
anisms of the reaction of 1 with Co,(CO),, 
Fe2(C0)9, and Re,(CO),,. We believe both 
reactions are initiated by an overall cycload- 
dition between the Ta=CH, group of 1 and a 
CO ligand of the dinuclear metal carbonyl 
complex. After this step, the pathways appar- 
ently diverge, as suggested in Figs. 2 and 3. 
The Re reaction appears to be a Wittig-type 
interaction between a CO ligand and a 
M=CH, group in which the carbon and oxy- 
gen atoms are simply interchanged to form a 
vinylidene ligand. 

Our experiments record new examples of 
reactions in homogeneous solution between 
early and late transition metal complexes. 
These processes result in overall transforma- 
tions in which CO molecules are coupled to 
one another and to CH, ligands, in one case 
with cleavage of the CO bond and accompa- 
nying rearrangement of hydrogen on the CH, 
groups. The rapid occurrence of these reac- 
tions appears to be a direct result of the 
interaction of two metal com~lexes in which 
the metal centers have very different electron- 
ic properties. It is not yet known whether 
transformations exhibiting related types of 
cleavage and rearrangement on surfaces (such 
as the Fischer-Tropsch process which forms 
alcohols, ketones, or aldehydes from CO and 
H,) proceed by mechanisms similar to those 
involved in the reactions described here.. 
However, the potential analogies are interest- 
ing. We hope that our results stimulate fur- 
ther studies of chemical interactions between 
earlv and late transition metal carbon-con- 
taining species in both homogeneous and 
heteroeeneous media so that the surularities " 
and differences between processes occurring 
under these two conditions may be better 
understood. 
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Shock Amorphization of Cristobalite 

A. J. Gratz, L. D. DeLoach, T. M. Clough, W. J. Nellis 
Shock amorphization of cristobalite is reported and related to shock metamorphism of 
quartz, both being silicon dioxide polymorphs. Whereas amorphization of quartz takes 
place over a broad pressure range and is complete only at 35 to 40 gigapascals (350 to 
400 kilobars), amorphization of cristobalite was complete (greater than 99.9 percent) by 
28 gigapascals with a relatively sharp phase transformation; lower shock pressures up to 
23 gigapascals resulted in no significant amorphization. Also, unlike quartz, there was no 
sign of lamellar amorphization, which is common in shock compression. Cristobalite 
amorphization should prove a useful indicator of shock pressure and is the first case of 
pressure amorphization of isochemical polymorphs. The diaplectic glass that is produced 
has a refractive index and density essentially identical to those of the diaplectic glass made 
from quartz, which suggests that both polymorphs collapse during shock to similar dis- 
ordered phases. 

Phase and microstructural changes induced - 
by shock compression are of interest both in 
high-pressure physics and in studies of me- 
teorite impacts. Materials undergoing such 
changes provide information about the na- 
ture of high-pressure ~ h a s e  transformations 
and about possible deformation mecha- 
nisms in minerals. For example, shock 
transformation and deformation of SiO, 
quartz have been studied extensively (1-5). 
When shocked to pressures of 15 to 40 
GPa, the mixed-phase region ( 6 ) ,  quartz 
transforms continuously to a disordered 
phase without evidence of melting (a dia- 
plectic glass), such as flow features and loss 
of original grain structure. Diaplectic glass 
in shocked quartz is formed in the solid 
state in lamellar regions, usually along crys- 
tallographic directions (7, 8). Completion 

A. J. Gratz and W. J. Nellis, Institute of Geophysics 

of the process at high shock pressures causes 
the formation of an amorphous material. A 
similar process occurs in the static compres- 
sion of quartz in a diamond-anvil cell (9, 
10). 

