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INTRODUCTION

The observation of the high-pressure silica phases coesite 
and stishovite in terrestrial impact craters like Canyon Diablo 
(Chao and Shoemaker 1960) and Nördlinger Ries (Shoemaker 
and Chao 1961) is generally taken as evidence for shock-induced, 
high-pressure conditions during impacts of large meteorites on 
Earth. Similarly, these phases are found in meteorites that record 
a history of impact events in the early solar system (e.g., Stöffl er 
et al. 1991). More recently, so-called post-stishovite phases of the 
scrutinyite (i.e., α-PbO2) and baddeleyite type have been found 
in melt pockets in the Martian meteorite Shergotty (Sharp et al. 
1999; El Goresy et al. 2000; Dera et al. 2002). These phases 
become stable above a static pressure of 100 GPa (Ono et al. 
2002; Murakami et al. 2003). It has been extremely challenging 
to verify the interpretation of impact-induced formation of these 
phases using laboratory shock experiments, as silica retrieved 
from shock experiments to pressure-temperature conditions 
within the stability fi eld of these high-pressure phases is usually 
amorphous (Wackerle 1962; DeCarli and Milton 1965; Kleeman 
and Ahrens 1973; Luo et al. 2004). The consistency between the 
calculated and observed pressure-volume-temperature relations 
along the Hugoniot of silica exposed to single shock supports 
the suggestion that quartz and fused silica transform to stishovite 
during laboratory shock experiments, yet only amorphous mate-
rial is retrieved from experiments along the principal Hugoniot 
(Luo et al. 2003). Experimental data from shock release from 
the principal Hugoniot strongly indicate back transformation of 
dense silica to material having densities between 3.0 and 2.1 
g/cm³ (compared to the density of vitreous silica of 2.2 g/cm³) 
(Luo et al. 2003).

Thus, traces of stishovite reported from shock experiments 
(DeCarli and Milton 1965; Kleeman and Ahrens 1973) may 
represent locally different shock conditions, as from shear-heat-
ing of otherwise amorphous dense silica during shock (Grady 
1980; Tan and Ahrens 1990). Residual heat deposited during 

irreversible shock compression is liberated as excess temperature 
along the quasi-isentropic release path from high-pressure states 
generated by single shocks. Common wisdom is that the result-
ing high temperature (Wackerle 1962; Boslough 1988) induces 
back transformation of stishovite toward lower density states 
and subsequent vitrifi cation, i.e., formation of a material with 
only medium-range order. The alternative is structural release 
of dense amorphous silica that never assumed the stishovite 
structure (Gratz et al. 1992; Sharma and Sikka 1996; Fiske et al. 
1998). Despite these ambiguities concerning the shock transfor-
mation history of silica, characteristic deformation features in 
quartz and the amorphous state are commonly used to estimate 
the peak pressure of rocks subjected to natural impacts (Chao 
1967; Stöffl er 1971; Kieffer et al. 1976; Langenhorst et al. 1992; 
Luo et al. 2003).

Here we report fi ndings which show that shock-retrieved 
amorphous silica actually maintains a large degree of long-
range structural information and that this material transforms 
into crystalline stishovite and a recently discovered metastable 
high-pressure polymorph (Luo et al. 2004) upon rather gentle 
processing, by cold compression to 13 GPa. We argue that this 
demonstrates memory of the structures present in the shock state, 
and therefore strongly supports the inference of formation of 
stishovite or a closely related crystalline phase on the Hugoniot. 
Furthermore, it suggests a method for reversing the effects of 
amorphization upon release of shock products in general, and 
hence a way to extract additional information on shock condi-
tions in meteorites and impact crater materials.

