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INTRODUCTION

The fall of the Tatahouine meteorite was observed in 1931
(Lacroix 1931). It has recently attracted attention due to the
presence of terrestrial nanobacteria associated with carbonates
(Barrat et al. 1998; Barrat et al. 1999; Gillet et al. 2000a). This
meteorite was classified as a diogenite based on mineralogical
(Lacroix 1932) and isotopic (Clayton and Mayeda 1996) argu-
ments. Diogenites are orthopyroxenite cumulates believed to
have originated from asteroid 4-Vesta during an extensive mag-
matic event at 4.6 b.y. (e.g., Drake 1979; Binzel and Xu 1993;
Warren 1997; Lugmair and Shukolyukov 1998). Only 25 such
meteorites have been identified to date. Such objects provide
unique observations of magmatic and impact events in the early
solar system and thus deserve careful investigation.

Orthopyroxene has been widely investigated in Tatahouine
(e.g., Lacroix 1932; Mittlefehldt 1994). Because reactions due
to shock occurred after the magmatic processes ceased, the
characterization of other constituent phases could help to de-
termine the shock conditions of the meteorite. A study of ac-
cessory minerals that formed in situ in Tatahouine, is thus
needed to obtain more precise information on the thermal his-
tory of the meteorite, as some minerals are better markers of
pressure and temperature conditions than orthopyroxene. In this
paper, we present a mineralogical study of new mineralogical
characteristics of the Tatahouine diogenite.

EXPERIMENTAL TECHNIQUES

Polished thin slices of the Tatahouine meteorite were pre-
pared from a hand specimen of the Tatahouine meteorite col-
lected in 1994 by A. Carion. Additional petrographic
observations documenting mosaicism in orthopyroxenes were
performed on petrographic thin sections of the meteorite
(sample no. 1643) supplied by the Museum National d’Histoire
Naturelle de Paris.

For the scanning electron microscope (SEM) observations
and X-ray energy dispersive spectrometry (EDS) chemical
analyses, thin sections were carbon-coated using a Baltec modu-
lar high-vacuum coating system MED020. Operating condi-
tions of the JEOL JSM6301-F microscope were 20 kV
accelerating voltage and a sample-to-objective working distance
of about 15 mm.

Transmission electron microscopy (TEM) samples were
prepared from petrographic thin sections of orthopyroxene crys-
tals displaying mosaicism (see below). Several petrographic
thin slides removed from the sections were mounted on Cu
grids, then thinned by an argon-ion beam in a Gatan PIPS ion
mill operated at 3 kV and 10 on each gun, and finally coated
with a thin film of carbon to prevent charging. The samples
were studied with a JEOL 2000 EX transmission electron mi-
croscope operating at 200 kV and equipped with a Tracor-North-
ern TN 5400 FX energy-dispersive X-ray analyzer. EDS
analyses were obtained in scanning transmission mode with a
relatively large probe of about 100 nm.* E-mail: benzerar@lmcp.jussieu.fr
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ABSTRACT

The mineralogy of the Tatahouine diogenite was investigated by optical microscopy, Raman
micro-spectrometry, and scanning and transmission electron microscopies. Inclusions of -cristobalite
in orthopyroxenes, locally in symplectic association with chromites, or associated with metal, have
been characterized for the first time in a diogenite. Mosaicism of the orthopyroxenes indicates shock
effects in the meteorite. The shock history of the meteorite must be consistent with the presence of
vein-like structures containing inclusions of well-crystallized cristobalite, a low-pressure, high-tem-
perature phase. Several possible mechanisms to account for these observations are discussed. The
simplest one, consistent with all observations, is that a shock event would have occurred in a hot
orthopyroxenite, either before extensive cooling of the asteroid, or in materials heated by previous
impacts and maintained hot under an ejecta blanket.
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Micro Raman spectra were recorded with a Dilor XY spec-
trometer equipped with confocal optics and a nitrogen-cooled
CCD detector. A microscope was used to focus the excitation
laser beam (514 nm exciting the line of a Spectra Physics Ar+

laser) to a 5 m spot and to collect the Raman signal in the
backscattered direction. Accumulations lasting from 120 to 300
seconds were made. The laser power on the sample was very
small, from 2 to 50 mW, to avoid heat absorption and transfor-
mation of the minerals (Gillet et al. 2000b).

