrial magmas 

are water, fluorine, and chlorine, and the geologic lit-

erature contains extensive information concerning the 

effects of these volatiles in magmatic systems [1-12].  

Mars is believed to be more volatile-rich than the 

Earth [13], so understanding magmatic volatiles and 

the role they play is vital to the understanding of mar-

tian magmatic processes. Evidence for the pervasive-

ness of volatiles in Martian magmas is preserved in a 

number of geologic contexts ranging from the rocks 

and soils on the martian surface as analyzed by the 

MER Rovers (small-scale) and Odyssey Global Sur-

veyor (global-scale) to the volatile-bearing mineral 

phases present in the SNC meteorites. 

We focus here on the volatile history of the Chas-

signy dunite as told by the volatile-bearing mineral 

phases in the dunite. We will primarily focus on the 

volatiles water, fluorine, and chlorine because all three 

have been reported within the dunite [14-18, 20-26], 

and all three play important and diverse roles in mag-

matic and hydrothermal systems. The Chassigny mar-

tian meteorite is a dunite with cumulus olivine and 

spinel, and intercumulus pyroxene, maskelynite, apa-

tite, sulfides, and minor shocked quartz [17, 21, 22]. 

Olivine-hosted polyphase “melt” inclusions contain 

augite, low-Ca pyroxene, kaersutite, pyrrhotite, chro-

mite, pentlandite, Ti-biotite, apatite, maskelynite, il-

menite, and minor shocked quartz [14-18, 20-28, 34]. 

The Chassigny meteorite has been extensively studied 

[14-18, 20-28, 34] and has provided important infor-

mation on late-stage volatile behavior and inferences 

about large-scale magmatic and hydrothermal proc-

esses on Mars.  

Mineral phases:.Apatite is found in both melt in-

clusion and interstitial regions within the Chassigny 

meteorite.  Its ubiquitous presence and its ability to 

sequester volatiles such as F, Cl and H2O make it 

uniquely suited for assessment of volatile history.  Its 

composition however, is not strongly affected by either 

temperature or melt composition and therefore it can 

provide little information on the stage at which it was 

formed.  However it is commonly found as inclusions 

within maskelynite which can record crystallization 

history. Taken together invaluable information can be 

learned about late stage magmatic evolution.  

Maskelynite: Maskelynite occurs both in the re-

gions interstitial to cumulus olivine grains, and within 

the olivine-hosted polyphase melt inclusions. There are 

compositional differences between the two textural po 

pulations of maskelynite (Fig. 1a,b).  

 

 
Fig. 1 Ternary plot of (a) interstitial and (b) melt inclusion 

maskelynite and alkali-maskelynite (small squares). Isother-

mal solvus sections were calculated for 800oC and 600oC at 

5 kbar using SOLVCALC [29] and the thermodynamic 

model of [30]. This method was also used to compute the 

temperatures of two-feldspar pairs (solid tie-lines) when 

found. The dashed tie-lines were constructed from a single 
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feldspar glass to show a possible pair. The heavy green lines 

indicate possible feldspar evolutionary paths in each region 

with dropping temperature based on the compositions ana-

lyzed.  

Interstitial maskelynites have significant ternary 

feldspar component and follow a high-temperature 

evolutionary path (Fig. 2a). This high temperature path 

differs distinctly from the evolutionary path of feldspar 

glass within the melt inclusions (Fig. 2b). Figure 2b 

shows the less ternary nature of the melt-inclusion feld-

spars. Their compositions extend to subsolidus tem-

peratures with evidence of fluid-mediated re-

equilibration.  

Both populations of maskelynite contain measur-

able H2O with the melt-inclusion maskelynite com-

monly having more H2O than interstitial maskelynite 

[15]. Melt inclusion maskelynites also have high Cl-

contents (up to 1.26 wt.% Cl). 

Apatite: The Chassigny meteorite contains two distinct 

populations of apatite. Within melt inclusions, the apa-

tite is fluor-rich, while that of the interstitial regions 

has distinctly higher Cl contents (Fig. 2). Both regions 

have low OH
-
 contents consistent with ion-probe meas-

urements of [15]. 