EXPERIMENTAL METHODS

History of the sample
We used amorphous dense silica retrieved from the shock experiment S1168, 

which has been described in detail elsewhere (Luo et al. 2004; Tschauner et al. 
2004). In that experiment, a doubly polished disk of single-crystal quartz oriented 
along the (0001) direction was encased in a recovery chamber made from 304-
stainless steel. The sample was shocked to peak conditions of 57 GPa and 2100 K 
by reverberation of shocks within the steel sample chamber because the impedance 
contrast between steel and silica allow for multiple refl ections of the shock wave 
in the silica sample, thus achieving the shock pressure of the steel asymptotically * E-mail: olivert@physics.unlv.edu
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while the sequence of shock states up to the peak pressure is close to states on an 
isentrope (Luo et al. 2003). The initial shock temperature was obtained along the 
principal Hugoniot. Subsequent further compression and heating by reverberation 
assumed an isentrope following the procedure of Luo et al. (2003). After recovery, 
the sample was characterized by Raman spectroscopy and by powder X-ray diffrac-
tion, and found to be amorphous except for a few vol% of Fe-metal and of a new 
silica phase intermediate between fourfold- and sixfold-coordinated silica, which 
had been characterized and described already from diamond-anvil cell experiments 
on tridymite (Luo et al. 2004). It is interesting that there is a small amount of Fe-
metal in the sample, despite its optical clarity. Metal spherules of sub-micrometer 
diameter have been often found in materials shocked in steel sample chambers 
(Stöffl er et al. 1991; Langenhorst et al. 2002). They probably result from local 
melting of iron at small gaps along the border between sample and steel chamber 
and are injected even into solid sample material by the large particle velocity of 
iron during shock and upon release (Tschauner et al. 2005).

Six months after recovery, no Bragg scattering of any crystalline silica phase 
could be detected. Thus the new silica phase became amorphous over the turn of half 
a year consistent with its intermediate structural character. A clear, homogeneous 
piece of sample, 50 μm in diameter, was separated from this X-ray amorphous 
material and characterized by Raman spectroscopy. However, the Raman spectrum 
did not exhibit any structural features. Although intense broadband fl uorescence 
from defects limits accumulation time and makes background correction diffi cult, 
this apparent absence of a Raman signal indicates that, in our sample, vibrational 
coherence length is markedly smaller than 500 nm, the excitation wavelength of 
the probe laser. Under crossed polarizers, the sample exhibited optical anisotropy, 
which could be from residual stress in a genuinely structureless material, or could 
be an intrinsic property of the material due to structure not visible with X-ray or 
Raman techniques. As we reported previously (Tschauner et al. 2004), we loaded 
this specimen into a diamond cell using Ar as a pressure medium and collected 
diffraction patterns upon compression allowing for a 5 min interval between each 
pressure increase. We observed an amorphous-to-solid transition at 13 GPa, 300 
K. At the preceding pressure of 10 GPa, there was no indication of crystallization. 
The transition occurred within less than this increment of 3 GPa and over less than 
300 s. Based on the fact that the refl ections were those of a single crystal with 
large mosaic spread rather than a powder, we concluded that the amorphous-to-
crystal transition was not a seed-triggered mechanism. However, the nature of the 
crystalline phase remained unclear.

Present experiment
We released pressure from the point of onset of crystallization to ~3 GPa 

within 10 min and recovered the sample after keeping it at this pressure for 5 
hours. Immediately after retrieval from the diamond cell, we collected a sequence 
of diffraction patterns at ambient pressure at the 16ID-B undulator beamline at the 
High-Pressure Collaborative Access Team (HPCAT), section 16 of the APS-ANL 
synchrotron, using a monochromatic beam of wavelength 0.3699 Å (33.52 ± 0.05 
keV) and a Mar345 image plate detector. The accumulation time for each pattern 
was 500 s. During accumulation the sample was oscillated along ω by ±15°, hence 
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FIGURE 1. Diffraction pattern of the sample after third exposure. 
The pattern consists mostly of a few slightly elongated spots from Bragg 
diffraction of a small number of crystallites having different orientations. 
The elongation results from the oscillation of the sample along ω during 
accumulation, and indicates a large halfwidth of these single-crystal 
refl ections which is typical for defect-rich solids. Rather smooth Debye-
fringes occur at low angles and belong to the (011) and (020) refl ections 
of the transitory silica phase (Luo et al. 2004; Tschauner et al. 2005). In 
the image, these fringes are obscured by the pronounced diffuse elastic 
and Compton scattering from the sample centered around 0° 2θ. Miller 
indices labeled with “S” and “T” belong to stishovite and the transitory 
silica phase, respectively, while refl ections from Fe-metal are labeled 
“Fe.” Insert: The (020) and (011) refl ections of the transitory phase. 
Most diffractions from this phase form individual peaks with a marked 
mosaic spread. However, the (011) diffraction is a smooth Debye ring, 
indicating that the transitory phase has much fi ner granularity, at least 
in part, than coexisiting stishovite.

