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Abstract: A variety of minerals transform to an amorphous material when statically compressed to a few tens
of GPa. With quartz and the quartz-type forms of GeO2 and A1PO4 as examples, pressure-induced amorphization is first described with reference to differential stresses, crystalline transformations, compression mechanisms and shearing processes. Less comprehensive information is available for the amorphization of other
minerals, but similar features are nevertheless observed for framework silicates, pyroxenes, olivines and hydrous silicates. The differences and similarities between amorphous substances obtained by cooling of liquids,
static compression or decompression of crystals, moderate heating of high-pressure minerals at 1 atm, and
shock waves are then reviewed. Finally, the thermodynamics of amorphization is discussed and the mechanistic interpretations of amorphization are presented, with special reference to elastic and dynamic instabilities
and shearing processes.
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I. Introduction
As has been witnessed by mother Nature for aeons,
melting is the most common way for a crystal to
lose long-range order and become an amorphous
substance. Usually melting results from a temperature rise (at constant pressure), but the familiar example of ice shows that alternatively it can
be induced by a pressure increase (at constant
temperature). It is also well known that many
kinds of melts, organic or inorganic, do not crystallize on cooling and eventually form glasses,
i.e., solids with the disordered atomic arrangement
characteristic of liquids.
Glasses are a special case of amorphous solids, albeit the most important from a practical or
fundamental standpoint. Amorphous solids can be
prepared from crystals more directly than through
melting and vitrification, however, in a number of
ways which have definite practical consequences.
For instance, it was discovered early in this century that minerals can amorphize through bombardment by α rays, forming the so-called meta-

mict phases (see Schwarz & Johnson, 1988). The
same effect can be produced by electron beams,
intense neutron fluxes, or even chemical reac
tions. Progressive amorphization is also made
possible by thorough grinding (the so-called com
minution process extensively used in the minerals
industry, see Lin et al, 1975). Numerous exam
ples of amorphization produced by irradiation or
chemical and mechanical means are described in
the publication edited by Schwarz & Johnson
(1988).
In this review, we will deal with another amor
phization process that has recently received a
great deal of attention, the starting point of which
were experiments of Mishima et al. (1984) on ice.
When compressed to 1 GPa at 77 K, ice was found
to transform to an amorphous substance and not to
the high-pressure (ice VI) polymorph stable under
these conditions. Part of the interest raised by this
pressure-induced amorphization originated in that
a bulk sample of solid amorphous H2O had been
obtained for the first time. Another unusual feature
discovered soon after by Mishima et al (1985) was
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the existence of an apparently first-order transition
between two amorphous forms of ice which has
been recently the focus of an extensive thermodynamic discussion (Poole et al, 1993).
Transformations of crystals to amorphous sub
stances bypassing the liquid phase had in fact
been reported earlier. For silicate minerals, Skin
ner & Fahey (1963) and Dachille et al (1963), for
instance, observed that stishovite and coesite, two
high-pressure forms of SiO2, amorphize when
heated at moderate temperatures at 1 atm. Amorphization is also observed when decompressing to
room pressure a high-pressure crystal such as
calcium silicate perovskite (Liu & Ringwood,
1975). Like melting, amorphization of crystals
can thus result from either temperature or pressure
variations. Extending the original argument pre
sented by Mishima et al (1984), Richet (1988)
pointed out how these pressure- and temperatureinduced amorphizations could be related thermodynamically with reference to the metastable ex
tensions of the melting curves of high-pressure
minerals.
This thermodynamic framework was used by
Hemley et al. (1988) to interpret previously re
ported changes in the Raman spectra of quartz and
coesite (Hemley, 1987). Above 25 GPa, a strong
intensity decrease of the peaks is accompanied by
the appearance of a broad band similar to that ob
served for SiO2 glass (Fig. 1). From complement
ary X-ray diffraction experiments indicating a
concomitant loss of intensity of the reflections,
Hemley et al. (1988) concluded that quartz and
coesite indeed amorphize in the 25-35 GPa range
under quasi-hydrostatic conditions. Hemley (1987)
also pointed out that there were common features
between this process and amorphization of min
erals under shock waves as discovered by De Carli & Jamieson (1959). Anorthite (CaAl2Si2O8), the
Ca endmember feldspar was then observed to
amorphize in a way similar to these SiO2 polymorphs (Williams & Jeanloz, 1989).
Quartz and feldspars are structurally close in
view of their three-dimensional framework of
SiO4 (or A1O4) tetrahedra. At the other end of sili
cate structures, olivines are made up of isolated
SiO4 tetrahedra. To determine whether pressureinduced amorphization was a general feature of
silicates, and not only of framework minerals,
Richard & Richet (1990) turned to fayalite
(Fe2SiO4), the Fe endmember of olivines. They
found that this mineral amorphizes completely at
pressures lower than 35 GPa, a conclusion also

