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A Monoclinic Post-Stishovite
Polymorph of Silica in the
Shergotty Meteorite

Ahmed El Goresy,'* Leonid Dubrovinsky,? Thomas G. Sharp,?
Surendra K. Saxena,? Ming Chen*

A post-stishovite phase of silica was identified in the Shergotty meteorite by
x-ray diffraction and field emission scanning electron microscopy. The diffrac-
tion pattern revealed a monoclinic lattice, similar to the baddeleyite-structured
polymorph with the cell parameters a = 4.375(1) angstroms, b = 4.584(1)
angstroms, ¢ = 4.708(1) angstroms, B= 99.97(3), p = 4.30(2) grams per cubic
centimeter, where the numbers in parentheses are the maximum deviations.
Transmission electron microscopy investigations indicate the presence of the
a-lead dioxide-like polymorph, stishovite, and secondary cristobalite in the
same silica grain. The mixture of high-density polymorphs suggests that several
post-stishovite phases were formed during the shock event on the Shergotty

parent body.

Silica (SiO,) is one of the primary components
of Earth. Based on the chondritic model, SiO,
makes up 50 weight percent (wt %) of Earth’s
bulk. This raises the question of the presence of
free silica polymorphs in Earth’s mantle. Al-
though it is generally accepted that the SiO,
component of Earth’s lower mantle occurs as
(Mg, Fe)SiO,-perovskite, experimental evi-
dence for the breakdown of perovskite at about
80 GPa (1, 2) suggests that free silica may exist
in the lower mantle. Silicon is tetrahedrally
coordinated by oxygen in low-pressure SiO,
polymorphs quartz, tridymite, and cristobalite,
and in its high-pressure polymorph, coesite. It is
coordinated by six oxygens in the high-pressure
SiO, polymorph stishovite. The synthesis of
stishovite (3) and its subsequent discovery in
naturally shocked rocks (4, 5) has ignited the
interest in shock metamorphism by providing
an index mineral, in addition to coesite, that can
be used as proof of exogenic metamorphic
events (4-8). Possible polymorphs of silica
denser than stishovite (post-stishovite) are also
important for understanding the dynamic histo-
ry of shocked rocks in terrestrial impact craters
because they could serve as indicators of higher
shock pressure. Additional constraints on the
shock pressures experienced by meteorites are
important to unravel the impact records of as-
teroids and planets in the early history of the
solar system.

High-pressure diamond anvil cell experi-
ments and theoretical calculations revealed
that SiO, undergoes several phase transitions
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to post-stishovite polymorphs above 48 GPa
(9-12). At pressures above 48 GPa, stishovite
inverts to the CaCl,-structured polymorph
(space group Pnnm) (9, 10). This phase tran-
sition is displacive. At pressures of 70 to 85
GPa, the CaCl, structure transforms to an
a-PbO,-like structure, which, like the stisho-
vite or CaCl, modification, contains silicon
in distorted octahedra, but with kinked chains
of SiO, octahedra (12, 13). In situ diamond
anvil cell experiments at high temperature
revealed that an a-PbO,-like structure (space
group Pbcn or Pnc?) could stably exist above
70 GPa (12, 14). Theoretical calculations of
the SiO, phase stability at high pressure and
room temperature indicate that the a-PbO,—
like silica (space group Pbcn) is stable above
85 GPa (13). Crystal chemical analysis, the-
oretical calculations (11, 12, 15, 16), and a
comparison with structural analogues [titani-
um dioxide, for example (/7)] suggest that
the a-PbO,-like silica is related to the bad-
deleyite structure (ZrO,), in which the silicon
cation is seven-coordinated by oxygen.
Silica grains in Shergotty mostly occur as
large (150 to 900 pwm) wedge-shaped grains
typical of B-tridymite morphology, but not of
quartz (Fig. 1A) (18-20). They are either
enclosed in clinopyroxene or occur between
clinopyroxene, mesostasis, and maskelynite.
Each grain is surrounded by pervasive radi-
ating cracks that initiate at the surfaces of the
silica grains and penetrate deep (up to 600
pm) into the Shergotty matrix (Fig. 1A) (18-
20). The radiating cracks are similar to those
reported from ultra-high pressure metamor-
phic rocks around coesite grains (2/) and are
indicative of a large volume increase after
decompression. Every silica grain (Fig. 1B)
consists of mosaics of domains (10 to 60 pm
in diameter), each displaying orthogonal sets
of lamellae that have different brightness in
back-scattered electron imaging (BSE) mode

in the field emission scanning electron micros-
copy (FESEM) (Fig. 1B). Numerous domains
depict areas barren of or poor in lamellar inter-
growth (Fig. 1B). Electron microprobe analyses
with a defocused beam on the widest lamellae
and on areas poor in lamellae showed almost
pure SiO, with minor concentrations in Na,O
(0.40 wt %) and Al,O, (1.14 wt %).

