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Quartz family of silica polymorphs: Comparative simulation study of quartz, moganite, and
orthorhombic silica, and their phase transformations

Vladimir V. Murashov
Department of Chemistry, Dalhousie University, Halifax, Nova Scotia, Canada B3H 4J3

Igor M. Svishchev
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~Received 18 June 1997!

A quartz family of silica polymorphs is studied. The structure and phase transformations of quartz, mogan-
ite, and orthorhombic silica~o-silica! are examined using molecular dynamics simulations. Moganite and its
high-pressure forms appear to be the most stable phases in the temperature range from 100 to 1100 K and the
pressure range from 0 to 30 GPa. Upon applied pressureo-silica transforms first into a monoclinic phase~at
about 15 GPa! and then into a high-density orthorhombic phase~at about 28 GPa!. Moganite also exhibits two
crystal-crystal phase transformations, at about 5 and 21 GPa. Quartz undergoes amorphization at approximately
21 GPa in accordance with previous studies. Moganite ando-silica are likely to be present among naturally
occurring microcrystalline forms of silica; however, similarities in their x-ray-diffraction patterns would make
it very difficult to distinguish between them. The implications of computer simulation results for crystal growth
and metamorphism are discussed.@S0163-1829~98!00810-8#
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INTRODUCTION

Silica can exist in a variety of crystalline forms whic
share the same building block-regular~or nearly regular!
@SiO4# coordination tetrahedron.1 These forms are typically
three-dimensional network structures built of corner-sha
@SiO4# units ~among low-density polymorphs only the s
called silica-W contains chains of the edge-shared@SiO4#
tetrahedra2!. Silica forms are widespread in nature. Quartz
the second most abundant mineral in Earth’s crust. Cri
balite and tridymite are less common, as well as m
anophlogite, a rare low-density form, which is always fou
to contain some organic matter or sulfur acting as templa
agents.3 Several high-pressure polymorphs, includi
keatite,4 coesite,5 and stishovite,6 were first identified in
laboratory studies. The latter two have later been discove
to occur naturally.7,8

It is now well documented in experimental and theoreti
~computer simulation! studies that silica structures can u
dergo a variety of displacive transformations which prese
tetrahedral@SiO4# coordination. Collective motions of coor
dination tetrahedra~such as tilting! do not require as much

energy as their deformation~reconstruction!.9,10 Quartz and
cristobalite are known to have low- and high-temperat
forms ~a and b, respectively! which differ only slightly in
the relative orientations of the@SiO4# units. Tridymite has
also been reported to exhibit various temperature-
pressure-induced displacive phase transformations.11,12 At
higher pressures the fourfold-coordinated silica structu
tend to transform into phases containing Si atoms w
higher coordination numbers~reconstructive transitions!.
570163-1829/98/57~10!/5639~8!/$15.00
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One such phase, stishovite, features octahedral coordina
of Si atoms.

This study focuses on quartz and two lesser-kno
quartzlike structures: moganite and orthorhombic sil
~o-silica!. Although quartz is the most common and we
studied polymorph of silica, its structure and phase beha
remain a subject of intense speculations.13–17 One of the
most interesting features of quartz is that it can unde
amorphization under applied pressure.18 In particular, recent
investigations have indicated the possible formation of a
perstructure in quartz, prior to amorphization.19

It is not well known that there exist crystalline forms o
silica structurally similar to quartz, yet rather different
their physical and chemical properties.20–26 They were first
reported more than a century ago. As early as 1892, Mic
Lévy and Munier-Chalmas noted abnormal optical propert
and growth habits of some natural fibrous minerals
silica.27 More recently, detailed x-ray investigations of var
ous natural microcrystalline forms of silica, previously b
lieved to be ordinary ‘‘quartz,’’ have uncovered subtle d
ferences in their structures.28 In their diffraction patterns
many of these forms have been found to violate the three
axis symmetry of the conventional hexagonal quartz str
ture and they have also exhibited doubled periodicity w
respect to the quartz unit cell. In order to explain these f
tures, a structure of moganite has been put forward.29,30Very
recently, computer simulations have uncovered another
tinct quartzlike form of silica, so-calledo-silica,31 which has
yet to be experimentally verified. Both of these phas
moganite ando-silica, have not been thoroughly examine
theoretically. It is the purpose of this computer simulati
study to investigate the structure and phase transformat
5639 © 1998 The American Physical Society



of
io

ie

o
by
e
d

el

o
e

c-
-
it

io
ng
su
F

or 5
bse-

res,
de-

in
rac-
e-
ral

ld
in

tion
ese
s

s

ure
m-
-
ve

has
-

bic

ral
un-

-

but
rall
ese
ms
ted
e

e a
g-
ent

orm,

uc

5640 57VLADIMIR V. MURASHOV AND IGOR M. SVISHCHEV
of moganite ando-silica, and to compare them with those
hexagonal quartz. We also discuss the possible implicat
of our findings for crystal growth and metamorphism.