arrived at by Williams et al (1990). This suggest
ed that amorphization of low-pressure minerals
would be a common transformation, as sub
sequently observed for mineral families inter
mediate between those of quartz and olivines and
for nonsilicate minerals as well.
In a study of the compression of hydrous sili
cates, Meade & Jeanloz (1991) suggested that
pressure-induced amorphization could play an im
portant role in subducting slabs. This potentially
rapid process would give rise to seismic activity
through the large volume decreases involved.
Bypassing dehydration reactions, it would also al
low water to be retained at great depths. Exper
iments by Irifune et al. (1996) have not substan
tiated these views. Besides, amorphization is a
priori irrelevant under normal geological P,T con
ditions because typical pressures of a few tens of
GPa correspond to high temperatures at which
crystal-crystal transitions should proceed instead
readily. As originally noted by Hemley (1987), it
is within the context of shock-wave impacts that
temperature rises are low enough that amorphiza
tion can take place and show similarities with the
static, pressure-induced process.
Among the scores of papers published on
amorphized minerals during the last past years,
only a few did address purely geophysical ques
tions. Interest in amorphization actually stems
from the generality of this transformation, which
does not rely on some peculiarities of crystal
structures and provides a unique means of investi
gating the interplay of interatomic forces as a res
ult of stress changes, with little interference of
thermal energy. Owing to its generally progressive
nature, amorphization lends itself to structural
studies much more easily than melting, which re
mains a most elusive process. Furthermore, it al
lows one to prepare materials intermediate be
tween glasses and fully ordered crystals, whose
properties vary more widely than for amorphous
substances prepared by other methods. Quite an
omalous features can even been found in appar
ently amorphous substances, such as the elastic
anisotropy reported for SiO2 (McNeil & Grimsditch, 1992) or the "memory " of its original crys
talline phase exhibited by α-AlPO 4 (Kruger &
Jeanloz, 1990).
As the archetypal glass former, SiO 2 is prob
ably the most extensively studied vitreous sub
stance. In the same way, pressure-induced amorph
ization has been investigated in more detail for
quartz than for any other mineral. This review
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thus begins with observations made on quartz and
two other quartz-type compounds, namely, α-AlPO 4
and α-GeO 2 . The general features of amorphiza
tion mechanisms drawn from experimental and
theoretical studies of these compounds are then
compared with the results obtained for other sili
cates and with temperature-induced amorphiza
tion of high-pressure minerals. Before the thermo
dynamics and mechanisms of amorphization are
finally reviewed, the differences between amorphized phases and glasses produced under various
conditions are discussed. Hence, geophysics will
be back on stage in that these comparisons include
in particular the link with high-pressure glasses
and melts, and thus with melting at high pressures
which has played a fundamental role ever since
the Earth's early evolution.
The various ways amorphous substances can
be prepared lend to possible confusion as to the
nature of the materials. Whenever there is no risk
of confusion, hereafter we will denote as amorph
or amorphous substance a crystal directly amorphized through pressure or temperature changes. As
discussed below, amorphs have no long-range
order but at shorter distances they can preserve
some order reminiscent of the crystalline state, or
they can include microcrystalline material. In this
respect, they differ from amorphous phases pre
pared through cooling of a liquid for which the
term glass will be reserved. The properties of
these two kinds of materials will be compared in
this review. With the emphasis put here on min
erals, one should not overlook that a variety of
other organic and inorganic crystals also amorphize when subjected to high pressures. These are
dealt comprehensively by Sharma & Sikka (1996)
in a paper published while this paper was in re
view.
II. Amorphization of quartz and
quartz-type compounds (GeC>2 and AIPO4)
Amorphization: reality and pitfalls
Amorphization of minerals is observed in situ
with a variety of structural probes such as Raman,
IR and Brillouin spectroscopies or X-ray diffrac
tion on samples usually compressed in diamondanvil cells. Of course, other techniques such as
high-resolution transmission electron microscopy
can be used for studying samples quenched down
to room pressure. Usually, one assumes amorph
ization when diffraction peaks vanish or when
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broad, glass-like bands appear in vibrational
spectra. It must be kept in mind, however, that
every technique probes a particular length scale
(for instance, a few tens of Å for X-ray diffraction
vs. a few interatomic distances for Raman spectroscopy or still less for high-resolution transmission
electron microscopy). Detection of amorphization
thus depends on the structural probe used, and a
sample may be ordered at short length scales
while amorphous at longer scales (Redfern, 1996).
Thus weakening Raman or X-ray diffraction signals do not necessarily prove the formation of a
completely amorphous phase. In Raman spectroscopy, it may simply result from a phase transition
to a weak crystalline scatterer (Gillet et ai, 1995).
Since the first observations of Hemley (1987),
further experiments on quartz (Jayaraman et ai,
1987; Kingma et a/., 1993a; Cordier et ai, 1993)
and α-GeO 2 (Madon et α/., 1991; Yamanaka et ai,
1992; Wolf et al.f 1992; Kawasaki et ai, 1994)
have indicated that partial amorphization can be
observed at the relatively low pressures of 15 and
6.5 GPa, respectively. Amorphization of these
compounds appears irreversible. In Raman spectroscopy, for instance, one observes that spectra of
the amorphized compounds become similar to
those of glasses at the same high pressures. On de
compression, these spectra remain qualitatively
the same, but at l atm they differ significantly
from those of glasses formed at this pressure.
A first complication arises from the fact, al
ready noted by Hemley (1987), that amorphiza
tion is promoted by the existence of differential
stresses. In general, the mean pressure of amorph
ization is the lowest for the less hydrostatic condi
tions, and is lower for powdered minerals than for
single crystals. In fact, it is difficult to achieve
truly hydrostatic pressures in diamond-anvil cells
above 10 GPa when rare gases are used as pres
sure-transmitting media (Meng et ai, 1993; Da
niel et ai, 1997). Even in a hydrostatic medium,
grain to grain contacts can give rise to large nonhydrostatic stresses. It has thus been possible to
invoke variations in the degree of hydrostaticity
for explaining differences between amorphization
pressures, especially between those reported for
powders and single crystals of quartz (Hemley,
1987; Hazen et α/., 1989; Kingma et ai, 1994)
and of α-AlPO 4 (Gillet et al, 1995). This causes
quartz, for instance, to amorphize over the wide
15-30 GPa range.
The dependence of reaction products on the
stress and maximum pressure reached is illustrat-
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ed by the fact that quenched samples of quartz
may consist of a mixture of crystalline and amorph
ous phases (Winters et al, 1992; Kingma et al,
1993a; Williams et al, 1993). Only for quartz
samples compressed to 30 GPa did Winters et al
(1992) observe amorphization at an atomic scale
through high-resolution transmission electron
microscopy. Brillouin scattering experiments
pointed to the existence of an intriguing elastic
anisotropy for amorphized quartz (McNeil &
Grimsditch, 1992). Although these observations
received theoretical support (Tse & Klug, 1993),
Kingma et al (1993b) pointed out that they simp
ly result from incomplete amorphization at the
maximum pressure of 25 GPa exerted on the sam
ples.
That 0C-AIPO4, a close isoelectronic structural
analogue of SiO2, also amorphizes could be ex
pected. Unlike for SiO2 polymorphs, however,
amorphization of α-AlPO 4 appeared as a revers
ible transition. Jayaraman et al (1987) noted that
the Raman signal becomes extremely weak above
12 GPa before getting slightly stronger on decom
pression. Kruger & Jeanloz (1990) observed that
the X-ray diffraction peaks of α-AlPO 4 disappear
above 15 ± 3 GPa, and then reappear on decom
pression. Even more surprising, their measure
ments of optical birefringence indicated that the
sample recrystallized in its original crystallographic orientation. This peculiar phenomenon
was termed the "memory glass" effect by Kruger
& Jeanloz (1990) and it enticed Gillet et al
(1995) to perform a detailed Raman study be
tween 13 and 15 GPa where the X-ray diffraction
peaks and the Raman signal begin to weaken. The
new Raman data have shown that "amorphiza
tion" and the "memory glass" effect are actually
due to a crystal-crystal transition, occurring on
compression between 14 and 15 GPa in a hydro
static medium, which is reversible on decompres
sion.
As indicated by recent X-ray diffraction and
Raman data (Kingma et al, 1993b, 1994), amorph
ization of quartz is also preceded by a reversible
polymorphic phase transition near 21 GPa (Fig. I,
2). It is quartz II, the new crystalline form, which
amorphizes above 25-30 GPa (Kingma et al, 1993).
In general these new high-pressure polymorphs
have wider Raman bands than well-ordered crys
tals, which suggests that they are disordered to
some extent. Partial amorphization on decompres
sion has been documented in quartz, oc-AlPO4 and
α-GeO 2 for samples brought just below pressures
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Fig. 1. Raman spectroscopy of amorphized quartz single
crystals compressed with argon as a pressure-transmit
ting medium. Spectra of quartz (at 20 GPa), quartz II
(above 20 GPa), and the amorph recovered at room pres
sure. Birefringent lamellae appear throughout the crystal
above 20 GPa (see Fig. 3). At 25 GPa, a major broad
band can be observed in some parts of the sample which
give a spectrum resembling that of SiÜ2 glass at similar
pressures (Hemley et al, 1986). The 25 GPa spectrum
has been corrected for the strong fluorescence background systematically observed at the onset of amorphization, which migth be due to the creation of defects
within the sample. The upper spectrum of decompressed
amorphized quartz is from Hemley (1987).
at which they amorphize irreversibly in the bulk
(Wolf et al, 1992; Kingma et al, 1993b; Gillet et
al, 1995). It is thus likely that the new high-pressure forms amorphize themselves partially, giving
mixed amorphous-crystalline samples on decompression.
Microstructural observations
The appearance of sets of parallel birefringent
planes in quartz single crystals was reported by
Kingma et al (1993a) between 17 and 21 GPa,
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Fig. 3. Close up of part of the quartz structure showing
inter- and intratetrahedral angles and interatomic distances. From Chelikowsky et al. (1990).
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Fig. 2. Raman spectra of quartz at 20.2 GPa and quartz
II, at 24.2 GPa and then on decompression down to
4.8 GPa and room pressure (adapted from Kingma et al,
1994). Partial amorphization of quartz II below 5 GPa is
indicated by the growth of a broad band, near the most
intense Raman mode, shown as a shaded area.

depending upon the pressure-transmitting medium
and crystal orientation. These planar features have
been related to the phase change preceding or ac
companying amorphization. On quenched sam
ples they appear either amorphous or crystalline,
suggesting that the onset of amorphization may be
related to a shear instability (Kingma et al, 1993a
and b). Similar features have been observed to
grow in α-AlPO 4 single crystals when these under
go the polymorphic transition which precedes
amorphization (Gillet et al, 1995).
However, the nature of these lamellae at high
pressures is still debated. Some answers are pro
vided by X-ray diffraction experiments performed
at ESRF in Grenoble (Gillet, Badro, Daniel, Häusermann & Hanfland, unpub.). Single crystals of
quartz were compressed quasi-hydrostatically in a
diamond-anvil cell until birefringent lamellae appeared at 17 GPa (Fig. 4). More than 50 Laue diffraction patterns were then collected on the
sample every 10 µm with a white X-ray beam col-

limated down to 5 × 5 µm2. Out of the lamellae,
the patterns are characteristic of a well-behaved
crystal. The lamellae consist of alternate bands of
amorphous and crystalline phases. In the crystalline lamellae, a transition of quartz to another
crystalline phase, highly disordered or stressed by
the existence of misoriented domains, is indicated
by new spots with a pronounced streaking (Fig.
4). These crystalline lamellae may thus represent
the new quartz II form described by Kingma et al
(1993b). Amorphization is complete above 25 GPa
where the diffraction spots of the crystalline phase
are no longer observed.
Volume changes and amorphization
Pressure-induced transitions require negative volume changes. The key to amorphization lies in the
great compressibility of amorphous substances
which allow them to be denser than the low-pressure polymorph at some high pressure. In crystals,
maintaining long-range order restricts the compression mechanisms to limited changes in bond
angles or distances. Important compaction is
achieved discontinuously instead through transitions to denser polymorphs. In general, these transitions do not take place readily at room temperature because low thermal energies do not enable
large potential energy barriers to be overcome.
In quartz, compression results from rotation of
rigid SiO4 tetrahedra through a decrease of Si-OSi angles. In α-GeO2, the GeO 4 tetrahedra not
only rotate but also distort markedly through eith
er increases or decreases of O-Ge-O angles (Jorgensen, 1978). At the onset of amorphization, the

912

P. Richet, Ph. Gillet

T-O-T angles (T = Si or Ge) have decreased from
144° to less than 120° in quartz (Hazen et ai,
1989) and from l 30° to l 23° in α-GeO 2 (Houser et
al, 1988). Further decreases of these angles do
not appear possible, probably due to repulsion be
tween intertetrahedral oxygen atoms (Fig. 3)
whose importance stems from purely steric
reasons (Thathachari & Tiller, 1985). For both
compounds, these changes have been interpreted
by Sowa (1988) as an evolution of the oxygen
atoms toward a cubic body-centered sublattice.
Free from such structural constraints, amorph
ous substances can rely on important configurational changes to densify (cf. Richet & Neuville,
1992; Askarpour et al, 1993). These have been
well documented by vibrational spectroscopy and
X-ray diffraction for SiO 2 glass {e.g., Walrafen &
Krishnan, 1981; Hemley ^ al, 1986; Devine &
Arndt, 1987; Williams & Jeanloz, 1988; Meade et
al, 1992a; Williams et al, 1993). At lower pres
sure, decreases in the mean Si-O-Si angle are ac
companied by a slight expansion of Si-O bonds.
From about 10 GPa, these changes lead to a more
compact structure characterized by an increase of
the fraction of 3-membered rings of SiO4 tetra-

