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Introduction: The shergottite basalts, meteorites of
Martian origin, contain rare small grains (~10-100 µm
diam.) of kaersutite, a Ca-amphibole rich in Al and Ti
[1-3]. Kaersutites have been used to estimate the water
content of shergottites and the Martian mantle [4];
however, questions remain about the original water
content of the amphiboles [5] and if they formed from
magma [6]. We investigated the petrographic settings of
amphiboles in two shergottites and confirm that these
amphiboles occur only in multiphase inclusions in py-
roxene. In fact, kaersutite is found only in pigeonite.
This suggests that the occurrence of amphibole is con-
trolled in part by the composition of its host phase.
Crystallization of host (cognate) pigeonite from a
magmatic inclusion will enrich the remaining melt in
Ca, Al, and Ti, supporting formation of kaersutite.

Samples and Methods: We identified kaersutite
grains in thin sections of the shergottites Zagami (UNM
999) and EETA79001 (,443). Zagami and EETA79001
include several lithologies: UNM 999 is fine-grained
[2], and EETA79001,443 represents the A lithology
(relatively fine-grained and magnesian) [7]. Both sam-
ples contain ~70 % pyroxene grains. Zagami contains
nearly equal proportions of augite (high-Ca) and pi-
geonite (low-Ca) [2], while EETA79001A has three
times more pigeonite than augite [8]. In both shergot-
tites, the pyroxene grains are larger (up to 0.5 mm
across and 1 mm long) than plagioclase (maskelynite),
oxides, sulfides, or Ca-phosphate grains.

Figure 1. Typical amphibole-bearing magmatic inclusion in Zagami
UNM 999. Both images of same inclusion, at same scale (bar is 5
µm.). Pig = pigeonite; Sp = hercynite spinel; Ka = kaersutite. [a]
BSE. Darkest phase is aluminosilicate glass. Bright spots are Fe sul-
fide. [b] Optical, plane polarized light. Inclusion contains two amphi-
bole grains, only one of which is accessible to BSE.

Thin sections were characterized optically at LPI,
noting kaersutite by its color and pleochroism (Fig. 1b).
Using SEM/BSE and EDS (JEOL JSM-5910LV at

Johnson Space Center), we mapped both sections, con-
firmed optical identifications of kaersutite, and qualita-
tively identified the kaersutites’ host pyroxene and
nearby phases (Fig. 1a). Quantitative chemical analyses
were obtained by EMP/WDS (Cameca SX100 at JSC),
using natural and synthetic standards. Chemical compo-
sitions of the kaersutite, other inclusion phases, and
host pyroxenes are consistent with earlier results on
these shergottites (Table 1, [1-3,7-9]).
      Petrography and Mineral Chemistry: Kaersutite
has been reported only in multi-mineral inclusions in
pyroxenes, with variable proportions of silica-rich
glass, hercynite spinel, a Ca-phosphate mineral, mag-
netite, ilmenite, and an iron sulfide. We concur that
these inclusions are magmatic, i.e., remnants of magma
droplets trapped in growing phenocrysts. We did not
note kaersutite anywhere in Zagami or EETA79001A
except in these inclusions in pyroxene.

Table 1. Chemical Compositions

EETA79001 ,443 EETA

host

pigeonite

(anal. 51)

inclusion

kaers.

(anal.52)

inclusion

glass

(anal. 27)

augite

[7]

79001A

magma [8,9]

SiO2 52.87 36.40 74.41 52.1 49.4
TiO2 0.14 10.11 0.21 0.26 2.0
Al2O3 0.70 14.48 17.66 1.5 7.4
Cr2O3 0.41 0.37 0.05 0.62 0.3
FeO 17.84 15.97 1.42 15.0 18.1
MnO 0.56 0.28 0.09 0.52 0.56
MgO 21.47 7.48 0.46 17.6 12.2
CaO 4.95 10.90 2.03 11.8 9.2
Na2O 0.07 2.03 0.69 0.2 0.8
K2O 0.01 0.11 2.23 0.0 0.07
Sum 99.02 98.13 98.95 99.6 100.03

Analyses by EMP; augite from [7]. EETA79001A magma is
recalculated from groundmass composition Eg of [8]. Esti-
mates: of Cr2O3 from data in [8], of K2O from [9]

We investigated 16 kaersutite-bearing magmatic in-
clusions in the shergottite thin sections. All of these
kaersutite-bearing inclusions were in pigeonite pyrox-
ene (Table 1). One of the kaersutite-bearing inclusions
in Zagami also contained an augite crystal, abutting the
glass and other inclusion phases but otherwise com-
pletely surrounded by pigeonite.
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Table 2. Numbers of kaersutite grains by host pyroxene.