SIMULATION DETAILS

Computer simulations are now widely used in the stud
of silica structures and their phase transformations.32–38 In
this molecular dynamics~MD! simulation study, we chose t
work with the rigid-ion interatomic potentials developed
van Beest and co-workers.34 Their force-field parameters ar
reasonably successful in describing the structural and
namic properties of quartz. Variable-shape simulation c
containing 192 SiO2 units were used. Nose´
constant-pressure39 and constant-temperature40 algorithms
were employed. In constructing the initial configurations
quartz and moganite, atoms were placed in the experim
tally determined positions~see Refs. 41 and 29, respe
tively!. In the case ofo-silica, the structural information ob
tained in a previous MD simulation was used to set up
starting configuration.31 A fourth-order Gear algorithm with
a time step of 1 fsec was employed to integrate the equat
of motion. The Ewald method was used to treat the lo
range electrostatic interactions. Temperature and pres
were changed in steps of 50 K and 1 GPa, respectively.

FIG. 1. Classification of tetrahedral chains found in silica str
tures.
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each state point the systems were allowed to equilibrate f
psec, after which averages were accumulated over su
quent 5-psec trajectories.

RESULTS AND DISCUSSION

Quartz and quartzlike phases have framework structu
but for our purposes their packing patterns can be better
scribed through consideration of tetrahedral chains.31 We
have found it convenient to classify tetrahedral chains
quartz and other silica structures according to their cha
teristic element of symmetry. This classification of tetrah
dral chains is illustrated in Fig. 1. For example, tetrahed
chains comprising quartz can be designated as 21 chains.
Their @SiO4# tetrahedra are linked according to twofo
screw-axis symmetry. Tetrahedral chains that are found
feldspars and pyroxenes have a gliding plane with transla
along the chain axis as a major element of symmetry. Th
arrangements can be denoted asc chains. Tetrahedral chain
that are found in such silicates as Na2SiO3 and Li2SiO3 are
symmetric about a mirror plane and can be described am
chains.

We first focus our attention upon moganite. The struct
of moganite has been initially proposed to have orthorho
bic Ibam symmetry.42 However, later studies involving Re
itveld analysis of neutron and x-ray powder patterns ha
suggested lower monoclinicI12/a1 symmetry.29 Our MD
simulations indicate that at ambient conditions moganite
an orthorhombicIbam space group symmetry. Table I con
tains the structural data for moganite. This orthorhom
moganite~OM! features highly symmetricm chains. Figure
2~a! displays this structure viewed along the tetrahed
chains. At 300 K temperature and 5 GPa pressure, OM
dergoes a reversible displacive transformation~with about a
4% volume change! into the lower-symmetry monoclinic
structure@monoclinic moganite~MM !#, which has been iden
tified as havingI12/a1 symmetry~see Table II!. This phase
transformation increases the lattice energy of the system,
due to the higher density of the monoclinic phase, the ove
change in enthalpy during this transition is negative. Th
results indicate that both monoclinic and orthorhombic for
of moganite can have very similar enthalpies. The calcula
metastability of the monoclinic form with respect to th
orthorhombic form at ambient pressures either can b
manifestation of the deficiency of employed model or su
gests that the experimental moganite structure refinem
could have been done on the metastable high-pressure f
viz., monoclinic moganite.

-

TABLE I. Comparison of structures and energies for quartz family phases.