hedra. Above 20 GPa, these tetrahedra begin to
transform reversibly to SiO6 octahedra, such a
progressive switch of cations toward higher oxy
gen coordination polyhedra providing continuous
pathways for continuing to increase markedly the
density (e.g., Waff, 1975; Stolper & Ahrens, 1987;
Smith etal, 1995).
In fact, the first changes from 4-fold to 6-fold
coordination were observed for germanium by Itié
et al (1989), through X-ray absorption spectroscopy (EXAFS), between 6 and l2 GPa in both
oc-GeO2 and GeO 2 glass. Infrared and Raman data
are consistent with analogous changes in the glass
and with a progressive amorphization of α-GeO 2
in the same pressure range (Durben & Wolf, 1991;
Madonetα/., 1991; Wolf etal, 1992; Smith et al,
1995). In particular, one observes an intensity de
crease of Ge-O stretching vibrations in GeO 4 te
trahedra, in the 850-1000 cm -1 region, and an op
posite trend for vibrations in the 600-700 cm -1 re
gion which are attributed to Ge-O stretching in
GeO 6 octahedra. These changes are reversible
upon decompression and the recovered amorphs
have only 4-fold coordinated Ge.
A striking feature not to be overlooked is the
fact that SiO2 glass becomes denser than quartz at
about 12 GPa (see Hemley et al, 1994), i.e., well
below the onset of coordination changes. As noted
above, quartz begins to amorphize at 15 GPa un
der nonhydrostatic conditions. Under markedly
nonhydrostatic conditions, it thus appears that
small volumes of transition are sufficient to trig
ger amorphization because of the efficacy with
which the weakest structural elements can dis
organize under shear. Under quasi-hydrostatic
conditions, in contrast, these low-energy pathways
to amorphization are not available. Important driv
ing forces are then needed, which requires the
large, negative volume of transitions between
quartz and amorphous SiO2 eventually achieved
near 30 GPa.
Fig. 4. Quartz single crystals com
pressed in a 4:1 ethanol-methanol
mixture in a diamond-anvil cell and
optically monitored up to the appear
ance of the birefringent lamellae at
17 GPa (top picture). Sample size
150 µm. Note that these features are
not apparent at the edge of the
sample. Bottom pictures: X-ray dif
fraction patterns obtained on zone 1
and zone 2, in and outside the bi
refringent lamellae.
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Structural inferences from numerical
simulations
Through molecular or lattice dynamics calcula
tions, complementary pictures of the structural
changes accompanying amorphization have been
obtained. For SiO2, the differences between re
sults obtained with various Si-O potentials have
been discussed by Rustad et al. (1991). Most of
these simulations have been made with two differ
ent pair-wise interatomic potentials capable of
predicting the structure and elastic properties of
SiO2 polymorphs with either 4- or 6-fold coordi
nated Si atoms (Tsuneyuki et al, 1988; van Beest
et ai, 1990). Both of these potentials assume con
stant bond ionicity and were derived from ab initio quantum mechanical calculations for small
clusters (of SiO2 and H4SiO4, respectively), the
main difference being that the parameters of the
latter model were optimized through comparisons
with macroscopic properties.
In molecular (Somayazulu et ai, 1994) or lat
tice (Watson & Parker, 1995) dynamics calcula
tions performed with hydrostatic stresses, quartz
forms near the amorphization pressure a supercell
with superlattice reflexions consistent with those
observed by Kingma et al. (1993a). Calculations
also indicate that amorphization is associated with
an almost close packing of the oxygen atoms, due
to closure of Si-O-Si bond angles and distortion of
SiO4 tetrahedra. This gives rise to a ''disordered"
structure with various proportions of 4-, 5- and 6fold coordinated Si, depending on the potential
used for the calculations or on the maximum pres
sure reached in the simulation (Tsuneyuki et al,
1989; Tse & Klug, 1991, 1993; Binggeli & Chelikowsky, 1991; Chaplot & Sikka, 1993; Watson &
Parker, 1995). Calculations of the charge density
and electronic density of states (Di Pomponio &
Continenza, 1994) account topologically for such
mixed 4- and 6-fold Si coordination through a
predicted hybridization, beginning at around
30 GPa, between the O 2p Si bonding and O 2p
nonbonding states.
Owing in particular to their small sizes, the sim
ulated materials do not show the kind of hetero
geneities that can be present in the actual
amorphs. In addition, it is not clear whether they
represent highly disordered anisotropic solids or
amorphous solids resembling isotropic glasses
quenched from melts (Tse & Klug, 1993). On de
compression, simulations also show that quartz
samples do not revert to their original crystalline
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structure. They remain amorphous and retain
some 5- and 6-fold coordinated Si atoms (Tse &
Klug, 1993; Badro et ai, 1995). These begin to be
observed experimentally (Verhelst-Voorhees et ai,
1994), even though the rates of pressure release
are orders of magnitude faster in simulations than
in actual experiments.
Coordination changes have also been noted in
simulations of A1PO4 made with two different
kinds of interatomic potentials (Tse & Klug, 1992;
Vessal, 1994). They affect only aluminum, how
ever, with a distribution of coordination numbers
extending up to 7. In contrast, phosphorus main
tains a 4-fold coordination at the highest pres
sures. As a result, amorphization is associated
with a small densification and considerable shortrange order is preserved in the amorph.
Using the potential of van Beest et al. (1990)
in a molecular dynamics simulations, Badro et al.
(1995) determined the role of stress conditions on
the amorphization of quartz. Differential stresses
actually influence the threshold amorphization
pressure, but the effect depends on the orientation
of the stress with respect to the crystallographic
axes. The mean pressure of amorphization is low
ered when the stress along the c axis is minimum.
A maximum stress in the c direction results in
stead in the formation of a new crystal, with 5fold coordinated Si atoms, which amorphizes par
tially on further compression. In lattice dynamics
calculations, Watson & Parker (1995) also noted
that nonhydrostatic conditions favor structural
collapse and lower the amorphization pressure.
These simulations are thus consistent with the ob
served differences between single-crystal and
powder amorphization.
III. Amorphization of other minerals
General remarks
Corundum (A12O3), periclase (MgO) or (Fe,Mg)
silicate perovskites sustain pressures higher than
100 GPa, even under markedly nonhydrostatic
conditions (e.g., Duffy et α/., 1995a), and it re
mains to be shown whether these minerals could
amorphize at higher still pressures. This fact is
consistent with the view that amorphization oc
curs because the transformation to a stable, denser
polymorph is kinetically hindered. Without such a
denser polymorph, there would be no driving
force for amorphization since an amorphous phase
would unlikely become denser than the starting
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Fig. 5. Pressure range of amorphization as a function of
the room pressure and temperature density of silicates.
Iron-bearing minerals have been excluded in view of
their much higher density. Abbreviations as follows:
SCO: scolecite; SP: serpentine; QZ: quartz; AN: anorthite; MS: muscovite; CS: coesite; WO: wollastonite; FO:
forsterite; EN: enstatite.
crystal. One should also note that, after having
been triggered by densification, disordering creates configurational entropy which contributes to
stabilize the amorphous substance.
For high-pressure minerals, it is on decompression to 1 atm that crystals can possibly be
brought outside their stability domains and then
amorphize. This happens for CaSiO3 perovskite
(Liu & Ringwood, 1975; Mao et al, 1989), and
nearly so for Mg0.9Fe0.iSiO3 perovskite which begins to amorphize near 450 K, when heated at
1 atm, instead of transforming directly to enstatite
(Parise et al, 1990; Durben & Wolf, 1992).
On compression, there is a driving force for
amorphization if an important densification is
possible, i.e., when the starting mineral has a low
density, usually associated with network-forming
cations like Si and Al in tetrahedral coordination.
On the contrary, a high density is achieved
through the 6-fold coordination of Al in garnets
where Si remains coordinated tetrahedrally. As a
matter of fact, unpublished results of Andrault et
al indicate no evidence of amorphization up to at
least 70 GPa for grossular, pyrope and almandine
(M3Al2Si3O12, with M = Ca, Mg and Fe, respec-

tively). That less dense structures are associated
with lower amorphization pressures is clearly shown
by the trend of Fig. 5. By the same token, amorphization on decompression requires a large expansion most effectively achieved by coordination decreases from the starting high-pressure crystal.
In the two next sections, we will concentrate
on framework silicates and olivines. These minerals have been most extensively studied and illustrate other common features of silicate amorphization. Then, we summarize the results obtained
for other minerals whose amorphization has generally been reported from vibrational spectroscopy
or X-ray diffraction experiments, without textural
investigations. Little theoretical work has been
made for these compounds. Reliable relevant interatomic potentials are often lacking, especially
for minerals including transition elements like Fe
for which the effects of d electrons on physical
properties are not readily accounted for by pairwise potentials. In addition, simulations of amorphization must deal with at least a few hundreds
of unit cells. The computational effort thus increases in proportion to the number of atoms in
the unit cell and could become prohibitive in the
extreme case of minerals like zeolite whose unit
cell includes hundreds of atoms.