T (020)
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along an axis perpendicular to the X-ray primary beam vector, while all other 
angular positions were kept fi xed. 

Over the course of accumulations, the diffraction signal manifested increasing 
crystallinity. Also, the initial single-crystal-like order that we observed in situ at 13 
GPa evolved into a pattern exhibiting several sharp Bragg refl ections, consistent 
with an assembly of a few crystallites with diameters on the order of 10 μm (Fig. 
1). The size of these crystallites was estimated from comparative runs on similar 
coarse-grained assemblies using the same X-ray focal spot size at the same beam-
line. Furthermore, as the pattern evolved, we noted development of faint, smooth 
Debye-fringes at different 2θ angles (Fig. 1). This evolution can be the result of 
irradiation or of stress-relaxation in the retrieved sample. As we discuss below, 
irradiation has no infl uence on the crystalline state of the sample, however. 
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RESULTS

The observed diffraction pattern originates from several 
crystallites of different size and orientation and they occur along 
with powder-diffraction features. Consequently, we integrated the 
pattern along the azimuthal angle after correction for geometric 
distortions (Hammersley et al. 1996) to index the observed dif-
fraction peaks based on 2θ angles only. 

The peaks from the two lowermost, smooth diffraction fringes 
(see caption of Fig. 1) match the two most pronounced peaks 
of the recently documented metastable high-pressure silica 
polymorph intermediate between fourfold and sixfold coordina-
tion  (Luo et al. 2004; Tschauner et al. 2004). Subsequently, 34 
diffraction features in the integrated pattern were identifi ed as 
belonging to this phase (Fig. 2, upper panel, and Table 1). Four 
other peaks belong to Fe metal, and 11 remaining peaks were 
indexed unambiguously as stishovite (Fig. 2, lower panel, and 

Table 1). We optimized the cell parameters of all three phases 
using the Jade 7.5+ software package. The diffraction pattern 
is dominated by stishovite (Fig. 2, lower panel) with about 10 
to 25% of the recently documented metastable high-pressure 
silica polymorph intermediate between fourfold and sixfold 
coordination (Luo et al. 2004) shown in the upper panel of 
Figure 2. Most of the single-crystal Bragg refl ections belong 
to stishovite whereas the transitory silica polymorph exhibits 
diffraction features partially arranging to fringes (Fig. 1, inset), 
partially remaining as individual spots. We note that observed 
and calculated intensities in Figure 2 show only a rough match, 
as most of the observed diffraction intensity is averaged over 
just a few differently oriented crystallites and do not represent 
the statistical average of a powder diffraction pattern. 

The spotty pattern of stishovite makes a more precise quan-
tifi cation of the relative fractions of phases impossible and 
precludes any weighting of structure factors during refi nement. 
The optimized cell parameters and a list of calculated and ob-
served d-spacings of the symmetry-allowed refl ections for both 
phases are given in Table 1. The cell volume of stishovite in our 
experiment (49.71 Å3) is 7 to 8.8% larger than pristine stishovite 
at ambient conditions (Kirfel et al. 2001). This fi nding is not a 
surprise, since the present stishovite sample is the result of a 
structural recovery process upon cold compression of amorphous 
material. The enlarged volume indicates a high defect density 

TABLE 1.  Observed and calculated refl ections of stishovit and the 
new transitory silica phase

Observed Bragg  Assignment

refl ections

dobs (Å) dcalc (Å)  (hkl)  dcalc (Å)  (hkl) 
 stishovite stishovite transitory phase trans. phase