MINERALOGICAL OBSERVATIONS

According to previous descriptions (e.g., Lacroix 1931,
1932; Gooley and Moore 1976; Barrat et al. 1999), the
Tatahouine diogenite is a green to light olive-gray shocked
orthopyroxenite, consisting mostly of unbrecciated ortho-
pyroxene crystals with fractures and dark bands (up to 2 mm
wide) running through the material. Its texture is similar to that
of some terrestrial igneous cumulates (adcumulates). The sizes
of the pyroxene crystals are exceptional. Most of them are larger
than 5 mm, and some crystals (locally subhedral) can reach 2
cm. Thin chromite patches (<3 mm in diameter) are commonly
observed on clast surfaces. These patches were erroneously
identified as “melted orthopyroxene” by Lacroix (1931, 1932).

Most orthopyroxene crystals have a mosaic appearance at
extinction under a polarizing microscope (Fig. 1). Diagnostic
criteria for the identification of this feature were presented by
Stöffler et al. (1991) and are systematically observed in the
Tatahouine meteorite. The single crystals display numerous
domains that differ from each other in their extinction posi-
tions by more than 3. Several crystals no longer exhibit a po-
sition of maximum extinction. Indeed, the mosaic domains (<1
m in size) being smaller than the thickness of the thin section,
are superimposed. Although Stöffler et al. (1991) noticed that
the intensity of mosaicism is difficult to quantify optically in
thin sections, we notice that the strong average misorientation

between domains and the small size of the different domains
that we observe in Tatahouine are of the same order-of-magni-
tude as that observed in the strongly shocked meteorite
Alfianello (shock stage S5, Rubin et al. 1997). This suggests
that the mosaicism in Tatahouine can be considered as strong.

The compositions of the pyroxenes are uniform and cluster
around Wo1.5En75.0Fs23.5 (Fredriksson et al. 1976; Mittlefehldt
1994; Fowler et al. 1994; Barrat et al. 1999). The 18 Å spacing
of the (100) planes (see the electron diffraction pattern in Fig.
2) confirms that the Tatahouine pyroxene is mainly the orthor-
hombic polymorph. Planar defects on (100) with heterogeneous
distribution among different grains can be observed by TEM
(Fig. 2) and have been previously documented by Nord and
Hewins (1983). Similar defects have been studied extensively
in pyroxenes by TEM (e.g., Buseck et al. 1980; Doukhan et al.
1986) and correspond to lamellae of clinopyroxene (P21/c).
Densities of lamellae were found to be as high as 70 lamellae/
m in some grains (Fig. 2), whereas they are missing in other
grains.

Various types of inclusions in orthopyroxene crystals were

FIGURE 1. Optical micrograph showing planar fractures and the
strong mosaicism in a Tatahouine orthopyroxene single crystal.
Transmitted light, crossed polars. Some areas still assume an extinction
position, whereas the major part of this single crystal shows a distinctly
mottled appearance with no extinction position.