Framework silicates
As already described for quartz, transitions to
structurally related crystals appear to be general
features of framework silicates. These transitions
involve small energy changes and further compaction requires a disordering process to yield ultimately an amorphous solid. First observed for
coesite between 25 and 30 GPa (Hemley, 1987),
such transitions have been best documented for
cristobalite, the 1-atm liquidus polymorph of
SiO2. New polymorphs form at 1.5 GPa (Palmer
& Finger, 1994; Palmer et al, 1994), around 8
GPa and betwen 30 and 40 GPa (Tsuchida & Yagi,
1990). Cell parameters have been determined for
cristobalite II, forming at 1.2 GPa on compression
and disappearing at 0.2 GPa on decompression
(Palmer et al, 1994) with a volume decrease of
about 1 % with respect to cristobalite (Palmer &
Finger, 1994). Palmer et al (1994) concluded that
"there are signs of amorphization" at "higher pressures" in Raman spectra, in accordance with a
brief report by Halvorson & Wolf (1990). Conclusive evidence for static amorphization has not
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been reported, however, although shock-wave
amorphization is complete at 28 GPa (Gratz et al,
1993) and an amorphization process similar to
that of quartz is indicated by molecular dynamics
simulations (Zhang & Ong, 1993). In fact, the low
density of cristobalite (2.33 g/cm3) provides so
high a driving force for transitions that formation
of denser polymorphs can take place under the
long time scale of static pressure experiments.
Amorphization could then be frequency-depend
ent, obtaining under shock only, more abruptly
than for quartz according to the experiments of
Gratz etal (1993).
Willi ams & Jeanloz (1989) showed that anorthite (CaAl2Si2O8) amorphizes not only under
dynamical high pressures, but also between 22
and 28 GPa under static compression. Under quasihydrostatic conditions, Daniel et al (1997) ob
served a new polymorph at 10 GPa before amorph
ization really began at 14 GPa and at first sight
appeared complete at 16 GPa (Fig. 6). However,
samples quenched from peak pressures lower than
20 GPa display signs of crystallinity acquired on
decompression. Samples recovered from pressures
higher than 20 GPa are amorphous, but their Ra
man spectra differ from those of normal glasses
(Fig. 6). Note also that the crystal transition and
amorphization are promoted by differential stres
ses and occur at lower pressures than under hydro
static conditions (Daniel et al, 1997).
Belitsky et al (1992) observed that zeolites
also undergo a number of phase transitions before
amorphizing at 8 GPa. Of course, this record low
pressure is related to the additional compaction
mechanisms provided by the collapse of the large
channels of the structure. In a more detailed X-ray
diffraction and Raman spectroscopy study of
scolecite (Ca8Al16Si24O8(y24H2O) and mesolite
(Na16Ca16Al48Si72O24o-64H2O), billet et al (1996)
found complete amorphization below 12 GPa
after crystal-crystal transitions at about 5 GPa.
The amorphs can be quenched to room pressure,
their Raman spectra are typical of aluminosilicate
glasses, and they have the interesting property of
having high concentrations of homogeneously
dissolved water not readily achieved in glasses.
Olivines
It is very difficult to prepare glassy olivines
because of the ease with which the isolated SiO 4
tetrahedra of the melt rearrange to form a crystal
line network. In contrast, room-temperature am
orphization has proven an easy route to obtain an
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Fig. 6. Raman spectroscopy of anorthite amorphization.
(a): Spectra recorded during static compression of a
single crystal compressed with argon as a pressure-trans
mitting medium (Daniel et al, 1997), showing first a
transition to a disordered crystal at around 10 GPa, and
then amorphization above 15 GPa as indicated by the
appearance of broad glass-like bands, (b): Spectra of
various amorphous forms of CaAhSi2O8.
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Fig. 7. Transmission electron microscopy of forsterite
quenched from about 20 GPa (A) and 40 GPa (B) showing alternate lamellae of amorphous and crystalline
phases along the 100 plane, whose width widens with
increasing pressure. From Bouhifd (1995).

amorphous solid, at least for Fe-rich olivines.
From high-pressure X-ray diffraction experiments
and transmission electron microscopy observations of the quenched sample, Richard & Richet
(1990) detected amorphization of fayalite
(Fe2SiO4) from 30 GPa under nonhydrostatic conditions. A similar conclusion was arrived at by
Williams et al. (1990), who argued from IR
spectra that amorphization is accompanied by a
coordination change of Si from 4- to 6-fold which
is reversible on decompression. This is consistent
with the conclusions of Richard & Richet (1990)
drawn from the pressure dependence of the diffraction halos of the amorph. Kruger et al (1992)
observed magnetic ordering at 28 and 65 K in
amorphized fayalite, in contrast to the single Néel
temperature of 65 K of the crystalline material.
They concluded that only one site is "magnetic-

ally sensitive to the geometrical disorder of the
structure". At high pressures, increased interactions of the iron ions tending toward a Fe 3+ + Fe1+
metallic configuration were inferred by Kruger et
al. (1992) from optical and electrical conductivity
measurements.
For forsterite (Mg2SiO4) quenched from nonhydrostatic pressures between 30 and 70 GPa,
Guyot & Reynard (1992) and Andrault et al
(1995) obtained samples in which remnants of
crystalline phase were observed by transmission
electron microscopy or X-ray diffraction. Complete amorphization of forsterite, at higher still
pressures, is thus practically impossible under
quasi-hydrostatic conditions. Transmission electron microscopy (Fig. 7) shows that amorphization of fayalite and forsterite is progressive and
proceeds through the formation and coalescence
of amorphous lamellae similar to those observed
in partially amorphized quartz (Guyot & Reynard,
1992; Bouhifd, 1995). The crystalline lamellae
produced under shear show extensive streaking in
diffraction pattern after runs at the highest pressures. Guyot & Reynard (1992) related amorphization to a disordering of the cation sublattice
within a close-packed oxygen sublattice. When investigated at higher resolution, the apparently
amorphous lamellae give in fact electron diffraction patterns that are either those of an actual
amorphous substance, characterized by diffraction
halos, or those of a crystal whose diffraction spots
correspond to the hep close packing of oxygen
atoms (Bouhifd, 1995). These observations thus
show that crystalline and amorphous characters
can coexist in amorphs at a scale of about 5 nm.
The effects of (Mg,Fe) substitution on the
compression and amorphization of olivines were
investigated by Andrault et al (1995) through Xray diffraction. In contrast to the compression, the
onset of amorphization depends strongly on the
Fe/(Fe+Mg) ratio, increasing smoothly from about
26 to 50 GPa from the Fe to the Mg endmember.
Complete amorphization is then rapidly achieved
for fayalite, whereas some very weak reflections
of forsterite can still be observed at 70 GPa
(Fig. 8). Weak, additional reflections provide evidence for a crystal-crystal transition for Mg-rich
olivines, but it is not clear whether the new phase
is an intermediate reaction before amorphization
or the product of a competing reaction. This crystal may correspond to the ß-Mg2SiO4 polymorph
or to a spinelloid intermediate between olivine
and spinel. This result is consistent with Raman
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Fig. 8. Diffraction patterns of forsterite at high pressure
(Andrault et al., 1995). The arrows indicate the new
reflections appearing at high pressure. All patterns have
a maximum intensity normalized to 100 %, which conceals the fact that the spectra at the highest pressures
have been expanded about four times with respect to the
ambient pattern.

spectroscopy or EXAFS data on forsterite (Durben et al, 1993) and its Mg 2 GeO 4 analogue (Reynard et al, 1994; Petit et al, 1996), which suggest
a reversible dimerization of SiO4 (or GeO4) tetrahedra to form Si2O7 units similar to those encountered in the ß-Mg2SiO4 polymorph. Finally, amorphization of CaMgGeO 4 olivine has been observed near 27 GPa by Reynard et al. (1996a)
who also discussed the influence of the size of the
cation on the phase transformation and amorphization of olivines.
Miscellaneous minerals
Under nonhydrostatic conditions, amorphization
of portlandite, Ca(OH)2, begins at about 11 GPa
and is complete at 15 GPa (Kruger et al, 1989;
Meade & Jeanloz, 1990). As observed by X-ray
diffraction, recrystallization develops readily at
about 3 GPa on decompression, which suggests
that amorphization was not achieved at a scale
smaller than 1 nm. This led Kruger et al. (1989)
and Meade & Jeanloz (1991) to infer the existence
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of a denser polymorph of Ca(OH)2 and conclude
that brucite, Mg(OH)2, does not amorphize because Mg-bearing compounds undergo phase transitions at much higher pressures than their Cabearing counterparts.
Describing the amorphization of a natural serpentine, Mg3Si2O5(OH)4, Meade & Jeanloz (1991)
mentioned in passing that talc, Mg6Si8O20(OH)4
and pyrophyllite, Al4Si8O2o(OH)4, also "show evidence" of pressure-induced amorphization. The
data published by Meade et al. (1992b) indicate
that amorphization of serpentine is largely irreversible at pressures higher than 27.5 GPa where
the Raman signal loses abruptly most features.
The changes in the X-ray diffraction patterns are
progressive, in contrast, suggesting between 10
and 22 GPa the existence of a crystal-crystal transition prior to amorphization. In X-ray diffraction
experiments made with a multianvil apparatus, Irifune et al. (1996) observed that an another serpentine sample amorphized between 14 and 27 GPa
at temperatures of 200 to 300 °C, but not at room
temperature. The stress conditions were likely more
hydrostatic than in diamond-anvil cell experiments, which would account for the need of
moderate heating to amorphize the sample. Muscovite, KAl3Si3O10(OH)2, is another hydrous mineral whose amorphization has been described between 15 and 26.5 GPa from X-ray diffraction experiments (Faust & Knittle, 1994). These hydrous
minerals have thus similar pressure ranges of
amorphization.
Serghiou & Hammack (1993) observed near
26 GPa amorphization of wollastonite, CaSiO3, a
pyroxenoid mineral which displays extensive polytypism. Without elaborating further, they suggested from X-ray diffraction experiments that
amorphous CaSiO3 can be considered as a defective long-period modulated wollastonite phase.
In a study of the (Fe,Mg) substitution on the
high-pressure behavior of pyroxenes, Touchard,
Andrault and Richet (in prep.) noted an unusually
great sensitivity of the compression to differential
stresses. Under nonhydrostatic conditions, the
compression is initially about only half that determined under quasi-hydrostatic conditions. From
MgSiO 3 to almost pure FeSiO3 pyroxenes, amorphization begins at about 35 GPa after a further
decrease in compressibility has taken place. Some
remnant crystalline material is still present at
50 GPa, but the amorphs do not revert to crystals
on decompression. The contrasting influence of
composition on amorphization in olivines and
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Amorph