Discussion: The feldspar glass evolution within the 

melt inclusions suggests nearly closed system condi-

tions 
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 Fig. 2 Ternary plot of the X-site components of interstitial 

and melt-inclusion apatite within the Chassigny meteorite.  
 

that involved fluid saturation and retention of this fluid 

to subsolidus conditions. This is further consistent with 

the observation that compositionally evolved, low-

temperature feldspar glass within the melt inclusions is 

commonly Cl- and H2O-rich (i.e. up to 1.26 and 0.32 

wt.% respectively). [20] proposed that these chlorine 

and water contents arise from shock vitrification of 

fluid inclusion-bearing feldspar. Stronger partitioning 

of F into the apatite relative to OH explains the F-rich 

OH-poor nature of the melt inclusion apatite. 

Within the interstitial regions there is little evidence 

of subsolidus fluid-mediated re-equilibration of feld-

spars to low temperatures.  This suggests the possibility 

of open-system processes within the interstitial regions 

of the cumulus pile that involved fluid loss. Impor-

tantly, however, such fluid loss alone cannot explain 

the higher crystallization temperatures of the interstitial 

feldspars, the higher solidus temperatures indicated by 

both two-feldsapr geothermometry and pyroxene crys-

tallization temperatures, or the absence of kaersutite 

and Ti-biotite from the interstitial mineral assemblage. 

Furthermore, fluid loss alone cannot explain the differ-

ences in apatite chemistry that correlate with these dif-

ferent feldspar evolutionary paths.  

Apatite provides a clue to the mechanism that can 

explain these observations.  Using temperature infor-

mation from two-feldspar pairs and minimum tempera-

tures for the stability of subcalcic augite (calculated 

using the QUILF model of [31]), the data of Fig. 2 

were used to constrain the HCl/HF ratio of fluids that 

could have equilibrated with each type of apatite (Fig. 

3).  

 

 
Fig. 3. Variation in mole fraction of Cl in the X-site of F-Cl 

apatite as a function of the fugacity ratio of HCl to HF in a 

coexisting fluid and temperature, as adapted from [32]. Apa-

tite from this study is plotted within respective boxes of ob-

served Cl-component and possible temperatures of crystalli-

zation based on feldspar and pyroxene thermometry. The 

inset box shows possible changes in apatite Cl abundance for 

specific processes (fa) – fluid addition; (fc) – fractional crys-

tallization; (T) – decreasing temperature; and (dg) – de-

gassing. Adopted from [32]. 
 

Although it is not clear when fluids started to ex-

solve from either the interstitial or melt inclusion liq-

uids, Fig. 3 can be used to qualitatively assess Cl vs. F 

contents of the melt. The differences between the two 

populations of apatite suggest the addition of a chlo-

rine-rich (fluorine-poor) fluid to the interstitial regions. 
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Any such added fluid could not have been retained 

within the interstitial regions or there would be evi-

dence of subsolidus re-equilibration of feldspar. Thus, 

a picture emerges of nearly closed system behavior 

with respect to volatiles within the melt inclusions, but 

fluid migration through the cumulus pile via the inter-

stitial regions.  

If a Cl-rich brine (or melt) migrated from hotter, 

deeper levels of the magma body during the magmatic 

stage, it would have a higher Cl content and lower H2O 

content than the fluid with which the overlying melt 

were saturated [9]. Interaction with the cooler overly-

ing melt would result in two primary effects. (1) The 

incoming fluid would lose Cl to the melt and (2) it 

would gain water. In this way, through open-system 

fluid migration, the interstitial regions would become 

more Cl-rich than the evolving melt inclusion melt, 

thereby crystallizing more Cl-rich apatite or inducing 

compositional modification of existing apatite. In addi-

tion, this interstitial melt would become progressively 

dehydrated.  