FIGURE 2. (a) Transmission electron microscope image of the
Tatahouine orthopyroxene ([010] zone axis) containing putative
clinopyroxene lamellae. Lattice fringes are parallel to (100). 18 Å
repeats correspond to orthopyroxene. (b) SAED pattern of the same
area in the same orientation. Notice the streaking in the [100]* induced
by the high density of clinoenstatite lamellae. This pattern together
with other patterns collected is consistent with orthopyroxene (space
group Pbca, a = 18.2 Å, b = 8.8 Å, c = 5.2 Å ).
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identified by SEM backscattered electron (BSE) imaging (Fig.
3). They were previously described as “glassy inclusions” by
Lacroix (1931, 1932). The most abundant are single-phase and
composed of silica. Other inclusions are composite and may
contain silica, chromite, metal (Fe 98%, Ni + Co 2%), and troi-
lite in any combination. Silica and chromite locally form
symplectitic intergrowths (Fig. 4). All the inclusions (<6% of
the volume) are either elongated or resemble aligned droplets
(Fig. 3), arranged in non-crystallographic planar arrays. They
do not appear to define the borders of former anhedral pyrox-
ene grains and no specifically high densities of inclusions can
be observed near the margins of pyroxene crystals. In all cases,
the silica phase was characterized by both micro-Raman spec-
troscopy (Fig. 5) and TEM (Fig. 6) and corresponds to well-
crystallized cristobalite.

Because the silica inclusions embedded in orthopyroxenes
are small, it is important to identify in the Raman spectra the
vibrational bands of silica that would overlap with those of the
orthopyroxene. We have thus recorded the Raman spectra of
orthopyroxene in zones where this mineral was optically pure

FIGURE 3. Backscattered electron image showing inclusions
elongated along two major directions in the orthopyroxene host (gray).
Dark silica inclusions (arrow) are numerous and associated with bright
chromite and/or metal inclusions.

FIGURE 4. Backscattered electron image showing a symplectic
association of finely intergrown silica (dark) and chromite (light). The
area of symplectic association is embedded in orthopyroxene (gray).

FIGURE 5. Raman spectra of orthopyroxene and cristobalite from
the Tatahouine meteorite. Spectrum A was recorded far from any silica
inclusion. All the peaks are characteristic of orthopyroxene (Sharma
1989). Spectrum B was obtained on a silica inclusion. The peaks at
112, 228, and 417 cm–1 are unambiguously attributed to cristobalite.
Weak peaks (*) due to orthopyroxene surrounding the inclusion are
still present (see spectrum A).

enough to avoid contamination by other minerals (Fig. 5a). The
Raman spectra of the silica inclusions (Fig. 5b) are character-
istic of cristobalite (Palmer et al. 1994) and cannot be attrib-
uted to quartz, coesite, tridymite, or stishovite. The strong bands
at 112, 228, and 417 cm–1 are unambiguously attributed to
cristobalite (Fig. 5b).

The numerous electron diffraction patterns of the inclusions
were also indexed unambiguously as -cristobalite. As
cristobalite was identified prior to and after TEM preparation,
it cannot be the result of an artifact due to ion milling or beam
damage. All the investigated inclusions display (101) planar
defects (Fig. 6). The same defects were previously observed in
-cristobalites from low-pressure environments (e.g., Withers
et al. 1989), but also in shocked materials (Martinez et al. 1993).
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DISCUSSION

The -cristobalite phase results from the inversion of -
cristobalite at about 250 C. Inversion of -cristobalite into -
cristobalite results in numerous (101) planar defects (Withers
et al. 1989), such as those observed in the present study (Fig.
6). -cristobalite is stable between 1470 and 1728 C at a pres-
sure of 1 atm (Frondel 1962). However, -cristobalite can form
metastably at lower temperature by heating glass, tridymite, or
coesite (Rehfeldt et al. 1986; Gillet et al. 1990) at temperatures
exceding 1200 C. Some lower temperatures might even be
invoked for cristobalite formation: Tsuchida and Yagi (1990)
have reported that cristobalite submitted to pressures exceed-
ing 35 GPa transforms into phase XI that transforms back into
cristobalite upon pressure release under ambient temperature.
Moreover, El Goresy et al. (2000) proposed that the cristobalites
observed by TEM in the Shergotty meteorite resulted from the
transformation of post-stishovite phases during ion-milling and
electron irradiation. In the Tatahouine meteorite, however,
cristobalite was observed by Raman spectroscopy prior to ion-
milling preparation. If cristobalite had formed at relatively low
temperature by quenching of a high-pressure silica polymorph,
it would likely have produced a mixture of phases such as those
reported by El Goresy et al. (2000), and this is not the case.
Finally, it should be noted that in shock experiments,
cristobalite, a low-pressure, high-temperature phase, is obvi-
ously not a common product and has difficulties surviving shock
metamorphism. Gratz et al. (1993) have shown that cristobalite
submitted to shock pressures higher than 23 GPa loses its crys-
tallinity. It is therefore of interest to understand why free silica
is present in the form of cristobalite in the Tatahouine meteor-
ite, and how its presence is consistent with indications of strong
shock metamorphism provided mostly by mosaicism in
orthopyroxenes.