Fig. 9. Formation of an amorphous substance through
either compression of a crystal or high-pressure quenching of a liquid.
pyroxenes can be emphasized. The lower amorphization pressure of Fe-rich olivines clearly indicate that FeO 6 octahedra are the weakest element
of the structure, but in pyroxenes the existence of
silicate chains allows the crystal to resist compression up to almost the same high pressures across
the whole (Mg,Fe) solution.
IV. Amorphs vs. densified and diaplectic
glasses
An intriguing phase diagram
An important question raised by amorphized crystals is that of their kinship with glasses that would

be formed from cooling of a liquid at high pressure (Fig. 9). Unfortunately, high-pressure measurements on melts are scarce and high-pressure
glass samples generally lacking. Moreover, these
practical problems are compounded by the fact
that glasses, as all amorphous substances, are nonequilibrium substances whose properties do not
depend on only two state variables like P and T
(cf. Richet & Bottinga, 1986).
Thermodynamically, amorphization of highpressure minerals (on decompression) and of lowpressure minerals (on compression) have a common nature as both represent transitions driven by
volume changes. These processes bear a similarity
with l -atm amorphization of heated high-pressure
minerals, because one can view them as tantamount to decompression at temperatures slightly
higher than ambient conditions. Of course, this
does not rule out a priori differences in the reaction mechanisms, due for instance to differing
stresses which can be truly hydrostatic only for latm amorphization, a limiting case for the highpressure transformations.
Thanks to these similarities, one can have a
broader view of the mutual relationships between
glasses and amorphs and make use, in particular,
of structural information obtained more readily at
room pressure. Before reviewing available data, a
brief summary of the thermodynamics of glasses
appears useful to avoid possible confusion. It is
especially so as the link between physical properties and structure is far from being established
quantitatively. Most techniques probe a specific
part of the structure, not the bulk, and thus pos-

Fig. 10. Enthalpy (or volume) in
the glass transition range for different cooling rates (q), and variation of the room-temperature enthalpy of the glass, //(7b), as a function of the fictive temperature T.
The change in the slope of the enthalpy or volume curve at the glass
transition results from variations of
the heat capacity or thermal expansion coefficient which are typically
10-50% and up to 10 times higher
for the liquid than for the glass, respectively (see Richet & Neuville,
1992).
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Thermodynamics of glasses
The glass transition is detected from the marked
changes in second-order thermodynamic proper
ties associated with the gain or loss of configurational degrees of freedom (cf. Richet & Neuville,
1992). As a kinetic phenomenon, the glass tran
sition depends on the rate at which a liquid is
cooled. The enthalpy (entropy or volume) of a
glass thus depends on the temperature at which
the glass transition took place (Fig. 10). Because
the heat capacity (or thermal expansion coef
ficient) of glasses usually depends little on ther
mal history above room temperature, operation
ally a single additional parameter can account for
1-atm thermochemical properties. This parameter
is the fictive temperature, which represents the
temperature at which the configuration of the
glass would be that of the equilibrium liquid. On
continuous cooling, the fictive temperature is
simply the glass transition temperature Tg. If the
influence of thermal history on the volume or en
thalpy of glasses is often neglected, it is simply
because a limited interval of fictive temperatures
(i.e., less than 100 K) is accessible with usual cool
ing rates, or with long annealings performed in the
glass transition range, regardless of the initial
temperature from which a liquid is quenched.
Complications arise when pressure is also al
lowed to vary because, contrary to crystals, glas
ses behave elastically up to a few GPa only (see
Sakka & Mackenzie, 1969, for a review). The first
evidence for this behavior came from the finding
of Tammann & Jenckel (1929), on B 2 O 3 and other
inorganic and organic substances, that liquids
cooled down at high pressure give rise to denser
glasses. Bridgman & Simon (1953) then reported
that temperatures higher than the glass transition
were not needed to densify glasses permanently.
They could achieve a compaction of up to 18 % at
room temperature for a SiO2 sample quenched
from 20 GPa in minute-long experiments. Above
a threshold pressure, permanent compaction is
thus possible well below the glass transition al
though the kinetics of densification increases
strongly with temperature. Bridgman & Simon
also noted that densification was leaving un
changed "the short-range order of the basic
structural units" and that the original density of
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Fig. 11. Densification of SiÜ2 as a function of the nominal pressure under strongly nonhydrostatic (solid symbols) and quasi-hydrostatic (open symbols) conditions at
the temperatures indicated (Mackenzie, 1963a).
the samples could be restored through annealing
at sufficiently high temperatures.
In fact, the existence of shear stresses is a key
ingredient in permanent densification (Mackenzie,
1963a). The densification increases and its threshold pressure decreases under strongly nonhydrostatic conditions (Fig. 11). This indicates that the
effects of pressure on glass properties are more
complicated than those of temperature. An additional parameter like the fictive pressure, i.e., the
pressure at which configurational changes have
been blocked, is thus insufficient and a whole
fictive stress tensor should be specified instead.
Indeed, Couty & Sabatier (1968) reported that the
enthalpy of densified SiO2 glass depends not only
on the density of the sample, but also on the stress
conditions of the densification experiments. On
the average, the enthalpy difference between samples with densities of 2.64 and 2.2 g/cm3 amounts
to the very large value of 18 kJ/mol, which is similar to the work done on the samples to get them
densified (Couty & Sabatier, 1968).
Very rapidly cooled SiO2 glasses have an
excess enthalpy of only 1 kJ/mol with regard to
annealed samples. The enthalpy of transition between quartz and SiO2 glass is less than 10 kJ/mol
(Richet et ai, 1982). In comparison, an excess
enthalpy of 18 kJ/mol for densified SiO2 glasses
indicates that pressure can exert an extremely
strong influence on glass properties. This leaves
ample room for structural changes at pressure,
especially since the effects of nonhydrostatic
stresses on densified glasses should also be con-
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sidered. When comparing amorphs and densified
glasses, one should thus keep in mind that wide
ranges of configurational states are possible for
both kinds of substances.
Amorphous vs. glassy substances
Formation of amorphs and densified glasses is
strongly favored by shear. Owing to this first common feature, both kinds of materials have strongly
stress-dependent properties, which can relax in a
continuous way to those of l-atm glasses. Hence,
comparisons between amorphs and l-atm glasses
are at best a rough starting point. Not surprisingly
(Fig. 7), the Raman spectra of amorphized feldspars resemble those of densified glasses, not those
of "normal" glasses (Daniel et al, 1997), indicating that the amorph and densified glass have basically similar distributions of bond angles and distances. From the Raman spectra of GeO2 glass
and amorph, however, Wolf et al (1992) concluded that these substances exhibit yet unspecified
differences in intermediate and long-range structure in spite of similar short-range order. Some
features of the infrared spectrum of amorphized
coesite were interpreted by Williams et al (1993)
in terms of the existence of two distinct populations of Si-O-Si angles and of an "unperturbed
bonding environment" of a subset of SiO4 tetrahedra, not observed in both amorphized quartz
and SiO 2 glass. The presence of an electron diffracting oxygen sublattice in apparently amorphized lamellae of fayalite (Bouhifd, 1995) is
another microscopic evidence for incomplete disordering.
Macroscopically, incomplete disordering is
also indicated by the anomalous elastic anisotropy
of amorphous quartz (McNeil & Grimsditch,
1992), the "memory" effect of A1PO4 (Kruger &
Jeanloz, 1990) or the relative ease with which
phases like amorphized portlandite or serpentine
recrystallize on decompression. We also note that
amorphous GeO 2 begins to crystallize to tetragonal GeO 2 at 20 GPa (Wolf et a/., 1992) whereas
densified GeO 2 glass can be preserved at least up
to 56 GPa (Durben & Wolf, 1991). This observation shows that at some point further pressure increases do not favor any longer amorphization and
induce crystallization instead, in accord with the
aforementioned slight structural differences between GeO2 amorph and glass. With respect to
crystallization, we note in passing that the effects
of pressure on amorphs are similar to those of
temperature: on heating, amorphized coesite or

