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Abstract

Eight tridymites, synthesized in a variety of ways, have been examined by transmission
electron microscopy (TEM). Each sample appeared to be heterogeneous, containing a mixture
of low temperature structural forms. Two mqin structure types were identified: one with a
pseudohexagonal superlattice, having o: J3ar, 9:2cw and the second with a pseudo-
orthorhombic C-face centered cell, having a:2J3at, b :2an and wi^th either a multiple c
repeat or (001) stacking disorder (where a, and cs are respectively -5A, -8.2A and refer to
the high temperature hexagonal sublattice). The former structure seemed to predominate in
grains with few (001) stacking faults. In addition, some samples contained regions of consider-
able (001) disorder intergrown with more highly ordered material on a scale of a few hundred
tngstrtims. Diffraction patterns from these grains could not be indexed easily on a known
tridymite or cristobalite superlattice and have been tentatively ascribed to mixed (tridymite/
cristobalite) layering.

Highlow transformations were inducod by beam heating. The ZJ3asx 2a^x nc' type
superstructures could be transformed reversibly to the hex4onal higlt temperature sublattice
until radiation damage started to occur. In contrast, the ./3ag x 2c" superlattice gave way to

the high temperature hexagonal sublattice on heating but invariably reverted to a 213a,
x 2a^ x ncH structure on subsequent cooling.

The diversity of superstructures observed in each sample helps to a@ount for differences
between the transformation behavior of many synthetic tridymite powders and larger natural
or synthetic single crystals. In this context, TEM provides a useful adjunct to X-ray powder
diffraction for the characterization of tridymites prepared for other types of experiments.

Introduction
It has long been known that tridymites undergo displa-

cive structural transformations on heating and cooling.
These transformations have been studied as functions of
pressure and temperature by a variety of techniques, in-
cluding optical microscopy with heating stages (Fenner,
1913; Fliirke, 1955; Dollase et al., l97l; Nukui et al., 1978),
single crystal or powder X-ray heating cameras (Gibbs,
1926; Buerger and Lukesh, 1942;Hill and Roy, 1958; Sato,
1963a" b, 1964; Dollase and Buerger, 1966; Tagai and Sa-
danaga" 1972;Kihara, 1977,1978:' Nukui et al,, 1978; Hofr-
mann et al., 1983), the diamond anvil cell (Nukui et al.,
1980), differential thermal analysis (Fliirke, 1955; Fldrke
and Miiller-Vonmoos, 1971; Cohen and Klement, 1980)
and calorimetry (Mosesman and Pitzer, 1941; Shahid and
Glasser, 1970; Thompson and Wennemer, 1979). One of
the most striking features of the complex series of changes
which have been observed is that different tridymites usu-
ally do not show the same sequence of structural changes
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with the same transformation temperatures (reviewed by
Flcirke, 1955, 1967; Sosman, 1965; Nukui et al., 1978).

When tridymite samples used for transformation studies
have been characterized by single crystal X-ray diffraction,
the nature of each superstructure observed has been rather
well defined (Dollase, 1967; Kihara, 1977; Nukui et al.'
1978; Nukui et al., 1980; Hoffmann et al., 1983)' even to
the extent of having full structure refinements from inten-
sity data collected at elevated temperatures (Dollase' 1967;
Kihara, 1977, 1980). Many synthetic tridymites, however,
are too fine grained for single crystal X-ray analysis and
the general method ofcharacterization has been by powder

diffraction. Using the distribution and intensity relations of
diffraction peaks in powder patterns, Hill and Roy (1958)'
Fl<irke (1961) and then Sato (1963a) distinguished at least
two different forms of synthetic low tridymite and also sug-
gested that some of their products consisted of a mixture of
these forms. with or without cristobalite as an additional
phase. Unfortunately, this method of characterization can
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be rather unsatisfactory for phases with weak superlattice
reflections, and, ifthere is a mixture ofphases present, peak
assignment may become difficult. In this context. transmis-
sion electron microscopy (TEM) may provide a useful ad-
junct to traditional X-ray methods, because it can be used
to examine even very small grains and obtain diffraction
information from them individually, as shown by previous
studies on natural tridymite (Appleman et al., l97l) and
cristobalite (Champness et al., lgjl).

Since a thorough appreciation of the nature of phase
transformations in any material is greatly assisted by the
observation of anomalous heat capacity effects, tridymites
have recently been examined by dynamical calorimetry
(Shahid and Glasser, 1970; Thompson and Wennemer,
1979). Thompson and Wennemer (1979) proposed an ap-
proximate correlation between the positions of anomalous
C" effects and the transformations recognized in relatively
large single crystals. They also suggested that a sample
showing X-ray powder diffraction peaks appropriate for
cristobalite + tridymite was an intimate intergrowth of
these two phases rather than a mechanical mixture. Since
cristobalite and tridymite may be represented as having a
polytypic relationship to each other, there is clearly the
possibility that more-orless ordered mixed layer phases
might form. The present TEM investigation was under-
taken in the light ofthese observations and its purpose was
to define the nature of superstructure types present in a
number of synthetic tridymite samples, consider their
transformation behavior and have a closer look at the pos-
sible mixed layer phases. Differential scanning calorimetry
(DSC) results obtained from the same samples and a de-
tailed structural interpretation of the transformations are
presented elsewhere (Thompson and Wennemer, 1979:
Wennemer and Thompson, in prep.).