Quartz Moganite o-silica

A3a58.58(9) Å @8.510#a c58.89(2) Å @8.73~1!# a58.68(1) Å
2c510.88(9) Å @10.810# b510.50(5) Å @10.70~1!# b510.31(1) Å
a54.94(7) Å @4.913# a54.68(3) Å @4.87~1!# c54.888(1) Å
P312 Ibamb Pbcn
r52.60 g/cm3 @2.647# r52.74 g/cm3 @2.63# r52.74 g/cm3

DLE50.0 kJ/mol DLE525.5 kJ/mol DLE53.3 kJ/mol

aExperimental values are given in square brackets.
bExperimental data suggested the monoclinicI12/a1 form of moganite at ambient conditions.
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57 5641QUARTZ FAMILY OF SILICA POLYMORPHS: . . .
Monoclinic moganite is composed of 21 chains and a
view of moganite along these chains~along thê 010& axis for
the I12/a1 form! is identical to that of quartz along th
^112̄0& axis @see Fig. 2~b!#. Unlike quartz, moganite feature
alternating fragments of both left- and right-handed threef
spirals cut by ~101! planes. As a result, closed fou

FIG. 2. View of the lower-density moganite forms:~a! along
^100& of orthorhombic~OM! form; ~b! along ^010&, and ~c! along
^001& of monoclinic~MM ! form. Arrows indicate characteristic dis
placements of@SiO4# tetrahedra during compression.
d

membered rings are present in moganite@see Fig. 2~b!#, and
the unit cell dimension doubles along the^001& of the quartz
structure. Quartz, in comparison, has fourfold helical spir
propagating along twofold screw axes. Each four-membe
ring in moganite shares a pair of opposing tetrahedra crea
cross-linked chains. These four-membered rings are
found in coesite and feldspars. But those in moganite sh
@SiO4# tetrahedra, while those in coesite and feldspars
cross-linked through vertices of@SiO4# units. Interestingly,
the projection of moganite perpendicular to the direction
chain propagation, e.g., along the^001& of MM @depicted in
Fig. 2~c!#, almost coincides with the corresponding proje
tion of o-silica @see Fig. 2~b! in Ref. 31#. Both structures of
moganite, orthorhombic and monoclinic, have Si-O rad
distribution functions similar to that of quartz. The fir
maximum of this function for orthorhombic moganite a
pears around 1.62 Å~in quartz, the average Si-O distance
1.61 Å!. A slightly shorter Si-O distance of 1.61 Å for th
first coordination sphere is found in monoclinic moganite
a pressure of 5 GPa. The Si-O-Si angle distribution
moganite, presented in Fig. 3, is markedly different from th
in quartz@see Fig. 5~b! in Ref. 31#. In the orthorhombic form
of moganite this distribution has two apparent maxima c
tered around 130° and 159°, whereas quartz exhibits a
modal distribution of Si-O-Si angles centered at 144°. Mon
clinic moganite features three maxima at about 135°, 14
and 150°.

The structure ofo-silica is built from c chains.31 Close
consideration of the packing pattern ino-silica reveals that it
can be viewed as an extreme case of pyroxene,43 where py-
roxene tetrahedral chains~c chain! are interconnected by tet
rahedrally coordinated silicon atoms instead of cations oc
pying oxygen polyhedra of higher-coordination numbe
~compare the structures of clinopyroxene and orthorhom

FIG. 3. The distributions of Si-O-Si angles in orthorhomb
moganite~OM! and in monoclinic moganite~MM !.
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silica in Fig. 4!. The unit cell has orthorhombicPbcn sym-
metry ~see Table I!. The same space group symmetry a
close unit cell parameters are found for protoenstatite,44 a
59.25 Å, b58.74 Å, andc55.32 Å, wherec chains are
interconnected by Mg atoms. Ino-silica silicon atoms oc-
cupy two distinct sites Si(1)(4c) x50, y50.293(3), z
51/4; Si(2)(8d) x50.300(3), y50.414(1), z50.069(4);
and oxygen atoms occupy three sites O(1)(8d) x
50.667(5), y50.463(1), z50.126(2); O(2)(8d) x
50.122(3), y50.375(2), z50.076(8); O(3)(8d) x
50.397(3), y50.295(1), z50.95(1). On theother hand,
the unit cell dimensions ofo-silica are close to those o
moganite. In fact, both quartzlike structures, moganite a
o-silica, have unit cells which can be derived from that
quartz by orthogonalization and doubling along thec dimen-
sion ~see Table I!.