Pigeonite Pigeonite
(w/ augite) Augite Total

Zagami 7 1 0 8
EETA79001 8 0 0 8

The absence of kaersutite-bearing inclusions in
augite is not an artifact of sampling or of inclusion en-
trapment. We obtained element maps of selected areas
in Zagami that included kaersutite-bearing pigeonites to
ensure that our examination had included augite grains.
In the maps, we found sub-equal proportions of pi-
geonite and augite (vis. [2]). The augites contain kaer-
sutite-free multiphase inclusions, similar to the kaersu-
tite-bearing inclusions in pigeonite. Thus, it appears
that kaersutite really does not occur in magmatic inclu-
sions in augite.

Chemical Modeling: Using a possible parental
magma composition for Zagami UNM 999 [13], we
attempted to model formation of amphibole in the sher-
gottites using the MELTS model of basalt phase
equilibria [10]. Our effort was not successful.

The MELTS model permits crystallization of am-
phibole only under unusual conditions. With the chosen
parent magma, amphibole did not appear on the liq-
uidus at low or high pressure (to 2 kbar) and at anhy-
drous to hydrous conditions (2.0 wt%, [4,11]). Amphi-
bole appeared as a liquidus phase only when all other
solids are suppressed. MELTS    is     capable of predicting
equilibrium crystallization of amphibole crystallization
for suitable bulk compositions, e.g. camptonite [12].

Several factors may contribute to the inability of
MELTS to model formation of shergottite amphiboles.
First, the amphibole in MELTS (an average horn-
blende) may not be an appropriate thermochemical sub-
stitute for the kaersutites in shergottites. Second,
MELTS is designed for equilibrium processes, and
crystallization of the magmatic inclusions is clearly at
disequilibrium (e.g., absence of plagioclase, near ab-
sence of augite in inclusions in pigeonite). Finally, the
MELTS database may not include the highly calcic,
aluminous, and titanian liquids likely in the melt inclu-
sions in pigeonite.   

Discussion: We find that in the shergottites (at least
in Zagami and EETA 79001A), kaersutite amphibole
occurs only in multiphase magmatic (i.e., melt) inclu-
sions in pigeonite. None were found in augite pyroxene,
and none have been reported elsewhere in the shergot-
tites, e.g., as phenocrysts, in the mesostasis [2], or in
melt inclusions, feldspar or Ca-phosphate [2,13].

The restriction of kaersutite to inclusions in pi-
geonite suggests that the magmas in them are different
from magmas elsewhere in the shergottites: the bulk
magma (i.e., mesostasis) and the magma trapped in

melt inclusions in other minerals. One can consider
differences in the volatile contents of the melts (i.e.,
H2O, Cl, F) and differences in non-volatile components.

It has been inferred that the kaersutite in the sher-
gottites implies water-rich magmas (i.e., 2% H2O by
weight) and water loss during ascent to the Martian
surface [4,11,14]. The inclusions in pigeonite could
have been trapped while the magma was still wet, and
inclusions in other phases were trapped after water loss.
However, the core pigeonites and augites appear to be
contemporaneous [2,13,15], and kaersutite can grow
with little water [16,17].

Kaersutite formation should be favored in bulk melt
compositions rich in Ca, Al, and Ti. Magma included in
pigeonite will evolve to these enrichments – pigeonite
contains less of these elements than the magma, Table
1. Magma included in augite will not become enriched
Ca, because augite contains more CaO than the magma
(Table 1), and mesostasis magma will have its Ca and
Al content buffered by plagioclase. Thus, our results
suggest that the non-volatile composition of magma
plays a crucial role in permitting the formation of am-
phibole. In the presence of minerals rich in Ca and/or
Al, shergottite melt will not evolve to permit formation
of kaersutite. Our results do not refute the importance
of water (or other volatiles) in kaersutite formation but
imply that other factors are also crucial.
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