–   7.497 010

4.150   4.153 011

3.742   3.749 020

3.036 3.045 110  

–   2.997 021

2.495   2.499 + 2.494 030 + 002

2.380   2.367 012

2.239   2.234 031

2.284 2.276 101  

2.224   2.223 101

– 2.153 200  

2.132   2.131 111

2.078   2.077 022

2.017 2.012 111  

1.928 1.926 210  

1.913   1.912 121

1.876   1.874 040

–   1.765 032

1.753   1.754 041

1.711   1.713 112

1.625   1.623 131

1.587   1.593 122

– 1.564 211  

1.524 1.523 220  

1.518   1.520 023

1.508   1.499 + 1.498 050 + 042

1.440   1.439 + 1.436 132 + 051

–   1.433 141

1.384   1.384 + 1.382 033 + 103

1.357 1.362 310 1.359 113

1.338 1.340 002  

1.328 1.324 221  

1.296   1.296 123

1.284   1.285 052

1.282   1.283 142

1.256   1.250 060

1.248   1.247 004

1.241   1.244 + 1.243 + 1.241 043 + 151 + 200

1.235   1.230 014

1.045 1.045 410  

Notes: The cell parameters of the latter are a = 2.482 ± 0.003, b = 7.497 ± 0.008, 

c = 4.988 ± 0.003 Å, the volume is 92.86 Å3, which is the same as reported previ-

ously (Luo et al. 2004). The cell parameters for stishovite are a = 4.307 ± 0.006, c 

= 2.680 ± 0.006 Å, and the volume is 49.71 Å3, which is quite large for stishovite 

and indicates lack of structural order as upon vitrifi cation, or in the present case 

upon recovery from amorphous material. Further noticeable Bragg peaks at 

2.094, 1.472, 1.045, and 0.934 Å in the pattern shown in Figure 2 are the refl ec-

tions (110), (200), (220), (310) from α-Fe.

FIGURE 2. Diffraction pattern after integration and background 
subtraction. The background was fi tted with a spline using 10 fi xed points 
using the Jade 7.5 package. The pattern from the experiment is compared 
to the calculated and integrated diffraction pattern of stishovite (red bars 
in the lower panel) and the transitory silica phase (blue bars in the top 
panel). Some of the observed higher- and middle-angle refl ections are 
labeled. Observed and calculated intensities show only a rough match, 
because the observed diffraction intensity is averaged over just a few 
differently oriented crystallites and do not represent the statistical average 
of a powder diffraction pattern. Question marks indicate peaks that do 
not belong to stishovite, the transitory phase, or Fe metal; however, they 
may belong to a few percent of Fe2N-type silica. Furthermore, there is 
a broad, “glassy” peak below 1.5 Å–1, which may belong to disordered 
material of the transitory silica phase and Fe2N-type silica. 
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similar to that found upon onset of bulk vitrifi cation of stisho-
vite (Luo et al. 2006) and other materials at ambient pressure 
and during transition of radioactive solids into metamict state 
(Ewing 1999). It is more surprising that this enlarged volume 
does not go along with a reduction of crystal symmetry: we did 
not fi nd any indication for reduced symmetry in the collected 
patterns such as peak splitting and occurrence of new refl ec-
tions at Q-vectors symmetry-forbidden for the space group of 
stishovite, P42/mnm.

Four unidentifi ed peaks labeled by question marks in Figure 2 
can be assigned to Fe2N-like silica (Liu et al. 1978; Sekine et al. 
1987) as a minor phase comprising a few percent of the sample. 
In this case, several other observed peaks may be overlaps of 
refl ections from this phase and the transitory silica phase. For this 
phase, we fi t a cell with dimensions 8.48 × 4.21 × 5.19 Å3 and 
β = 91.18°. Fe2N-like silica has been reported previously from 
shock experiments on quartz (Sekine et al. 1987). However, in the 
present case the small amount of material and the spotty pattern 
do not allow us to decide clearly whether these peaks belong to 
Fe2N-type silica. A broad diffraction feature at a Q-value slightly 
below the (011) refl ection of the transitory silica phase may belong 
to disordered material related to this phase (see Fig. 2). 