Shock effects observed in various initial 
forms of SiO, in the laboratory might serve 
as useful indicators of shock-induced effects 
and pressures in nature. Notably, shock- 
induced microstructures in quartz can be 
observed with an optical microscope as 
planar deformation features (PDFs) and are 
used extensively to identify shock metamor- 
phism. At the Cretaceous-Tertiary bound- 
ary, for example, quartz grains were shown 
to contain PDFs attributed to shock loading 
caused by meteorite impact (I I). In addi- 
tion, the extent of SiO, amorphization is 
used to estimate shock pressures, with total 
amorphization assumed to occur between 
35 and 40 GPa. based on the auartz results. 

and Planetary Physics and H Division, Lawrence ~iver-  Alth&,gh siock-induced ahorphization 
more National Laboratory, University of California, 
Livermore. CA 94550. has now been observed in a variety of 
L. D. ~ e ~ o a c h ,  Y Division, Lawrence Livermore Na- crystals (12-14), shock experiments have 
tional Laboratory, University of California, Livermore, not been done on polymorphs of the same 
CA 94550. 
T. M. Clough, Department of Chemistry, Arizona State Si02, for it is 
University, Tempe, AZ 85287. tant to know to what extent observed phase 
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Flg. 1. Microstructure of cristobalie (A) before 
shock and (6) after 11.3-GPa loading. Both 
samples display polysynthetic (101) reflection 
twinning with twin lamellae as thin as a few 
nanometers. Diiaction patterns (insets) show 
corresponding streaking from the dense twin- 
ning. 

and microstructural features depend on the 
nature of the starting material. High-pres- 
sure phase and microstructural transforma- 
tions might be easier to induce if a form of 
SiO, other than trigonal quartz is used. 
Also, a dgerent initial SiO, phase might 
produce different microstructures and differ- 
ent crystal structures than quartz. In this 
regard, SiO, is an ideal material to study 
because specimens can be made in a variety 
of crystal structures. In addition to quartz, 
metastable cristobalite, tridymite, mogan- 
ite, coesite, and stishorite are crystalline 
polymorphs of SiO,, all of which can be 
stabilized at ambient temperature. Cristo- 
balite in particular is found in volcanic 
rocks, lunar rocks and meteorites, and low- 
temperature siliceous deposits; devinifica- 
tion of silica glasses almost always produces 
cristobalite. Thus, understanding the be- 
havior of tetragonal-phase cristobalite dur- 
ing hypervelocity impact is useful for the 
interpretation of many natural phenomena 
and of the quenching of high-pressure phase 
transformations. 

In this report, we present results of 
shock recovery experiments on a-cristo- 
balite, a phase which has a stability range of 
1743 to 1996 K at room pressure. The cubic 
B-pbe  reverts to the tetragonal metastable 
a-phase on cooling below 541 K. Because 
cristobalite is not available as large single 
crystals or aggregates, we performed our 
experiments on size-sorted powders. The 

-'7---?229 282 Gpa GPa 

I I 
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Flg. 2. (A) Raman spectra and (6) XRD pat- 
terns of samples. Both Raman and XRD show 
only a broadening and weakening of the sig- 
nals, with no significant line shifts or evidence 
of amorphiition, below 28.2 GPa. The highest 
pressure sample (>28.2 GPa) has an amor- 
phous XRD pattern and broad Raman lines, 
typical of pressure glasses. 

unusually pure cristobalite was prepared by 
Phelps Freeborn at the University of Cali- 
fornia at Los Angeles by tiring silica gel at 
1273 K (15). The resultant powder con- 
tained highly twinned crystals (Fig. 1) with 
a domain size of about 40 nm and no other 
detectable phases (Fig. 2). Some large 
grains consisted of clusters of microcrystal- 
lites with a grain size of 0.1 to 1 pm. The 
observed twins were polysynthetic on the 
crystallographic (101) axis. 

Powder specimens were shocked to high 
pressures with a 6.5-m-long two-stage light- 
gas gun as described previously (8). All 
specimens were initially at room tempera- 
ture. Powder aliquots were tamped into a 
disk, 10 mm in diameter and 0.1 to 0.5 mm 
thick, that was contained in a stainless steel 
recovery capsule. The average initial den- 
sity was 62%. Powders with particle sizes of 
20 to 30 pm were shocked to 11.2, 11.3, 
and 22.9 GPa; 38- to 5 3 - ~ m  powders were 
shocked to 18.6 and 28.2 GPa. Specimens 
reached the impact pressure by a reverber- 
ating shock wave with up to about 50% of 
the final pressure achieved with the first 
shock wave (8, 16). Specimens recovered 
after shock were remarkably homogeneous 
on an optical scale; initial powder size had 
no significant effect on the measured prop- 