stishovite samples formed below 1000 K eventually crystallize to cristobalite at around 1400 K
(Gillet et a/., 1990; Brazhkin et al, 1991). In contrast, SiO2 glass does not crystallize at 1400 K and
the supercooled liquid can be kept for short periods of time up to more than 1800 K (Richet et
al, 1982).
In fact, the most conclusive structural information probably comes from Nuclear Magnetic
Resonance (NMR) experiments. Through 29Si
spectroscopy, Kanzaki et al (1991) observed that
the local structure of Si in the amorph formed
when decompressing CaSiO3 perovskite is similar
to that in CaSiO3 glass with, however, a slightly
narrower NMR signal. Likewise, stishovite decomposes homogeneously on heating to an
amorph in which Si is 4-fold coordinated, with a
chemical shift indicating small Si-O-Si angles reminiscent of densified glasses (Xue et al, 1993).
Similar observations have been made by Raman
spectroscopy (Gillet et al, 1990; Grimsditch et
al, 1994). On prolonged heating, both the chemical shift and Raman spectra relax to those of the
glass. Although Xue et al (1993) and Grimsditch
et al (1994) did not include a densified glass in
their study, Xue et al (1993) noted that the 29Si
chemical shift in amorphous SiO2 relaxes with a
kinetics similar to that reported by Mackenzie
(1963b) for the density of compacted SiO 2 glass.
Comparisons between the physical properties
of amorphs and glasses would also be instructive.
The shear and compressional wave velocities and
the index of refraction of SiO2 glass have been
measured by Brillouin scattering up to 57 GPa
(Zha et al, 1994). Unfortunately, the data of
McNeil & Grimsditch (1992) showing elastic anisotropy of amorphized quartz refer to a pressure
range where amorphization is incomplete. More
data are available for GeO2. From the densities
of densified glasses (Mackenzie, 1963a) and
amorphs (Kawasaki et al, 1994) prepared at various pressures, one obtains the linear correlation
shown in Fig. 12. If not fortuitous, this intriguing
density trend points to a simple relationship between these materials. On the other hand, the
shear and longitudinal wave velocities of the glass
go through a minimum at 1.5 GPa, those of amorphous samples increasing continuously up to 3 GPa
(Suito et al, 1992). Of course, this difference also
reflects structural contrasts, but meaningful comparisons would require data for an initially densified material, and not for a glass that was likely
compacting during the experiments.
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All these arguments should not conceal the
fact that the hallmark of the glassy state is the existence of a glass transition at which the atomic
mobility characteristic of the liquid state sets in.
By observing a glass transition, followed by crystallization, Tsukushi et al (1991) demonstrated
the glass-like nature of an organic compound
amorphized by comminution, namely, tri-o-methyl-ß-cyclodextrin. Comparisons of transition
temperatures and changes in heat capacity or thermal expansion would document further the kinship of amorphs with densified glasses having a
comparable stress history. This test can hardly be
direct if made at room pressure, however, for both
densified glasses and amorphs will likely relax before the onset of a glass transition. As an example,
densified SiO2 glass relaxes to "normal" glass in
about one hour at 1000 K (Mackenzie, 1963b),
i.e., about 500 K below the 1-atm glass transition
range. Nevertheless, comparisons between the
kinetics of enthalpy relaxation of densified and
amorphs would throw some light on the differences between these substances. Alternatively,
glass transitions could be detected at high pressure, as already made up to nearly 1 GPa (Rosenhaueretß/., 1979).
In summary, the still limited information reviewed in this section suggests that, like glasses,
amorphs should likely undergo a glass transition.
As expected, temperature rises are more effective
than pressure increases to promote disorder, and
the greater ease with which amorphs crystallize at
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higher pressures raises the intriguing question of
their structural differences with glasses at the very
onset of crystal nucleation. Given the wide range
of physical properties exhibited by samples prepared under different conditions, the identification
of sharp amorphous-amorphous transitions in silicates such as that described for H2O (Mishima et
cil, 1985) has still to be made. For instance, this
polyamorphism as reported for SiO2 by Grimsditch (1984) is not really conclusive in this respect, and the first-order transition between glasses with predominantly either 4- or 6-fold coordinated Ge atoms predicted from the two-state
model of Smith et al (1995) for GeO 2 has not
been observed yet.
Amorphous vs. diaplectic glasses
Materials subjected to shock waves may undergo
a variety of phase transitions which received a
great deal of attention a few decades ago at the
onset of the exploration of the solar system. More
recently, this interest has been rekindled as a result of the controversies affecting mass extinctions
and the Cretaceous-Tertiary boundary layer. Two
kinds of amorphous substances have been identified in natural settings (see Stoffler, 1972, 1974),
after shock-wave amorphization of minerals had
been discovered in the laboratory (De Carli & Jamieson, 1959). Diaplectic glasses have generally
framework silicate compositions; textural evidence indicates that they form through pressureinduced solid-state reactions. The other phases are
actual glasses produced after the post-shock adiabatic release during which the material melts. For
quartz and plagioclases, such a melting requires
shock pressures of the order of 35 and 50 GPa, respectively.
As the amorphs dealt with in this review, diaplectic glasses form as a result of pressure changes
at low or moderate temperatures. Owing to its ubiquitous nature and resistance to wheathering,
quartz is by far the most extensively studied
shocked mineral. The extensive data gathered for
samples from terrestrial impact craters, meteorites, lunar rocks or minerals subjected to laboratory shock waves have been reviewed by Stoffler
(1974) and Stoffler & Langenhorst (1993) to
whom we refer for a discussion of the differences
between "normal" and diaplectic glasses. The influence of the static or dynamic nature of the pressure is the main factor that will be dealt with here
in comparing amorphs and diaplecting glasses.
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Fig. 13. Raman spectra of various amorphous SiÜ2 samples at ambient conditions. The strong, polarized band
near 440 cm"1 (Bell & Dean, 1972; Sharma et al, 1981)
arises from oxygen symmetric stretching, with a width
indicating a broad distribution of Si-O-Si angles
(McMillan & Hess, 1990). The two bands at 606 and 492
cm-1 in the glass spectrum are the Di and D2 "defects"
bands attributed to symmetric oxygen breathing vibrations of 3- and 4-membered siloxane rings, respectively.
Spectra from Hemley (1987) for a quartz sample amorphized above 30 GPa; McMillan et al. (1994) for the
glass at 300 K; McMillan et al. (1992) for a 20% densified glass; Champagnon et al. (1996) for a quartz
shocked at 32 GPa; Gillet & McMillan (unpublished
results) for the amorphous material obtained from heating at room pressure of stishovite (St indicates the Raman modes of untransformed stishovite). Intensities corrected for frequency and temperature dependences in all
spectra (Daniel et al, 1995).
In passing, we note that, at a time where stishovite had not been discovered yet, De Carli & Jamieson (1959) anticipated the discovery of pressure-induced amorphization by Mishima et al.
(1984) by pointing out that the silica glass observed in their shock-wave experiments formed
directly from quartz, which was the less dense
phase at pressure. Other explanations have been

subsequently favored for this process, however,
such as amorphization on decompression of the
high-pressure phase stishovite. Jeanloz et al.
(1977) considered both kinds of explanations
when noting the presence of minute amounts of an
amorphous substance in a shocked natural Mgrich olivine, but the first evidence that SiO2 glass
could form directly from compressed quartz was
provided by Hemley (1987) in a static Raman
spectroscopy study.
This evidence is presented in Fig. 13 where
the Raman spectra of a variety of amorphous SiO2
samples show basically the same features. A noteworthy one is the intensity increase of the D2 band
with pressure, which reflects an increasing proportion of 3-membered rings whose amount in
densified glasses depends strongly on the maximum
pressure reached (Hemley et al, 1986). These features are also observed in the spectra of diaplectic
SiO2 glasses formed above 30 GPa, in densified
glasses, in amorphized quartz (Champagnon et al,
1996), and in moderately heated stishovite. When
shocked below 30 GPa, in contrast, samples generally consist of a mixture of amorphous and crystalline material and have Raman spectra similar to
those of quartz samples amorphized on decompression (McMillan et al. 1992; Hemley et al,
1994).
There are also microstructural similarities between diaplectic SiO2 glass and amorphized
quartz. Sets of amorphous lamellae developing
along a number of crystallographic orientations
are conspicuous defects created by shock waves
{e.g. Tatterin et al, 1990). Their formation has
been explained by Goltrant et al (1992) as the
most efficient way of relaxing the strain resulting
from the mismatch of the crystalline lattice on
both sides of the rapidly moving shock front. As
reviewed by Cordier et al. (1993), the analogous
lamellae observed in statically compressed samples
differ in their orientation with respect to the load
axis, their occurrence in some planes not found in
shocked samples, or the lack of sharp boundary
between crystals and amorphous patches typical
of mixed-phase shocked samples.
These differences may seem minor considering the static vs. dynamic nature of the stress. This
is consistent with formation of diaplectic glasses
as a direct solid-state process and support the
claim made first by Madon et al (1984) and then
by Williams & Jeanloz (1989) for olivines and anorthite, respectively, that static and dynamic compression produce similar microstructures. In view
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of the strong influence of stress history on glass
properties, we finally note that the differences be
tween the ambient density or the index of refrac
tion of amorphs and diaplectic glasses observed
by Williams & Jeanloz (1989) for anorthite could
be expected. The similarity between the highpressure compressional wave velocities of amorph
ous anorthite and the material formed along the
Hugoniot of anorthite is probably more signifi
cant. It led Campbell & Heinz (1993) to propose
that the latter was actually amorphous as has been
found for kaolinite, aluminous smectite and ser
pentine by Kikuchi et al (1993). Likewise, Faust
& Knittle (1994) suggested that the phase along
the high-pressure Hugoniot of muscovite (Sekine
et til., 1991) was amorphous, and not a crystalline
polymorph. Forming amorphs along the Hugoniot
thus appears as a definite possibility for minerals
that amorphize below a few tens of GPa, i.e., at
pressures where the Hugoniot temperature is not
too high.
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Amorphization at high pressure
The whole matter of pressure-induced amorphiza
tion started from a thermodynamic argument set
forth by Mishima et al. (1984) from the phase
diagram shown in Fig. 14. The slope of the melt
ing curve of low-pressure ice Ih is negative down
to 0.2 GPa where a denser polymorph, ice III,
forms. Although the rapid kinetics of the ice Ih ice III transition prevents an experimental deter
mination of the metastable part of the melting
curve of ice Ih, one can ask what would happen if
ice Ih were compressed at low temperatures
beyond this metastable extension. In view of the
slow kinetics of a reconstructive phase transition,
Mishima et al. (1984) guessed that the crystal
would bypass a transformation to one of the lowtemperature polymorphs (ice VI or ice VIII) and
amorphize instead. It is in this manner that Mishi
ma et al. (1984) actually obtained at liquid nitro
gen temperature the first bulk amorphous H2O
sample and also suggested that pressure-induced
amorphization is fundamentally a kinetically con
trolled melting event (cf. Whalley et al, 1990).
For a congruently melting compound, the slope
of the melting curve is given by the Clausius-Clapeyron equation, dT/dP = ΔV/ASp where ΔV and
ASf are the volume and entropy of fusion. Hence,
the negative AV of ice Ih is at the basis of the
reasoning of Mishima et al (1984). Considering
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Fig. 14. Phase diagram of water as redrawn from Mishi
ma et al. (1984), whose pathway to amorphization is
indicated by the arrow.
now the volume of SiO2 polymorphs as a function
of pressure (Fig. 15a), one remarks that quartz and
coesite become less dense than SiO2 glass at about
the same pressure of 12 GPa. At this point, the
volumes of melting of both quartz and cristobalite
thus vanish and the slopes of the melting curves
become negative (Fig. 15b). Pressure-induced
amorphization of quartz and coesite can thus be
understood in the same way as the formation of
amorphous H2O (Hemley et al, 1988).
That this general thermodynamic framework
is at least qualitatively valid has been vindicated
by the very experiments of Mishima et al (1984).
In the same way, a simple comparison between
the melting curves of fayalite (Akimoto & Komada, 1967) and forsterite (Ohtani & Kamazawa,
1981) led Richard & Richet (1990) to guess right
ly that fayalite would amorphize at much lower
pressures than forsterite. Of course, this thermo
dynamic interpretation is a limiting case, valid
when amorphized crystals have actually reached
the disordered state characteristic of the glass un
der the same stress conditions. If some remnants
of crystalline order are preserved, then amorphs
should have a higher Gibbs free energy than
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high-pressure glasses that would form from the
equilibrium liquids. This difference would allow
amorphs to form at pressures lower than indicated
by the metastable extension of the melting curve,
but the significant driving force required for lowtemperature amorphization is achieved only beyond vitrification curves. These factors should
cancel out to some extent. At the observed amorphization pressures, Williams & Jeanloz (1989),
Hemley et al (1988), Zhang et al (1993), and
Smith et al (1995) estimated that anorthite, quartz
and α-GeO 2 have Gibbs free energies similar to
those of the glasses, but such calculations are be
set by large uncertainties. We prefer to emphasize
that amorphs are necessarily denser than the crys
tals, a condition that is unlikely met in pressure
ranges where the slope of the melting curve is
positive. Amorphization of a crystal thus appears
to require the existence of a maximum in its melt