We have simulated the compression of quartz, mogan
ando-silica up to 30 GPa at a temperature of 300 K. Qua
undergoes an amorphization around 21 GPa, which is
good agreement with results obtained in previous studie13

In a similar fashion to quartz, moganite reaches its limits
mechanical stability at about 21 GPa. Unlike quartz, mog
ite transforms into a crystalline phase with a monoclinic la
ered structure with an average coordination number for
con of 5.33. Table II contains structural data for this pha
denoted as MHP~moganite at high pressure!. As mentioned
earlier, moganite contains closed four-membered rings fo
ing chains, while in quartz four-membered helical spirals
found. During the MM to MHP transition, cross-linking te
rahedra rotate symmetrically around twofold axes@see Fig.

FIG. 4. View along^001& of ~a! pyroxene and~b! o-silica.
d
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2~b!#. Such motion shrinks the four-membered rings a
brings rotating tetrahedra close to one of their four neighb
in the four-membered ring chain. The resulting high-press
phase is composed of alternating layers of octahedral
tetrahedral zigzag chains as shown in Fig. 5~a!. The former
resemble those in thea-PbO2 structure, and the latter are th
remnants of the MM structure. Above 27 GPa, the tetra
dral chains gradually compress and twist, which results
the increase of the coordination number for silicon ato
from 4 to 6.

Rather different behavior is exhibited byo-silica. The tet-
rahedral chains,c chains, in its structure are less compres
ible than the 2l and m chains in quartz and moganite. Th
average contraction of theo-silica lattice ~the decrease in
linear dimensions! along the direction of chain propagatio

FIG. 5. High-pressure forms of~a! moganite and~b! o-silica.
MHP and phase II are shown along the^010& direction.
are
TABLE II. Structural data for high-pressure crystalline forms of silica found in this study. All results
at 300 K.

Structure
Pressure
~GPa!

Unit cell parameters
Density
(g/cm3)

Space group
symmetrya (Å) b (Å) c (Å) b

MMa 6 8.14~5! 4.57~2! 10.46~5! 90° 3.08 MonoclinicI12/a1
MHPb 21 10.12~9! 4.49~1! 6.30~2! 82° 4.18 MonoclinicP21 /c
I 20 4.47~1! 8.13~1! 8.28~1! 86.8° 3.98 Monoclinic P21

II 28 7.94~1! 4.58~1! 7.72~1! 90° 4.46 OrthorhombicPbcm

aMonoclinic moganite.
bMoganite at high pressure.
I: monoclinic phase obtained under pressure fromo-silica.
II: orthorhombic form obtained by further compression of phase I.
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57 5643QUARTZ FAMILY OF SILICA POLYMORPHS: . . .
is 0.19% per 1 GPa of applied pressure versus 0.78%
quartz and 0.60% for moganite in the pressure range fro
up to 4 GPa. Apparently, internal strains build up faster
o-silica than in quartz or moganite, ando-silica becomes
mechanically unstable at lower pressures. Under press
o-silica undergoes two phase transformations. The first ph
transformation occurs at approximately 15 GPa and gi

FIG. 6. Partially disordered phase recovered from crystal
phase II at ambient pressure.
or
0

re,
se
s

rise to a monoclinic phase, phase I. Table II contains
structural data, where thex axis corresponds to thez axis of
o-silica, y to x, andz to y. This displacive transformation
occurs through symmetric rotation of coordination tetrahe
around twofold screw axes~perpendicular to the direction o
chain propagation!, such that thec chains compress and the
alternating tetrahedra apexes tilt toward each other. Sili
atoms move up and down alternatively. Such deformat
increases the coordination number of the silicon atoms wh
link the tetrahedra to 5. Half of the silicon atoms in th
tetrahedral chains now have coordination number 4, and
other half have coordination number 6. The change in co
dination results in the contraction of the lattice along
^010& and ^001& directions, yet without significant compres
sion along^100&.

The next transition is observed at 28 GPa, which brin
the symmetry up to orthorhombicPbcm ~phase II! and
raises the coordination number to 6. The unit cell parame
of phase II are given in Table II, but now thex axis corre-
sponds to they axis of o-silica, y to z, andz to x. Silicon
atoms occupy one eightfold site and one fourfold site of
unit cell. Structure II is composed of slabs of edge- a
face-sharing oxygen octahedra. These slabs are inter
nected through vertices. The spaces between slabs are
with chains of edge-sharing octahedra@see Fig. 5~b!# formed
by chains, which in the lower-density structure I ha
fourfold- and fivefold-coordinated silicon atoms. Slabs a

e

TABLE III. X-ray-diffraction patterns of quartz, moganite, ando-silica.