Fig. 3. Optical and TEM micrographs of a 
sample shocked to 28.2 GPa. The aggregate 
consists of (A) grains of diaplectic glass (black 
in crossed polarizing filters) separated by a 
bubbly fusion glass (white). At high magnifis 
tion (B), the bubbly fusion glass is seen to 
consist of glass walls (dark) with individual 
voids (white), which are clearly visible. Both 
diaplectic glass and fusion glass yield amor- 
phous electron diffraction patterns. 

erties. Because deformation of shocked 
minerals is critical to the assignment of 
stress levels in impactites and to the char- 
acterization of possible phase transforma- 
tions, recovered specimens were character- 
ized with a wide range of techniques: flat- 
stage optical microscopy, x-ray difhction 
a m ) ,  transmission electron microscopy 
(TEM), scanning electron microscopy 
(SEM) , spindle-stage microrefractometry, 
and Raman spectroscopy (1 7). 

Up to 22.9 GPa, specimens essentially 
retained their initial crystalline XRD and 
Raman spectra (Fig. 2) and were birefrin- 
gent, having two indices of refraction. Un- 
like quartz (18), cristobalite displayed no 
important Raman line shifts throughout 
this range, and no distinctive shock-in- 
duced features were seen at these relatively 
low pressures. Extensive TEM study showed 
that no significant quantity of glass was 
present; however, a possible increase in 
twin density (Fig. 1) and extreme lattice 
bending of several degrees per micrometer 
may account for the decreased intensity and 
line broadening in the XRD and Raman 
spectra. Refractive index was also un- 
changed up to 18.2 GPa. We did detect a 

SCIENCE VOL. 259 29 JANUARY 1993 



Fig. 4. Glass-crystal contact in a sample that 
was shocked to 28.2 GPa. Amorphous diffrac
tion patterns from adjacent areas (insets) show 
the sharp contrast between regions separated 
by only a few hundred nanometers, without the 
glass lamellae that typify shock amorphization 
in quartz. 

lowering of refractive index from 1.4848 to 
1.4646 at 22.9 GPa, which was not seen at 
lower pressure; because no significant 
amount of an amorphous phase was seen in 
TEM, we attribute this change to intracrys-
talline deformation coupled with minor 
glass production. 

In contrast to the samples at lower pres
sures, the specimen shocked to 28.2 GPa 
was almost completely amorphous, with 
<0.1% crystalline material left. It consisted 
of grains of diaplectic glass of the same size 
and shape as the starting cristobalite, sepa
rated by thin layers of bubbly melt glass (Fig. 
3). This specimen had a broad and weak 
glass peak in XRD at 26 « 21° (Fig. 2B), 
which corresponds to an interplanar lattice 
spacing of about 0.40 nm. A study with 
SEM showed that this sample was almost 
fully dense (97%). Both diaplectic and melt 
glasses yielded amorphous electron diffrac
tion patterns with no evidence of nanocrys-
talline domains in TEM. The resultant com
pact was estimated from TEM and SEM to 
be 86% diaplectic glass, 11% melt glass, and 
3% porosity in the form of interparticle 
bubbles. The bulk density of 2.263 X 10"3 

kg m - 3 , measured by Archimedes principle, 
is close to the value of 2.33 X 10 - 3 kg m - 3 

for unshocked cristobalite. 
Observations showed that the amor

phization process in powdered cristobalite 
differs significantly from that in quartz. 
Lamellar amorphization, a process in which 
quartz yields the characteristic PDFs, was 
not observed in shocked cristobalite. No 
distinctive shock-induced deformation fea
tures were seen in the shocked, but still 
crystalline, cristobalite grains, although 
some shock features would be difficult to 
image because of the high twin density. 
Instead, relict crystalline regions in the 
highly shocked specimen were in intimate 
contact with homogeneous glass (Fig. 4). 
Cristobalite amorphization did not follow 