Fig. 15. (a) Room-temperature volumes
of S1O2 glass and polymorphs from the
equations of state given by Hemley et
al (1994). Owing to the small thermal
expansion of SiÜ2 glass and liquid, the
high-temperature volumes of melting
should be slightly smaller than indicated by these data, (b) Phase diagram of
SiÜ2, as drawn from the data reviewed
by Zhang et al. (1993), where the
dashed lines represent the metastable
extension of the melting curves whose
maximum correspond to the pressure at
which AV = 0. Note that the (negative)
slope of the melting curves are very
steep at higher pressures. At some point
the glass transition would obtain, but
calculations show that the slope of a
pseudoequilibrium "vitrification" curve
should not depart markedly from that of
the melting curve, see Richet (1988).

ing curve where the volume of melting vanishes.
When calculating the melting curve with the Clausius-Clapeyron equation, the existence of pres
sure-induced amorphization can then be used to
constrain the poorly known high-pressure thermal
expansion coefficient of the melt (cf. Richard &
Richet, 1990).
Temperature-induced amorphization and
superheating
Because thermochemical information is accurate
ly known at 1 atm, amorphization of high-pres
sure minerals on heating provides a sounder basis
for further discussion. Considering once more
SiO2 phases, one finds that cristobalite, the liquidus polymorph, melts at 2000 K (Fig. 16). Quartz
melts metastably at around 1700 K but, preceding
crystallization to cristobalite, fusion has actually
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Fig. 16. Gibbs free energies of formation
from the elements of Si02 liquid, glass and
polymorphs. The data for stishovite could
not be included at this scale because its
ΔG/» varies from 61 to 44 kJ/mol from 1000
to 0 K. Note that the heat-capacity change at
the glass transition has little effect on the
shape of the curves. See Richet (1988) for
data sources.
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been observed up to 1940 K (Mackenzie, I960).
Interestingly, the quenched melt had a range of refractive indices and a higher density than ordinary
SiO2 glass before relaxing to the glass properties,
thus showing a striking similarity with the twostep amorphization of stishovite. For coesite, the
temperature at which the Gibbs free energy equals
that of the amorphous phase is belrjw the glass
transition range of SiO2. This temperature is even
lower than l l 50 K, the temperature of the Kauzmann paradox at which supercooled liquid SiO2
would have a lower entropy than cristobalite (see
also Xue et al., 1993). As discussed by Richet
(1988), coesite should in principle "melt" to a glass
at about 875 K, and not to a supercooled liquid as
quartz does. The extreme case is that of stishovite,
which is unstable at all temperatures with respect
to SiO 2 glass with still a huge l-atm Gibbs free
energy of transition of 44 kJ/mol at 0 K.
On decompression to l atm, the metastable
extensions of the melting curves of coesite and
stishovite are thus necessarily crossed at some
pressure (Fig. 15b). This happens at a temperature
higher than 875 K for coesite, and at any temperature for stishovite. In summary, on room-temperature compression quartz faces a situation inverse
to that of stishovite on decompression, that is, it
becomes unstable with respect to SiO2 glass. A
most interesting example is provided by coesite,
which amorphizes on both external sides of the
melting curve, either through heating at low pressure or compression at high pressure. That amorphization on decompression of other high-pressure crystals, like silicate perovskites, can receive
the same thermodynamic explanation has been
justified by Richet (1988).
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Melting is usually a heterogeneous process
because crystal surfaces provide outstanding sites
for melt nucleation well before any kind of instability develop in the bulk of the crystal. The possibility of superheating, that is, keeping metastably
a crystal above its melting point, is thus generally
denied. Superheating is in fact possible when the
melt viscosity is extremely high and diffusive motion very low. Richet (1988) noted that superheating had been reported for quartz (Mackenzie,
1960) and albite (Dietz et al, 1970) and pointed
out that stishovite represents an extreme case of
superheating since it persists indefinitely at lower
temperatures in spite of being unstable with respect to SiO2 glass. An analogous conclusion applies to the other minerals amorphizing at low
pressure. Among these, we mention again coesite
which could be observed for short periods of time
up to 1400 K by Raman spectroscopy (Gillet et
al, 1990) and to 1800 K by X-ray diffraction
(Bourova & Richet, unpub.). Because it is above
the glass transition range of SiO2, the latter limit
thus reveals superheating in the proper sense of
the term, and demontrates that melt nucleation on
crystal surfaces can be delayed or even bypassed,
suggesting that instabilities can play an important
role in the amorphization mechanisms.
VI. Mechanisms of amorphization
A few examples
Amorphization is no exception to the fact that
thermodynamics tells whether a transition is possible while remaining mute about mechanisms
and kinetics, which we now review in this section.
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We first note that amorphization can appear as an
homogeneous process, as observed by transmis
sion electron microscopy for stishovite and αGeO 2 heated at l atm (Gillet et al, 1990). In fact,
the kinetics depend strongly on the quality of the
samples, natural stishovites from Meteor crater
(Skinner & Fahey, 1963) amorphizing at lower
temperatures than synthetic samples (Xue et al,
1993; Grimsditch et al, 1994). This suggests that
amorphization proceeds heterogeneously through
nucleation and growth when defects are abundant.
As already noted, stishovite does not form directly
a "normal" SiO2 glass, but first an amorph akin to
a densified glass (cf. Fig. 13). In this two-step
process, the total enthalpy of 44 kJ/mol thus in
cludes a significant enthalpy of transformation
from a densified to "normal" SiO2 glass {cf. Couty
& Sabatier, 1968). Hence, amorphization can be a
rather complex process, even for a structurally
simple mineral heated at atmospheric pressure.
The process also depends markedly on chem
ical composition. CaSiO3 perovskite amorphizes
readily on decompression (Liu & Ringwood,
1975; Mao et al, 1989) whereas, like stishovite,
(Mg,Fe)SiO3 perovskites can be quenched to am
bient and amorphize only on further heating (Parise et al, 1990). The bigger size of Ca relative to
Mg thus has a destabilizing effect, notwithstand
ing that Ca-bearing minerals are stable at lower
pressures than their Mg-counterparts. Another in
teresting example is that of amorphized SrGeO3
perovskite. The amorph formed on heating has
first 6-fold coordinated Ge atoms, and the coordi
nation number then decreases to 4 before the sta
ble pyroxenoid crystallizes (Andrault et al, 1996).
This difference with the 4-fold coordinated sili
cons of amorphs formed from silicate perovskites
is likely associated with the low-pressure stability
of phases with 6-fold coordinated Ge atoms. The
contrasting behavior of MgSiO 3 ilmenite and ßMg2SiO4 also warrants comment. The former
amorphizes at 950 K before crystallizing to enstatite (Reynard & Rubie, 1996), whereas ß-Mg2SiO4
transforms directly to forsterite (Reynard et al,
1996b). Of course, amorphization is no longer a
convenient reaction step at moderate temperatures
when there exists a topotactic relationship like
that between forsterite and ß-Mg2SiO4.
In summary, a variety of factors should be
dealt with to describe amorphization mechanisms.
The difficulty is that factors such as stress conditions or defects are in general poorly controlled
and known in actual experiments. Theoretical