Dehydration would not only raise the solidus tem-

perature (which may account for the lack of low tem-

perature pyroxenes and low temperature feldspars in 

the interstitial regions), but also stabilize feldspar ear-

lier as the feldspar supression induced by dissolved 

water is diminished. Additionally, the dehydration of 

the interstitial melt would destabilize kaersutite and Ti-

biotite.  

Taken together, open system fluid migration in the 

interstitial regions could explain (1) the early crystalli-

zation of feldspars in the interstitial regions, (2) the 

absence of low-temperature phases, (3) the lack of evi-

dence of fluid retention to subsolidus temperatures in 

the interstitial regions, (4) the differences in apatite 

chemistry between the melt inclusion apatite and the 

interstitial apatite, and (5) the absence of kaersutite and 

Ti-biotite from the interstitial regions. A similar proc-

ess of Cl-rich fluid migration through cumulus layers 

has been called upon for the Stillwater Complex to 

explain an increase in apatite Cl content [32]. 

The problem with kaersutite: The process de-

scribed above requires significant amount of water  in 

the initial trapped melt of the melt inclusion.  Amphi-

bole in general will not crystallize until significant 

volatiles build up in the melt.  Before this stage, high 

Al-Ti clinopyroxene forms [34; McCubbin (unpub-

lished data)]. Analysis of H in amphibole and biotite 

should provide further information about the water 

content within the melt inclusions.  

Kaersutite & Ti-biotite: A large number of tech-

niques have been used to chemically characterize the 

kaersutite of the melt inclusions including electron mi-

croprobe analysis, ion microprobe analysis, and Fe 

micro-XANES analysis [16, 17, 25, 34]. Less is known 

about Ti-biotite because of its scarcity.  The results of 

kaersutite analyses are shown in Table 1.  As seen in 

Table 1, SIMS analysis of H [26] in the kaersutite 

yielded unexpectedly low water contents (0.1-0.2 

wt%). 

 

 

 

Oxide [17] [34] [16] 
This 

Study 

SiO2 39.49 38.90 41.60 40.88 

TiO2 7.00 7.11 6.70 6.71 

Al2O3 14.22 15.06 12.70 12.47 

Cr2O3 n.d. 0.20 0.68 0.80 

FeO* 9.95 9.84 9.31 8.99 

Fe2O3* 0.39 0.38 0.36 0.35 

MgO 11.53 11.05 12.60 11.92 

CaO 11.80 11.58 11.00 11.15 

Na2O 2.99 2.99 2.64 3.00 

K2O 0.33 0.22 0.27 0.33 

MnO 0.17 0.22 0.21 0.20 

F 0.50 0.50
[17]

 0.50
[17]

 0.31 

Cl 0.10 0.10
[17]

 0.10
[17]

 0.11 

OH 0.38
[25]

 0.38
[25]

 0.38
[25]

 0.38
[25]

 

-O =F+Cl+OH -0.80 -0.80 -0.80 -0.65 

Total 98.05 97.73 98.25 96.95 
*The ferrous ferric ratio of [34] was used to calculate the 

FeO and Fe2O3 content from measured total FeO for all 

analyses.  
 

 

Before the SIMS analyses can be used as reliable 

indications of water content and used to point to poten-

tial problems with a fluid-rich late-stage history for the 

Chassigny meteorite, the amphibole structural formulae 

must be checked for internal consistency with the vari-

ety of data available. Structural formulae for each of 

the analyses of Table 1 were calculated by normalizing 

the anions to 24. This normalization scheme is useable 

here because of the well known O(3)-site occupancy 

(i.e. F+Cl+OH+O = 2). It is assumed in these computa-

tions that the O(3)-site is stoichiometric and that all 

sites not occupied by F
-
, Cl

-
, or OH

-
 are occupied by 

O
2-

. The calculated structural formulae are presented in 

Table 2. 