twin boundaries, as in feldspars (19), which 
suggests that the twin strain energy does not 
strongly influence amorphization. Com
plete amorphization occurred at lower pres
sures in cristobalite (about 25 GPa) than in 
quartz (35 to 40 GPa). Also for cristobalite, 
the range of pressures that the mixed-phase 
region spanned is substantially less than for 
quartz. The transformation from cristo
balite to glass occurred somewhere between 
22.9 and 28.2 GPa, which means that the 
region of transformation may be even more 
narrow than these limits. In contrast, the 
mixed-phase region for quartz is between 
about 15 and 40 GPa. 

Despite these differences, the diaplectic 
glasses produced by shock of cristobalite 
and quartz have very similar properties. 
Refractive indices n and densities p of the 
quartz and cristobalite diaplectic glasses 
were very nearly identical (n = 1.460 to 
1.464 versus n = 1.4685 ± 0.0004; p = 
2.219 to 2.261 versus p = 2.3 ± 0.1, 
respectively) (20-22), whereas the corre
sponding values for the two crystalline poly
morphs, from which the glasses originated, 
differed significantly (n = 1.5440 to 1.5453 
versus n = 1.484 to 1.487; p = 2.65 versus 
p = 2.33, respectively). Moreover, diaplec
tic cristobalite had a broadened Raman 
spectrum quite similar to spectra of quasi-
statically compressed quartz, coesite, and 
glass (23). Similarities included Dx and D2 
defect bands at about 500 and 620 cm - 1 

and a glass peak at about 800 cm - 1 . Thus, 
although pressure amorphization can be 
reversible or yield materials with varying 
degrees of memory of their precursors (24-
26), diaplectic glass produced from quartz 
or cristobalite has only a small memory of 
its initial properties. Put another way, there 
is no evidence that different crystalline 
silica polymorphs collapse to different glass
es. Both quartz and cristobalite probably 
collapse to similar disordered phases during 
shock loading. 

We have shown that shock amorphiza
tion occurs in more than one silica poly
morph. The high-pressure phase transfor
mations in shocked powdered cristobalite 
and crystalline quartz differ in the value of 
the amorphization pressure, the width of 
the mixed-phase region, and the micro-
structures of the recovered specimens. Our 
results also suggest that diaplectic silica 
glass found in nature may not always result 
from shocked quartz; it may come from 
shocked cristobalite or even from other 
silica polymorphs. Thus, determination of 
the shock behavior of other silica poly
morphs is also important. Because identifi
cation of the precursor cannot be made on 
the basis of refractive index alone, petro-
graphic analysis is required. In general, rock 
type and mineral associations are sufficient 
to identify the precursor silica phase of the 

parent rock. Without this detailed analysis, 
however, interpreted shock stresses could 
be in considerable error because of pressure 
differences required to amorphize different 
silica polymorphs. 
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Microstructural Observations of a-Quartz 
Amorphization 

Kathleen J. Kingma, Charles Meade, Russell J. Hemley, 
Ho-kwang Mao, David R. Veblen 

Solid-state amorphization is a transformation that has been observed in a growing number 
of materials. Microscopic observations indicate that amorphization of a-quartz begins with 
formation of crystallographically controlled planar defects and is followed by growth of 
amorphous silicon dioxide at these defect sites. Similar transformation microstructures are 
found in quartz upon quasihydrostatic and nonhydrostatic compression in a diamond-anvil 
cell to 40 gigapascals and from simple comminution. The results suggest that there is a 
common mechanism for solid-state amorphization of silicates in static and shock high- 
pressure experiments, meteorite impact, and deformation by tectonic processes. In gen- 
eral, these results are consistent with recently proposed shear instability models of amor- 
phization. 

T h e  ~hases of silica are important for a 
wide range of problems in materials science, 
solid-state physics, and geology (I). The 
formation, stability, and physical properties 
of the amorphous forms in this system are of 
particular importance because of their tech- 
nological applications and the role of silica 
glass as an archetypal noncrystalline mate- 
rial. Besides conventional melt qenching, 
amorphous silica can be synthesized from 
a-quartz by several solid-state processes that 
include the application of static high pres- 
sures (2, 3, 4), comminution (3, and 
shock compression (6, 7, 8). 