models of instabilities nevertheless provide a
broad, useful framework for interpreting the observations. The first of these models is probably
that of Lindemann, who pointed out that melting
takes place when the mean amplitude of atomic
vibrations becomes greater than some critical value.
In the following, more recent work is reviewed to
suggest what kind of mechanisms could be relevant under conditions not too different from hydrostatic. Of course, these conclusions should be
inappropriate under the strong shear that can trigger early amorphization in other kinds of experiments.
Instabilities
The relevance of instabilities to amorphization in
general has already been reviewed by Wolf et al
(1990), and applications to α-GeO 2 and quartz
have been discussed by Wolf et al (1992). Here,
we just recall that, thermodynamically, the only
intrinsic limit to stability comes from the require
ment that a substance be stable with respect to
entropy, density and chemical composition fluc
tuations. These constraints are satisfied if the heat
capacity and compressibility (or bulk modulus)
are positive, and if the composition of the sub
stance does not fall in a spinodal region where de
composition happens spontaneously, without
being activated thermally. In passing, we note that
both the extrapolated bulk and shear moduli of
low-pressure SiO2 glass would vanish at about
9 GPa (Fig. 17). Hence, it is tempting to interpret
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Fig. 17. Bulk (K) and shear (G) moduli of SiÜ2 glass at
room temperature (Suito et al., 1992). Extrapolated linearly from low pressures, these moduli would vanish near
9 GPa.
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the irreversible densification of the glass as a
structural response of the material to avoid the
mechanical instability that would take place near
this pressure, an observation that can also be made
for GeO 2 from the elastic constants measured by
Suito et al (1992) and Wolf et al. (1992).
Besides, Born (1939) pointed out that "the dif
ference between a solid and a liquid is that the
solid has elastic resistance against shearing stress
while the liquid has not" and thus added that "a
theory of melting should consist of an investiga
tion of the lattice under shearing stress". For stab
ility against all homogeneous elastic deformation,
the acoustic-wave energy must be positive and
thus the elastic constant matrix positive definite.
This condition imposes simple relationships be
tween elastic constants and requires that the shear
modulus be positive definite. Amorphs are solids,
not liquids. Hence, the relevant criterion for stab
ility is that of usual solid-solid transformations,
namely, that the energy of the crystal be raised by
any small strain (Born & Huang, 1954). Finally,
dynamical stability must also be respected with
respect to vibrational degrees of freedom. This ad
ditional criterion means that the dynamical matrix
be positive definite for all propagation directions.
Unfortunately, checking this condition is more
difficult because this requires lattice dynamical
calculations that depend on the interatomic poten
tials of the substance. As a consequence, stability
against elastic deformation only is most often con
sidered.
For quartz, considered with a trigonal symme
try, the Born criteria are that C π , C33 and C44 be
positive and the following conditions obeyed:
£, = C π - ICI2I > 0,
B2 = ( C π + C12) C33 - 2 C132 > 0,
B* = ( C „ - C , 2 ) C 4 4 - 2 C 1 4 > 0 .
When searching evidence for mechanical instabil
ities induced by either temperature or pressure,
one is faced with a lack of data under the relevant
conditions. Forsterite is the amorphizing silicate
for which elastic measurements extend to the high
est pressure (Yoneda & Morioka, 1992; Duffy et
al, 1995b), but even the 16 GPa attained in the
latter study remain modest compared to the ob
served amorphization range. As discussed by Wil
liams et al. (1990) for fayalite or Binggeli et al
(1994) for quartz, extrapolations of the exper
imental elastic constants are problematic. For this
reason, instabilities have been essentially inves
tigated through numerical simulations.
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Theoretical simulations
In the preceding, the results of computer simula
tions have been reviewed from a structural stand
point. In this section we now focus on their dynam
ical aspects. On decompression, the only theoret
ical work made until now has been devoted to
CaSiO 3 and MgSiO 3 perovskites. In molecular
and lattice dynamics calculations, Hemmati et al
(1995) observed a thermally activated process
whereby a soft polar optic mode at the center of
the Brillouin zone triggers a number of instabil
ities leading to "decohesion" of the lattice of CaSiO 3 perovskite. A crystalline form with 5-fold
coordinated Si is formed along the reaction path,
but this transient phase is dynamically unstable,
particularly with respect to dispersionless vibra
tional modes which condense chains of SiO 4 tetrahedra in a pyroxene-like manner. These cata
strophes occur on tension at a pressure of about
-18 GPa, and not at a low compression, because
of the somewhat rudimentary nature of the used
interatomic potentials. More work is thus required
to confirm these general features. However, this
scenario is qualitatively consistent with the con
clusion drawn from NMR (Kanzaki et al, 1991)
that a mechanical instability might be responsible
for the amorphization of CaSiO 3 perovskite (and
other high-pressure crystals as well) because the
growth of an amorphous phase into the crystal re
quires an heterogenous nucleation from defects
involving a thermally activated process.
Pressure-induced amorphization has received
more attention, although quartz has been the only
mineral investigated extensively. Instabilites have
been predicted at about 25 GPa by molecular and
lattice dynamics simulations (Tse & Klug, 1991;
Binggeli et al, 1994). Using either pair-wise poten
tials or ab initio pseudopotentials, Binggeli et al.
(1994) calculated that B3 vanishes at around
30 GPa. This represents a mechanical instability
with respect to shear waves in planes not perpen
dicular to the c axis, an instability due to the oxy
gen atoms approaching the close-packed bodycentered cubic (bcc) configuration described by
Sowa (1988). Another, dynamical instability was
found at about the same pressure by Binggeli et
al. (1994) from lattice dynamics calculations
made with pair-wise potentials. A soft mode was
calculated in the lowest acoustic branch of quartz
for zone-edge phonons representing oscillations of
Si atoms between two 6-fold sites about the equi
librium 4-fold site of the oxygen sublattice. In
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these harmonic calculations, however, coordina
tion changes are not predicted because over
coming the energy barriers would require to take
into account anharmonic effects such as coupling
to the strain.
The importance of dynamical instabilities has
been emphasized in other lattice dynamics calcu
lations. With similar methods, Watson & Parker
(1995) found the same mechanical instability as
Binggeli et al. (1994), but the dynamical instab
ility they detected was for a mode involving rota
tions of the double chains forming the channels of
the quartz structure. At 18 GPa, these channels
would tear themselves apart, causing the collapse
of the structure to a denser amorphous phase at a
pressure much lower than that of the elastic in
stability. Little work having been devoted to other
silicates, we just note that Guyot & Reynard
(1992) suggested from lattice dynamics calcula
tions that disordering and amorphization of olivines might also be related to a dynamical instab
ility of an optically inactive mode above 30 GPa.
Under the hydrostatic conditions dealt with in
available simulations, the example of α-GeO 2 in
deed indicates that instabilities can prevail, as pre
dicted for quartz, even though simulations per
formed with various degrees of sophistication dif
fer on their precise nature. With methanol-ethanol
as a pressure-transmitting medium, Kawasaki et
al. (1994) observed that amorphization developed
at 6.5 GPa in a few milliseconds, with a volume
reduction of about 7-11%, when the pressure was
increased at the slow rate of 0.1 GPa/s. Similar
observations have been described by Wolf et al.
(1992). Such rapid reactions have not been report
ed for silicates, probably because truly hydrostatic
conditions cannot be realized at higher pressures
in diamond-anvil cells.
Differential stresses are always present, but
simulations of mechanical instabilities under these
conditions have not been attempted yet. Goltrant
et al. (1992) and Cordier et al. (1993) made com
prehensive calculations of the shear modulus of
quartz under pressure and verified that amorphous
lamellae can form dynamically or statically along
some planes of the structure which become weak
under a shear stress at high pressure. Commenting
on their own simulations, Watson & Parker (1995)
noted that defects should interfere with the instab
ilities and that nonhydrostatic conditions at the
onset of the dynamical instability should aid the
collapse of the structure and lower the pressure of
amorphization. In another approach, Wolf et al.

(1992) have proposed that pressure-induced am
orphization is described by a collapse of the crys
tal on approaching the spinodal boundary which
separates the mechanically stable and unstable
pressure domains of the crystal.
We finally note that the basic importance of
stress was emphasized by Kulp et al. (1993) in the
different context of radiation-induced amorphiza
tion. In molecular dynamics simulations of CuTi2,
they found that both the energy and volume tend
ed to level off before the pair distribution function
indicated complete amorphization. In contrast, as
suming that the total energy is the sum of atom
energies and defining the stress at the level of the
Wigner-Seitz cell of each atom, Kulp et al. (1993)
observed that amorphization was achieved only
when the atomic stress actually levelled off.

VII. Conclusions
Pressure-induced amorphization is observed for a
wide range of silicate structures, from framework
silicates such as quartz, coesite, feldspars and zeo
lites, to silicates with isolated SiO4tetrahedra like
oh vines, through chain (Fe,Mg pyroxenes) and
sheet (muscovite, serpentine) silicates. Over wide
pressure ranges, these crystals disorganize and
eventually lose at least long-range order. Often
preceded by transitions to structurally related
crystalline forms, amorphization is driven by the
important volume reduction that eventually results
from the greater compressibilities of amorphous
substances, which are the highest when the oxy
gen coordination number of network-forming ca
tions can increase progressively. Disordering oc
curs at a length scale of less than 100 A and orig
inates in atomic frustration associated in particular
with an evolution toward close packing of oxygen
atoms.
As a disordered material could unlikely be the
densest form of a substance, pressure-induced
amorphization appears to occur when the transfor
mation of a crystal to a denser polymorph is kinetically hindered. In addition to providing lowenergy pathways to a denser phase, amorphization
also create configurational entropy that contrib
utes to stabilize the disordered substance. Amorph
ization is in fact strongly favored by shear stresses
which disorganize the weakest planes of the crys
tal structure and allow amorphization to develop,
on compression, at lower pressures and with smal
ler volume changes than under quasihydrostatic
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conditions, ln spite of considerable structural differences between olivines and framework silicates, the role of shear is clearly demonstrated in
both cases by the formation and growth of amorphous lamellae along some definite crystallographic directions. In contrast, shear is less relevant when high-pressure minerals amorphize,
homogeneously, on heating at room pressure.
Amorphs prepared by static compression and
through shock waves in Nature or in the laboratory show similar microstructures and pressure
ranges of amorphization. Comparisons between
amorphs and permanently densified glasses at
high pressures indicate a similarity in kind exemplified by a common strong sensitivity to shear.
Amorphs nonetheless appear to differ from densified glasses, in particular in that they recrystallize
more readily when the temperature or pressure is
varied because remnants of crystalline order are
preserved. Of course, temperature is a more efficient factor than pressure to erase all traces of
crystalline order because it induces rapid diffusive
motion, ln contrast to the sharpness of melting,
amorphization is thus a slow phenomenon to
which heterogeneous processes on crystal surfaces
contribute little. These features allow intrinsic instabilities to occur instead in parts of the crystal
where they are promoted by defects.
Amorphization under hydrostatic conditions
should proceed via mechanical and dynamical instabilities. Because the presence of defect favors
these instabilities, the theoretically homogenous
nature of amorphization is blurred and nucleation
and growth can develop. Under quasi-hydrostatic
or nonhydrostatic conditions, heterogeneous
nucleation and growth of amorphous lamellae are
promoted by shear stresses. These lamellae are
pervasive at pressures much lower than those of
the predicted homogeneous instabilities. Even
though shear is a key factor in these room-temperature transitions, it has not yet been accounted
for properly in computer simulations.
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