All of the kaersutite structural formulae from Table 

2 are problematic. Three of the four have an over-

populated A-site, and all have unreasonably high 

amounts of Ca in the A-site. Additionally, they all sug 

gest more primary magmatic oxy-component than ever 

Table 1. Chassigny kaersutite analyses measured by 

electron-microprobe from [17, 34, 16], and this study.  
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been reported or produced experimentally by the Ti-O 

coupled substitution mechanism [33, 35]. Rendering  t- 
 

 

 

 

 

 
 

 

Atomic 

Sites 
[17] [34] [16] 

This 

Study 

Si
T
 6.00 5.93 6.26 6.25 

Al
T
 2.00 2.07 1.74 1.75 

Total
T
 8.00 8.00 8.00 8.00 

Al
M1-3

 0.55 0.63 0.50 0.50 

Ti
M1-3

 0.80 0.81 0.76 0.77 

Cr
M1-3

 n.d. 0.02 0.08 0.10 

Fe
M1-3

 1.02 1.00 0.81 0.89 

Mg
M1-3

 2.61 2.51 2.82 2.71 

Mn
M1-3

 0.02 0.03 0.03 0.03 

Total
M1-3

 5.00 5.00 5.00 5.00 

Fe
M4

 0.28 0.29 0.40 0.29 

Ca
M4

 1.72 1.71 1.60 1.71 

Total
M4

 2.00 2.00 2.00 2.00 

Ca
A
 0.20 0.18 0.17 0.12 

Na
A
 0.88 0.88 0.77 0.89 

K
A
 0.06 0.04 0.05 0.06 

Total
A
 1.15 1.10 0.99 1.08 

F
O(3)

 0.24 0.24 0.24 0.15 

Cl
O(3)

 0.03 0.03 0.03 0.03 

OH
O(3)

 0.19 0.19 0.19 0.19 

O
O(3)

 1.54 1.54 1.54 1.63 

Total
O(3)

 2.00 2.00 2.00 2.00 
 

hese analyses internally consistent with crystal chemi-

cal constraints requires (i) a higher concentration of 

monovalent anions within the O(3) site to decrease the 

apparent amount of O
2- 

in O(3), (ii) a higher concentra-

tion of Fe
3+

 in the M(1-4) sites to diminish the effects 

of the extra negative charge imposed by O
2-

, or (iii) a 

combination of both. 
These inconsistencies suggest that either analytical 

problems have affected the reliability of some of the 
data or that the Chassigny kaersutite is not currently 
representative of its chemical state at the time of 
crystallization.  

At the time of crystallization there was most likely 

no primary A-site Ca. In order to reduce the amount of 

A-site Ca to zero, there must be at least (i) 0.59-0.85 

wt.% H2O in the kaersutite if the measured Fe
3+

 values 

are accurate or (ii) 38-49% Fe
3+

/∑Fetotal in the kaer-

sutite if the low H2O values are accurate.  

It is more likely that higher water contents in the 

Chassigny kaersutite are required because amphibole in 

general will not crystallize until enough volatiles build-

up in the melt to fill ~68% of the O(3) site with mono-

valent anions [33]. Additionally, the estimated oxygen 

fugacity for the Chassigny melt inclusions is ~2.5 log 

units below FMQ [22], which may be too reducing to 

produce a kaersutite with 38-49% Fe
3+

. Lastly the 

measured H2O content differs to a lesser extent from 

the above calculated value than the measured Fe
3+

 from 

the respective calculated value. Analyses are currently 

being conducted to address these issues definitively.  

Concluding Remarks: If the magmatic and hydro-

thermal processes that governed the formation of the 

Chassigny dunite are typical for martian magmatism, 

Mars may have a high affinity for PGE deposits. Many 

terrestrial PGE deposits were formed from large mag-

matic intrusions through the same fluid-processes that 

we propose here for the Chassigny dunite. This will 

have large implications for the utilization of natural 

resources within our solar system in the distant future.  
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Table 2. Structural formulae for kaersutite analyses of 

Table 1. Structural formulae calculated based on nor-

malization to 24 anions and assuming a full O(3) site; 

this includes the assumption that all space in O(3) not 

occupied by F
-
, Cl

-
, or OH

-
 is occupied by O

2-
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