A 0.9-mm disc containing a large SiO,
(420-pm-long and 80-pwm-wide) grain with
lamellar textures and areas poor in lamellar
intergrowth (Fig. 1B) was cored out with a
high-precision diamond microdrill for suc-
cessive x-ray (22) and transmission electron
microscopy (TEM) investigation. This grain
was exposed on upper and lower surfaces of
the cored disc. This is preferable for in situ
x-ray investigations because there is little
danger of additional phases contributing x-
ray lines to the data set (23). The major
constituents of the sample were an augite-
pigeonite  intergrowth, titanomagnetite,
maskelynite, and a SiO, phase (Table 1) (24).
The augite-pigeonite assemblage identified
by x-ray is in good agreement with previous
studies (25). All crystalline phases demon-
strated a high degree of preferred orientation
and broadening of the x-ray reflections.

The silica grain contains some amount of
amorphous material that produces a broad
halo where 26 is between 8° and 12°. We
collected a total of 18 reflections from the
Si0O, grain (Table 1 and Fig. 2) (26). Some of
the reflections [(2.974(6) A, 2.023(4) A,
1.950(8) A, 1.568(5) A; where the numbers
in parentheses are maximum deviations]
could belong to stishovite, but most of the
reflections could not be assigned to any
known silica polymorph. All observed reflec-
tions [except a small broad reflection at
2.639(6)] could be indexed in terms of a
monoclinic lattice with the cell parameters
a = 4375(1) A, b = 4584(1) A, ¢ =
4.708(1) A, B= 99.97(3), and p = 4.30(2)
g/cm?3. The calculated density of this phase is
higher than the density of stishovite (p = 4.28
g/cm®, Powder Diffraction File (PDF) no.
451374). The lattice parameters for the new
phase are related to those of the baddeleyite-
type structures. Moreover, 16 of the 18 ob-
served reflections from the silica grain can be
indexed with the baddeleyite-type structure.
Exceptions are the weak unindexed reflection
at 2.639(6) and the reflection at 2.974(6). The
latter reflection corresponds to the (110) re-
flection of stishovite (100% intensity reflec-
tion of stishovite), whereas the former fits the
most intense (111) reflection of the new or-
thorhombic post-stishovite phase (27, 28).
The most intense reflections of the new mon-
oclinic silica phase (4.309, 2.767, 2.459,
2.318, and 2.023 A) cannot be explained as a
mixture of stishovite and the a-PbO, phase.
Although quantitative analysis of the intensi-
ties of reflections of the new silica phase is
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subject to errors due to the strong preferred
orientation and the broad diffusion halo, the
calculated intensities for baddeleyite-struc-
tured SiO, polymorph are similar to the ob-
served ones (Table 1 and Fig. 2). The mon-
oclinic phase is metastable and is sensitive to
x-ray irradiation damage. Using even a rela-
tively weak x-ray beam (produced by in-
house rotating anode generator), we observed
a reduction in the intensities of the reflections
and an increase of the intensities of the dif-
fuse halo during successive pattern collecting
in 12-hour periods.

Transmission electron microscopy was per-
formed on the same SiO, grain that was used
for x-ray diffraction studies (29). In bright-field
TEM images, the SiO, grain shows several
distinct textures. Much of the SiO, depicts in-
tergrowths of crystalline and amorphous lamel-
lae (Fig. 3A). The amorphous lamellae are up to
0.5-um wide. These relatively coarse lamellar
intergrowths are probably what was observed in
the FESEM images. The crystalline lamellae
are cut by numerous amorphous veins that are
tens of nanometers wide (27, 28). Selected area
electron diffraction (SAED) patterns of the
crystalline lamellae are consistent with the or-
thorhombic polymorph described recently (28).
In addition, intergrowths of crystalline and
amorphous material occur with two orthogonal