Origin of silica inclusions in Tatahouine
A silica polymorph, usually tridymite, is commonly ob-

served in Howardites-Eucrites-Diogenites (HED) meteorites.
For example, silica has been observed in the unshocked
diogenite GRO95555 (Papike et al. 2000), and magmatic
chromite/silica associations were described in Moama, a cu-
mulate eucrite (Lovering 1975). A magmatic origin could thus
be proposed for the cristobalite inclusions in the Tatahouine
orthopyroxenes. However, the commonly observed associations
of silica with chromite, Fe metal or Fe sulfide suggest that silica
originated from post-magmatic thermal destabilization of py-
roxenes, according to several reactions suggested previously
(e.g., Brett 1976; Palme et al. 1988; Papike et al. 1995). For
example, the formation of excess silica could have resulted from
the reduction of Fe from pyroxene according to:

 FeSiO3 = Fe + SiO2 + 0.5O2 (1)

or by the destabilization of Cr-rich pyroxene according to:

2 (Fe,Mg)CrAlSiO6  SiO2 + (Fe,Mg)Cr2O4

+ (Fe,Mg)AlAlSiO6.                (2)

In the present study, we do not observe gradients of Fe or
Cr contents in pyroxene that could substantiate reactions 1 or
2, but such gradients might have been erased by subsequent
thermal annealing. Cristobalite-chromite symplectites, such as
those observed in Tatahouine (Fig. 4), have not been described
in either extraterrestrial or terrestrial orthopyroxenes. Similar
symplectitic textures consisting of magnetite and pyroxene have
already been observed as inclusions in terrestrial and extrater-
restrial olivines. The formation of these symplectitic lamellae
has been a subject of debate but it has been shown that a high
temperature (>900 C) and a slow cooling process are required
(e.g., Kondoh et al. 1985; Champness 1970; Greshake et al.
1998). The term symplectite is, however, of no genetic signifi-
cance and the conditions for the formation of cristobalite-

FIGURE 6. (a) TEM bright-field image of a -cristobalite inclusion
showing planar defects along (101). (b) Diffraction pattern ; d101 = 4.04
Å ; d –

1
–
11 = 3.13 Å ; angle between (101) and (–1–11) is 104. This pattern

together with other patterns collected is consistent with cristobalite
(space group P41212, a = b = 4.97 Å, c = 6.92 Å).

FIGURE 7. Calculated peak-shock (solid lines) and post-shock
temperatures (dotted lines) plotted against the shock pressure for two
initial temperatures (T0 = 0 C for the two lower curves, T0 = 1000 C
for the two upper curves).
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chromite symplectites in the Tatahouine meteorite are thus un-
known. Indeed, Gooley and Moore (1976) and Nord and Hewins
(1983) have previously described the occurrence of metal, troi-
lite, chromite, and silica inclusions associated in non-crystal-
lographic planar arrays in the Tatahouine meteorite (Fig. 3) and
have interpreted them as the result of metamorphism. In that
sense, metamorphism could either be due to the thermal evolu-
tion of the parent body or to shock events.

The fact that many of the cristobalite inclusions occur with-
out apparent associations with other phases should not be taken
as a proof for a magmatic origin and as a point against post-
magmatic metamorphism. Indeed, pyroxenes annealed at high
temperatures but below their melting point have been reported
to exsolve tiny precipitates of either pure silica or a molten
phase enriched in silica (Doukhan et al. 1993).