One month after this experiment, we collected diffraction pat-
terns on the same sample at the same synchrotron beamline using 
identical methods. We found that the diffraction signal had broad-
ened markedly. Extended irradiation with X-rays of 30 keV energy 
had no effect on the crystallinity. Thus, the previously observed 
change in crystallinity and crystal orientation during subsequent 
irradiation of the retrieved sample was not an effect of irradiation 
but of release of internal strain after recovery from the diamond 
cell chamber. This additional diffraction experiment also shows 
that defect-rich stishovite decays much faster than well-crystal-
lized material. This fi nding is in good accordance with results from 
recent molecular dynamics simulations (Luo et al. 2006).

DISCUSSION

We suggest that our result shows that amorphous silica re-
trieved from shock experiments to about 57 GPa and 2100 K is 
the result of post-shock amorphization rather than amorphous 
material in the shock state. Formation of stishovite at 13 GPa, 
300 K implies a very low kinetic barrier between this particular 
amorphous material and the crystalline state. In general, it is not 
possible to transform other polymorphs of silica or vitreous silica 
into stishovite- or CaCl2-type silica at 300 K, at least not below 
~100 GPa (Haines et al. 2001; Prakapenka et al. 2004). Further-
more, it requires pressures four times higher than observed here 
to obtain room-temperature transformation of low-pressure silica 
polymorphs into disordered phases characterized by sixfold to 
ninefold irregular coordination of Si by O (Haines et al. 2001; 
Kingma et al. 1996). 

The other important point is the extreme coherence-length 
of the resultant crystalline phase, which is on the order of 10 
μm of itinerant lattice periodicity without intersecting grain 
boundaries. Glasses have medium-range order. A glass-to-
solid transition without subsequent collective recrystallization 
results in a fi ne-grained aggregate of untextured crystallites. 
This can be seen, for example, in samples quenched rapidly 
from the molten state. In the present case, we fi nd a few large 

crystallites that result from the amorphous-to-solid transition 
although temperature is clearly too low to allow for collective 
recrystallization on the experimental time scale of minutes. The 
observed transition therefore cannot be a glass-to-solid transition. 
It resembles an order-disorder type transition where the length 
of lattice periodicity scales with the order parameter coherence 
length. The development from an initially small (<100 nm) lattice 
periodicity of an X-ray amorphous material into a very long (10 
μm) periodicity of a coarse-grained aggregate of a few crystals 
resembles a Landau-type transition behavior. 

The distinct behavior of the shock-recovered amorphous 
material, able to undergo an amorphous-to-solid transition at 300 
K and moderate pressure, indicates that the amorphous material 
should be described as the result of slight, static, random dis-
placements of atoms from their regular positions in the stishovite 
lattice as opposed to a material with medium-range order such as 
glass. The shock-retrieved amorphous silica therefore resembles 
metamict solids rather than vitreous materials. We note that 
the compression behavior of this material is complementary in 
an interesting way to that of quartz: crystalline quartz starts to 
undergo structural disorder and to amorphize above 15 GPa, 
300 K under slow compression and non-hydrostatic conditions 
(Hemley et al. 1988; Hazen et al. 1989), whereas the present 
material is disordered at ambient conditions and recovers crys-
talline order at 13 GPa, 300 K. In both cases, the amorphous 
state is quenchable.

The amorphous-to-crystal transition at 13 GPa, 300 K also 
implies that, at this pressure and temperature, regular sixfold 
coordination of silica is energetically favorable over any of the 
structural deviations occurring in the amorphous state. If four-
fold- or fi vefold-coordinated structures were favorable, the mate-
rial would continue to lose structural coherence while shifting 
further away from the rutile-type structure toward such phases. 
This is not what we observe. Thus, rutile-type silica represents 
at least a local energy minimum at 13 GPa, 300 K. 