There is now great experimental and 
theoretical interest in the solid-state crys- 
talline-amorphous transitions of silica and a 
range of other compounds. Much of the 
work in this area focuses on descriptions of 
individual pressure-induced transitions and 
identification of the similarities they have 
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with conventional phase transitions (such 
as melting and crystalline-crystalline tran- 
sitions). To date, there have been a large 
number of exverimental observations of 
amorphization in different materials (9). 
Despite these observations and the theoret- 
ical simulations of amorphization [particu- 
larly for SiOz (lo)], a detailed characteriza- 
tion of this transformation is still lacking. - 
Such information is crucial to test recent 
theoretical models of the transition from 
crystalline to amorphous states (10). 

To address these issues. one must deter- 
mine the manner in which the amorphous 
phase nucleates, the scale of sample heter- 
ogeneity during the transition, and the 
extent of disordering over a broad range of 
length scales. Onlv transmission electron 
microscopy (TEM) 'can provide such infor- 
mation because it allows simultaneous im- 
aging and diffraction information at the 
unit-cell level. Despite these advantages, 
TEM examination of quench products from 
diamond-anvil cell experiments is compli- 
cated because of the difficulty in handling 
the small samples and the instability of 
metastable high-pressure phases under the 
electron beam. Recently, we have devel- 
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MD 21218. samples, and here we combine these meth- 

ods with spectroscopic and optical observa- 
tions to document the amorphization of 
a-quartz over four orders of magnitude in 
length scales. 

We examined the transformation mech- 
anism between crystalline and amorphous 
phases by synthesizing samples of coexisting 
crystalline and noncrystalline SiOz over a 
wide range of stress conditions. In high- 
pressure experiments, samples of natural 
quartz were compressed in the diamond cell 
under quasihydrostatic and nonhydrostatic 
conditions (I I). Phase transformations 
were monitored with in situ micro-Raman 
techniques (3). Samples were then decom- 
pressed from maximum pressure of 15 to 40 
GPa to quench the high-pressure transfor- 
mation microstructures. In comminution 
experiments, natural quartz was initially 
ground in a mullite mortar and pestle. After 
sieving, we ground grains <43 p.m (325 
mesh) in a ball-milling machine (1 2). The 
recovered samples from all experiments 
were characterized by Raman spectroscopy 
and by optical and electron microscopy 
(13). 

TEM images and electron-diffraction 
patterns showed complete amorphization 
with no sign of residual crystallinity for 
diamond-cell samples that were recovered 
from the highest pressures (>30 GPa). This 
observation confirms that the loss of sharp 
diffraction and Raman spectra in previous 
high-pressure studies (2, 3) was due to 
amorphization; it was not the result of 
crystallite size reduction of the parent 
quartz. In samples that have been either 
ground or quenched from between 15 and 
30 GPa (Fig. I), the amorphous phase 
formed in the parent crystalline structure 
with a characteristic lamellar habit, grow- 
ing at planar defect sites. As these lamellae 
grew in size, they maintained subplanar 
contacts with the crystal, having the same 
orientation as the original defect. Com- 
pared to that of the ground samples, the 
density of planar features (planar defects 
and amorphous lamellae) was higher in 
samples that were quenched from polycrys- 
talline diamond-cell experiments and ap- 
peared to rise with increasing maximum 
pressure. However, detailed examination of 
a large number of grains from a series of 
different experiments indicates that the mi- 
crostructures that were formed by grinding 
and by static compression are indistinguish- 
able by TEM. The lack of high-temperature 
effects (such as recrystallization, flow tex- 
ture, and diffuse boundaries) indicates that 
the glass lamellae were formed from a solid 
state transformation; they are not melt- 
quenched features. In all samples, the pla- 
nar defects and amorphous lamellae were 
parallel to rational crystallographic planes. 
To date, we have found planar features in 
{001), (1001, {lol), {Oil), (1021, {202), 
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