In summary, cristobalite inclusions observed in the
Tatahouine orthopyroxenes could be of magmatic or of high-
temperature metamorphic origin (parent body thermal history
or shock). Their relationship to the shock event that produced
mosaicism observed in the orthopyroxenes is not clear and is
discussed below.

Shock markers and shock-conditions
The classification of shock stages in enstatite chondrites

(Rubin et al. 1997) provides a way of estimating shock pres-
sures in these meteorites by optical microscopy. This classifi-
cation is of special interest to the present study because it
focuses on shock effects in orthopyroxenes. The strong mosa-
icism displayed by the orthopyroxene, the absence of (Mg-Fe)
majorite, and the absence of evidence for melting in Tatahouine
are typical of shock stage S5 (Rubin et al. 1997), suggesting
that the shock pressure was in the range 25–60 GPa. The lamel-
lae of clinopyroxene observed in the Tatahouine orthopyroxene
may have formed under shock, although they could result from
other processes (e.g., simple cooling). Surprisingly, in this study,
the observed pyroxene grains that exhibit a strong mosaicism
and are thus representative of shock stage 5, do not contain
very high densities of clinopyroxene lamellae (Fig. 2), and those
are barely visible optically. There appears to be some discrep-
ancy between two shock indicators: the strong mosaicism and
the low density of the clinopyroxene lamellae. Coe and Kirby
(1975) demonstrated that clinoenstatite lamellae are removed
by heating of orthopyroxene. One could speculate that most
lamellae generated by the shock event in Tatahouine have been
annealed by elevated post-shock temperatures. In that case,
some or most of the observed lamellae could be of a different
origin than shock. Metamorphism with heterogeneous tempera-
ture conditions such as shock metamorphism could addition-
ally explain the heterogeneous density of lamellae observed
among different grains of pyroxene, as suggested by Rubin et
al. (1997). Nord and Hewins (1983) have previously noted the
heterogeneous density of lamellae in the Tatahouine meteorite
and had interpreted it as the result of post-shock thermal an-
nealing.

In a quasi-monomineralic assemblage such as the Tatahouine
orthopyroxenite, the relationship between shock pressures and
temperatures depends mainly on the initial porosity and on the
initial (pre-shock) temperature. In an orthopyroxenite cumu-

late, however, porosity is negligible. Shock temperatures can
be estimated by integrating the following equation (e.g., Stöffler
1982):

dT
dV

T
V C

V V dP
dV

P P
V

  



      





 1
2 0 0            (3)

in which P is the pressure and V the specific volume (index 0
stands for initial values); T is the temperature along the
Hugoniot,  is the Grüneisen parameter (taken as a constant
value), and CV is the molar heat capacity. Then, the post-shock
temperature is obtained by adiabatic decompression to 1 bar.
Using the Hugoniot equation of state data of the Bushveld py-
roxenite compiled in Stöffler (1982), and the specific heat of
enstatite at 1 bar (Thiéblot et al. 1999), the relationship be-
tween peak-shock temperature, post-shock temperature, and
shock pressure (considering two pre-shock temperatures of 0
and 1000 C, respectively) is given in Figure 7. Sensitivity to
various parameters has been tested by using different measured
Hugoniot curves (of Stillwater pyroxenite, Bamble enstatite,
and Bushveld pyroxenite; compiled in Stöffler 1982). Grüneisen
parameters and specific heat were systematically varied within
20%, which encompass the maximum P and T effects on these
parameters while integrating Equation 2. Whatever the varia-
tion of the different parameters, temperature estimations at a
given pressure are of the same magnitude. A simpler method
for calculating the post-shock temperature, in principle less
exact, based on evaluation of shock residual energies (Gibbons
and Ahrens 1971) has also been used for control, and has given
consistent results.