RN B et
Fig. 1. BSE-mode SEM images of SiO, and other
coexisting silicates in Shergotty. (A) A wedge-
shaped silica occurring with maskelynite (glass)
and clinopyroxene (cpx). The silica grain is sur-
rounded by pervasive radiating cracks (arrows)
that initiate at its surfaces and penetrate deep
(up to 600 wm) in the Shergotty matrix. It
depicts concave surfaces at the top and left-
hand sides demonstrating high degree of defor-
mation. (B) High magnification FESEM of a
portion of a silica grain depicting a smooth area
along with orthogonal intergrowth of the post-
stishovite orthorhombic phase (28) and dense
SiO, glass.
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sets of crystalline SiO, that are 10- to 20-nm
wide (Fig. 3B). SAED patterns from these in-
tergrowths show that the crystalline material is
a mixture of stishovite, viewed along [001], and
cubic cristobalite, viewed along <110> (Fig.
3B). Much of the SiO, consists of fine mixtures
of crystalline and amorphous material that has
been difficult to characterize. Because of sensi-
tivity to irradiation damage, it was not possible
to collect sufficient electron diffraction data to
identify the crystalline material in these inter-
growths. None of the electron diffraction data
was consistent with the monoclinic baddeleyite-
like structure identified with x-ray diffraction.
The fact that the monoclinic baddeleyite-
like structure was not encountered during TEM
may be the result of high instability during
sample preparation for TEM. On the basis of
the sensitivity of the SiO, polymorphs to elec-
tron, x-ray, and laser radiation (27, 28), it is
possible that the unstable SiO, polymorphs

continue to transform to more stable low-pres-
sure forms or vitrify during ion milling and
electron irradiation. Although the same SiO,
grain was characterized by x-ray diffraction
(XRD) and TEM, the material investigated by
XRD may not have been examined by TEM.
The presence of multiple SiO, phases is
consistent with the complexity of post-stisho-
vite structures that have been investigated
experimentally and theoretically (9—13, 30).
Although the shock-induced parental poly-
morph of the monoclinic phase and the rea-
sons for its formation instead of the expected
a-PbO, structured phases (9-13) are un-
known, we can speculate that small amounts
of impurities (such as Na,O and Al,O,) and
heterogeneous stress distribution in shock-
wave compressed material could be factors
that preserve the monoclinic phase from de-
struction. The presence of the monoclinic
baddeleyite-like and orthorhombic a-PbO,—

Fig. 2. Diffraction pat- 1600
tern obtained from ar-

eas as shown in Fig. 1B 1400 1
in the SiO, investigat-
ed. Fifteen diffraction
lines are indexed in
the monoclinic badde-
leyite-like  structure.
The remaining two
peaks belong to the
orthorhombic «-PbO,
polymorph (Ort) and
stishovite (St), respec-
tively (Table 1).
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Table 1. Indexed peaks of the x-ray diffraction pattern and Miller indices collected from the silica grain

in the Shergotty meteorite.

dobs/ A dcalc.l A* Iobs.' % lcalc.' %T h k l
4.309(4) 4.3087 10 7 1 0 0
3.260(5) 3.2587 22 27 0 1 1
3.139(4) 3.1394 6 1 1 1 0
2.974(6)1
2.767(3) 2.7667 100 100 1 1 -1
2.639(6) 6
2.459(8) 2.4595 31 35 1 1 1
2.318(3) 23183 1 9 0 0 2
2.207(4) 2.2073 8 3 1 0 -2
2.023(4) 20234 14 2 1 2 0
1.950(8) 1.9497 26 1 2 1 0
1.913(9) 19125 4 14 1 2 1
1.762(7) 17617 12 21 1 1 2
1.629(4) 1.6299 24 27 0 2 2
1.591(3) 1.5898 19 25 1 2 -2
1.568(5) 1.5697 18 31 2 2 0
1.458(5) 1.4573 16 14 2 0 2
1.355(6) 1.3532 8 13 1 3 1

*a = 4375(1), b = 4.584(1), c = 4.708(1), B= 99.97(3), p = 4.30(2) g/cm?.
parameters given above and coordinates of atoms for baddeleyite structure (32).

flntensities are calculated with lattice
1This reflection corresponds

to the 110 reflection of stishovite (100% intensity reflection of stishovite).
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Fig. 3. Bright-field TEM
images of three distinct
SiO, microstructures. A
dense orthorhombic poly-
morph (A) coexists with
large (up to 0.5 um) ver-
tical lamellae of amor-
phous SiO, (between ar-
rcws) and is also cut by
many smaller amorphous
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veins that are inclined in
the image. In all of these
images, crystalline phas-
es are strongly diffracting
and appear dark relative
to the coexisting amor-
phous SiO,. (B) Stisho-
vite (St), which appears
as dark scaly material in
a matrix of amorphous
SiO,, is topotaxially in-
tergrown with lamellae
of cubic cristobalite (Cr).
The SAED pattern of the

Stishovite

superimposed stishovite [001] and cristobalite <0-11> zone axes illustrates the crystallographic relation between the two phases: (h00)St || (h00)Cr and
(0hO)st || (Ohh)Cr. The forbidden stishovite reflections, h00, where h is odd, appear as a result of dynamic diffraction effects.

like SiO, polymorphs, which are possible
quench products from other post-stishovite
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