Quartz Moganitea o-silica

hkil d (Å) I /I 0 (%) d (Å) I /I 0 (%) hkl d (Å) I /I 0 (%)

n/a 110 6.64 24
020 5.16 6

4.43 10
4.35 6 200 4.34 18

101̄0 4.26 19 4.26 6
111 3.94 20
021 3.55 36

3.38 52 220 3.32 40
101̄1 3.34 100 3.34 100 121 3.28 100

130 3.20 4
3.11 8 211 3.10 7
2.88 5 310 2.79 29

221 2.75 3
131 2.67 6

112̄0 2.46 9 2.45 3 002 2.44 10
311 2.42 3

231,102 2.36 6
101̄2 2.28 9 2.28 8 112,041 2.28 4
112̄1 2.24 5 2.26 1 240,330 2.22 3

2.18 1 400 2.17 3
202̄0 2.13 7 2.13 6 202 2.13 4

212 2.09 4
2.02 2 241,331 2.02 8

202̄1 1.981 5 1.981 2
1.959 1 132 1.941 1

aReference 28.
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chains of octahedra in structure II propagate along the^010&
direction.

We have simulated decompression of the high-press
phase II from 30 GPa to ambient pressure. A partially dis
dered structure with a crystalline domain has been recov
~see Fig. 6!. This structure is composed ofm chains as in the
orthorhombic form of moganite. In addition, these cha
form hexagonal channels similar to those found in b
quartz and moganite. The mirror planes of the tetrahe
chains are perpendicular to each other and alternate in
dimensions. As a result, these chains take part in the for
tion of deformed three-membered helical spirals~such heli-
ces are present in the quartz structure!. The tetrahedra of
these spirals form four-membered rings, similar to those
moganite.

One possible interpretation of these observations is
the partially disordered phase recovered from structure II
hybrid of quartz and moganite. Thuso-silica can be expected
to transform upon decompression into either quartz
moganite. We remark that in contrast with the high-to-lo
conversion of quartz requiring only a tilt of silica tetrahed
around twofold axes, the quartz-to-moganite or quartz–
o-silica–to–moganite transformations would require mo
drastic alterations of the parent quartz structure. Such re
structive solid-state phase transformations are very diffi
to model in molecular dynamics simulation experimen

FIG. 7. The pressure dependence of~a! enthalpy and~b! relative
enthalpy. The solid line represents quartz, the dashed line repre
moganite, and the dotted line representso-silica.
re
r-
ed

s
h
al
o

a-

n

at
a

r

–
e
n-
lt
.

This can account for our inability to fully reproduce them
MD simulations.

It is worth noting that phase transitions between qua
and pyroxene forms have been observed experimentally
LiAlSi 2O6.

45 The reversible transformation of theb-quartz
form ~with Al occupying Si sites ofb-quartz and Li residing
in the interstices! to spodumene~with Al and Li in octahe-
dral sites of this monoclinic pyroxene! takes place in the
pressure range 1–2.7 GPa. At pressures above 2.7 GPa
pyroxene form is the most stable at all temperatures. At te
peratures above 800 K and pressures between 0.1 and
GPa, the keatite form is stable. All three transitions are
lieved to be reversible.

IMPLICATIONS FOR CRYSTAL GROWTH AND
METAMORPHISM

Our lattice energy~LE! calculations support the possib
coexistence of all three phases, quartz, moganite, ando-silica
in silica minerals. At ambient conditions~300 K and 0.1
MPa!, the moganite phase appears to be somewhat m
stable than quartz~its LE is lower by 5.5 kJ/mol!, while
o-silica is less stable than quartz~its LE is higher by 3.3
kJ/mol!. For comparison, the calculated lattice energy
cristobalite is much higher than the lattice energy for qua
viz., by 15.5 kJ/mol. These results concur with experimen
solubility data22,46 and explain the absence of the visib
moganite-to-quartz transformation in water.30 At the same
time, the calculated stability of moganite over quartz at a
bient conditions contradicts recently published thermo
namic data for moganite,47 where moganite is reported t
have an excess enthalpy of 3.4 kJ/mol. We might furt
speculate that the observed higher solubility of chalcedon22

as compared with quartz, is associated with the presenc
o-silica, and not of moganite as previously thought. T
presence ofo-silica in some naturally occurring microcrys
talline forms of silica can also account for their higher rea
tivity with alkalies. It has been suggested that this react
plays an important role in the destruction of concretes~the
first example can be found in a publication by Stanton24 in
1940!.23