In shock experiments, quartz and cristobalite completely
amorphize for peak-pressures exceeding 35–40 GPa and 25
GPa, respectively (Zhang and Ong 1993; Gratz et al. 1993;
Richet and Gillet 1997). Moreover, the shock amorphization
of cristobalite begins at 23 GPa, as shown by a lowering of the
refractive index (Gratz et al. 1993). Four possibilities are thus
consistent with the observation of well-crystallized cristobalites
in the Tatahouine meteorite:

(1) Cristobalite formation pre-dated the shock event and the
intensity of the shock event was too low to induce amorphization
(i.e., Pshock < 23 GPa ; Tshock < 80 C, Tpostshock < 30 C). The
strong mosaicism displayed by the orthopyroxene, however,
suggests shock pressures higher than 25 GPa (Rubin et al. 1997).

(2) Another possibility is a metastable, post-shock forma-
tion of cristobalite during a low-pressure and moderate tem-
perature post-shock stage. The shock pressure range deduced
from the shock classification implies a post-shock temperature
range of 35–340 C (Fig. 7). However, the formation of pure
and well-crystallized cristobalite at such low temperatures has
never been reported, although the possible role of back-trans-
formation of post-stishovite, high-pressure phases deserves
further investigation.

(3) A third possibility is that cristobalite formed immedi-
ately after the shock during a low-pressure and high-tempera-
ture (i.e., >1200 C) post-shock stage. In that case, very high
post-shock temperatures would be required to form well-crys-
tallized cristobalite according to well-documented mechanisms.
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To achieve postshock temperatures at zero pressure exceeding
1200 C, unrealistically high shock pressures (>105 GPa) are
needed. It would thus be necessary to invoke highly localized
high temperatures, due to frictional heating, as proposed in
Bischoff and Stöffler (1992), Chen and El Goresy (2000), and
Malavergne et al. (2001). The occurrence of cristobalite in the
Zagami meteorite has been interpreted in this way (Weber et
al. 2000). However, no clear association of the cristobalite dis-
tribution in Tatahouine with either crystal defects in the
orthopyroxenes or grain boundaries marking previous fractures
has been observed.

(4) Finally, it could be proposed that the occurrence of a
relatively low-pressure impact in hot orthopyroxenite could help
to reconcile the intuition of Lacroix (1931, 1932) that the shock
in Tatahouine was associated with textures of partial melting
with relatively low shock pressures, consistent with the absence
of high-pressure polymorphs of pyroxenes. Indeed, a low-pres-
sure shock event (e.g., 35 GPa) in hot orthopyroxenite (an ini-
tial temperature of at least 1000 C is required to reach the
temperature of cristobalite formation during the post-shock
stage in a 35 GPa shock, see Fig. 7) could make reactions 1 and
2 occur without leading to compositional zoning due to the high
post-shock temperatures. Moreover, a low-pressure shock event
could produce crystallization of cristobalites by mechanisms
such as that proposed or re-crystallization of pre-existing
cristobalites, and could possibly result in quite strong mosa-
icism in orthopyroxenes. Shock-wave experiments on preheated
samples would be required to evaluate those possibilities, spe-
cifically whether formation of subgrain boundaries can lead to
mosaicism and whether appropriate densities of lamellae form
upon post-shock cooling. Indeed, the shock metamorphism of
initially hot orthopyroxenes would not be unrealistic because a
high initial temperature could have been achieved if the mate-
rial was heated below an ejecta blanket, resulting from previ-
ous impact(s) (Palme et al. 1988) Alternatively, the impact could
have occurred early after the differentiation of the HED parent
body. The cooling duration of 4-Vesta, the putative parent body,
down to the temperature of isotopic closure for Nd and Sr has
been estimated to be roughly 100 m.y. (Warren et al. 1991).
Such very early shocks have been suggested for other diogenites
and eucrites using radiochronological studies (e.g., Bogard et
al. 1992; Kunz et al. 1995; Yamaguchi et al. 1997). A high pre-
shock temperature has also been proposed for the Johnstown
diogenite based on mineralogical arguments (Mori and Takeda
1981).
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