The high coherence of structural order as expressed in the 
formation of large crystallites upon recovery of full structural 
order suggests that the sample was coarse-grained or perhaps a 
single-crystal during shock. This inference also is consistent with 
the observed optical anisotropy that can be interpreted based on 
our present results as remnant intrinsic anisotropy of this slightly 
disordered material rather than the effect of residual stress. This 
high coherence length of structural order of stishovite contrasts 
with the partially powdery character of the coexisting transitory 
silica phase and suggests different conditions of formation during 
shock. If the bulk of the material is coarse-grained stishovite, the 
coexisting transitory phase could reside along grain boundaries of 
the stishovite crystallites that formed upon release. Thus, genera-
tion of the transitory phase can perhaps be assigned to frictional 
heating upon release due to shock-impedance mismatch between 
differently oriented stishovite grains, locally non-hydrostatic 
stresses, and weakened material strength at the grain boundaries 
during that part of the release path where the particle velocity 
is still high but stresses begin to drop below the yield strength 
of stishovite. Under shock, the stresses are approximating hy-
drostatic conditions if the shock stress is suffi ciently above the 
Hugoniot elastic limit. 

An alternative interpretation of the amorphous-to-solid transi-
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tion in diaplectic amorphous silica is the concept of a ferroelastic 
glass recently proposed for amorphisation of silica induced by 
high static stress fi elds (Tolédano and Machon 2005). In this 
model, the amorphous state represents an array of ferroelastic 
domains too small to yield crystalline Bragg scattering. Exposure 
to high pressure and directed stress allows for re-orientation 
and for collective growth of such an array into large domains. 
This concept requires existence of intermediate low-symmetric 
structures in advance of stishovite recovery. It is possible that 
the monoclinic transitory silica phase (Luo et al. 2004) observed 
in our experiment plays this role. However, this phase is not 
ferroelastic but topologically disordered, which requires a modi-
fi cation of the mechanism proposed by Tolédano and Machon 
(2005). Also, this low-symmetry phase appears to form along 
with stishovite rather than in advance.

 The formation of stishovite occupying most of the bulk of 
the sample in large grains strongly supports prograde formation 
of stishovite (or a closely related crystalline phase) from quartz 
by a solid-solid phase transition rather than local processes such 
as shear-heating (Tan and Ahrens 1990). In the latter case, one 
would expect lower yield and a fi ne-grained product. Further-
more, although the multiple shock path in our recovery chamber 
is somewhat different from a single shock, our fi ndings suggest 
that stishovite may be recovered from amorphous silica which 
had been shocked to between ~15 and 38 GPa along the principal 
Hugoniot of quartz (Luo et al. 2003). The previous recovery of 
minor amounts of stishovite from experiments along the principal 
Hugoniot of quartz and fused silica therefore represent locally dif-
ferent release paths rather than inhomogeneities during shock. 

CONCLUDING REMARKS

Our results show that amorphous silica retrieved from shock 
experiments on quartz to peak pressures of 57 GPa, within the 
stishovite- and CaCl2-type stability fi eld, transforms into crys-
talline stishovite at ambient conditions during and after static 
recompression to 13 GPa, 300 K. No heating is necessary for this 
process. The amorphous-to-crystal transition is characterized by a 
long coherence length, resulting in formation of large crystallites. 
Therefore, the shock-recovered amorphous material studied here 
is a slightly disordered sixfold-coordinated silica phase but not a 
glass, which possesses only medium-range order. It is therefore 
most likely that stishovite (or a structurally closely related solid 
phase) re-presents the state this material had assumed during 
shock, while post-shock heating to 500–1000 K (Wackerle 
1962; Boslough 1988; Luo et al. 2003) induced the observed 
slight disorder. This phenomenon of a probable memory-effect 
allows for physically more precise characterization of diaplectic 
silica “glass” and may be extended to other diaplectic “glasses” 
(amorphous materials recovered from shock to pressures and 
temperatures below the melting curve), and it adds support 
to the inferred solid-solid transformation mechanisms of bulk 
quartz into stishovite upon shock rather than to the alternative 
of local processes such as shear heating (Grady 1980), which 
would generate only small amounts of stishovite in an otherwise 
amorphous matrix.
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