In order to find the characteristic reflections identifyin
o-silica, we have calculated its x-ray-diffraction pattern. It
given in Table III along with experimental x-ray-diffractio

nts

FIG. 8. Temperature dependence of the lattice energy for qua
moganite, ando-silica at 0.1 GPa.
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57 5645QUARTZ FAMILY OF SILICA POLYMORPHS: . . .
patterns of quartz and moganite. Both diffraction patterns
o-silica and moganite accommodate main reflections
quartz and differ from each other in minor reflections. The
fore, it would be very difficult to distinguish reflections du
to individual quartzlike phases from powder x-ra
diffraction patterns of their mixtures. We might, for instanc
speculate that one of the phenotypes of ‘‘moganite,’’ eith
massive chertlike rocks20 or white powders surrounding
nodules,30 containso-silica.

Our enthalpy calculations~see Fig. 7! suggest that mogan
ite and its high-pressure forms may be more stable t
quartz and its amorphous form in the whole range of pr
sures up to 30 GPa. These calculations also indicate
o-silica may become more stable than quartz at press
higher than 5 GPa, but not above 21 GPa when quartz
dergoes amorphization.

Our molecular dynamics calculations at atmospheric p
sure~Fig. 8! show that neither moganite noro-silica undergo
an a-to-b phase transformation in the temperature ran
from 100 to 1100 K, while quartz does show such a tra
formation at about 800 K. It appears that moganite has
lowest lattice energy, whileo-silica has the highest in thi
range of temperature. After quartz transforms to its hig
temperature form, the lattice-energy difference betweenb-
quartz ando-silica reduces to 2 kJ/mol. This suggests th
under equilibrium conditions moganite should grow fro
melts and hydrothermal fluids, and mineralogical data to
dicate a widespread occurrence of moganite among mic
rystalline forms of silica.30

Some fibrous forms of silica containing quartzlike phas
were found to grow along thê112̄0& direction of quartz,
while quartz crystals are usually elongated along^001&. This
experimental observation is in agreement with the expec
growth of both moganite ando-silica along the direction of
tetrahedral chains. One might suggest that moganite wo
preferentially grow under conditions supporting the form
tion of ~-Si-O-!2Si~-O-Si-!2 chain fragments, as it is a pecu
liar arrangement for this structure. The formation ofo-silica
could be expected to proceed from hydrothermal solution
elevated pressures in the presence of metal ions and u
conditions supporting the linearity of siloxane chains~e.g.,
Prassaset al. have demonstrated that the presence of N1

ions promotes linear chain formation48!. Indeed, Heaney and
y
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Post have noted the association of ‘‘unusual’’ quartz for
with sodium cations.30 It has been shown that fibrous silic
precipitates from slightly saturated aqueous solutions~weak
polymerization! at relatively low temperatures (,100 °C),
which promotes the assembly of pyroxene-chain polym
via bridging silica monomers.49 Therefore, the pyroxenelike
arrangement could become kinetically favorable under s
hydrothermal conditions. We propose using a pyroxene
along the~001! plane as a possible substrate in the synthe
of o-silica. We also suggest looking foro-silica among min-
erals containing pyroxenes.

It is worth mentioning that the formation of quartzlik
phases is not a prerogative of silica. Germania, GeO2, the
structural analog of silica, has been shown to crystallize e
ily into fibrous forms by quenching from a high-temperatu
aqueous solution.50 The physical, chemical, and structur
properties of the products were analogous to those of
fibrous silica forms. Due to the reported simplicity of th
synthesis, germania could be another candidate to study
quartz family of structures.

CONCLUSIONS

Using MD simulations, we have examined the structu
and phase transformations of quartz and two quartzlike p
morphs,o-silica and moganite. Upon applied pressure, b
o-silica and moganite exhibit a series of crystal-crystal tra
formations, while quartz undergoes amorphization. Unl
quartz, moganite ando-silica do not demonstrate th
temperature-induceda-b transformation. Thermodynami
calculations suggest the possible coexistence of qua
moganite, ando-silica in naturally occurring minerals. How
ever, similarities in their x-ray-diffraction patterns wou
make it extremely difficult to distinguish between them. It
interesting to note that among these phases moganite ha
lowest enthalpy in the entire examined range of temperatu
and pressures, up to 1100 K and 30 GPa.
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