Sample description
Silica gel or finely ground quartz powder were mixed with a

variety of carbonate and tungstate fluxes. These were ground
under acetone, pressed into pellets and heated in air for different
times at different temperatures. Details of the high purity silica gel
and of the preparation procedures for samples TR-G4, TR-G3
and CR-1 were given by Thompson and Wennemer (1979) and are
summarized in Table 1 In contrast with the silica gel/carbonate
mixtures, which were heated on a ceramic tablet, the quartz pow-
der/tungstate mixtures were mixed and heated in ceramic cruc-
ibles. With the exception of T-lsa, the preparation of which has
been described by Flcirke and Langer (1972), all the samples were
synthesized by M. Wennemer.

Powder X-ray diffraction traces over the range 20: lg-37"
(CuKa radiation) for the eight tridymites and one cristobalite are
shown in Figure 1. No attempt has been made to index these
patterns and determine lattice parameters because the TEM ob_
servations (see below) indicate that each sample contained a mix_
ture of low temperature superstructure types. The powder diffrac-
tion data do show, however, that the synthetic tridymites have a
spread of structural states, including Sato's (1963a) M, S and MS
types. In addition, both Li-Trid and K-Trid have some weak re-
flections at the positions of cristobalite peaks (e.g., at -4.05A),
TR-G3 has strong cristobalite reflections and its powder pattern is
quite distinct from all the other samples, both in terms of the peak

positions and intensity distribution, and CR-l gives only sharp
reflections of cristobalite.

Observations
Tridymite grains were ground under alcohol and deposited

onto thin carbon films supported by copper grids. They were
examined in an AEI EM6G electron microscope operating at 100
kV. The crushed fragments, typically less than a few pm in size,
suffered radiation damage in the electron beam; after -l minute
exposure they developed a speckled texture and the diffraction
patterns became increasingly diffuse (see below). Using a defo-
cussed beam, however, it was possible to photograph microstruc-
tures and diffraction patterns before degradation became a senous
problem. At the necessary low levels of illumination. and because
of the need for rapid recording of the diffraction patterns, careful
tilting to produce perfect reciprocal lattice orientations was not
feasible, and the orientation of the grain fragments had to be
accepted as they were found. Although a large number of grains
were examined, it was also dillicult to avoid the tendency to
record, preferentially, diffraction patterns with small spacings and
grains with distinct microstructures. No attempt has been made,
therefore, to estimate the proportions of grains in each sample
showing specifi c features.

A further limitation of the TEM observations is that, in general,
reciprocal lattice dimensions cannot be determined accurately
from electron diffraction patterns. Thus we have been unable to
distinguish between hexagonal, orthorhombic and monoclinic
(with B near 90") lattices that have closely related unit cell dimen-
sions. We use the terms pseudohexagonal and pseudo-
orthorhombic in our descriptions of the superlattice types to sig-
nify this uncertainty, and present only approximate lattice param-
eters. The terminology used for describing tridymite super-
structures is also rather involved and di.ffers among authors (see
Nukui et al., 1978; Nukui and Naka"awa, 1980). All our diffrac-
tion patterns have been indexed with respect to the high temper-
ature, hexagonal cell (an r 5.0A, c" r 8.2A) and the super-
structures are described using conventional superlattice notation.
We have then tried to correlate these observations with some of
the structures described elsewhere in the literature.

Perhaps the single most important observation was that each
sample appeared to be inhomogeneous, consisting of a mixture of
different types of low tridymite. A summary description of each
sample is given in Table 1.

Superstructures

Hexagonal sublattice reflections (a, r 5.0A, c, = g.2A)
could be identified easily in electron diffraction patterns by
their relatively high intensities. At least two distinct super-
lattices were distinguished. A common superlattice in sam-
ples T-lsa, Li-Trid and Na-Trid has reflections along
( I l0)* indicating a tripling of the dr ro spacings and reflec-
tions along c* that indicate a doubling of door (Fig. 2a,b)
(all Miller indices are given in terms of the hexagonal sub-
lattice). This superlattice can be described using a primi-
tive, pseudohexa&onal unit cell with a * 8.7A and c I
16.44, i.e. o : J3ar, c :2cs. This will be referred to as
the J3aH x 2c" superlattice. Many orientations were in-
dexed but the most obvious section contains c* and [110]*
(Fig. 2b). Diffraction patterns taken with the electron beam
parallel to the c-axis were not found so commonly but
appeared to be consistent with the proposed unit ceil (Fig.
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Table 1 summary of tridymite synthesis methods, X-ray powder diffraction characteristics and TEM observations. Tentative assign-

ments to the S, M and MS tridymite types of Sato 1te6fa; have been made on the basis of X-ray powder patterns (Fig. l)' only to

illustrate the wide range of structural stat€s represented by these samples. A cross signifies that a feature was observed, a dash that it was

not, and a question mark that it was suspected but not positively identified. See Thompson and Wennemer (1979) for a description of the

synthesis procedure for TR-G4, TR-G3, CR-l and Fliirke and Langer (1972) and T-lsa.

Smple
nane

Start ing mter ial  l {eat t reatrent Product
posder

r i

T - l s a  2 : L ,  s i l i c a  g e l :
Na2WO4

TRI I I  s i l i ca  ge l  +  1
nolZ K2CO3

TRIV s i l i ca  ge l  +  I
rc17 K2CO3

TR-c3 sil ica gel + 1
mlz  Na2CO3

TR-c4 sil ica gel + I
rc12 K2CO3

72 hrs  l4oooc ,
cleaned, then
1 day 140o-c

1 6 1  h r s ,
1200-c

1 1 2  h r s ,
1200-c

ovelnight

20 hrs 8oo:C,
15 hrs  8o0:C,
20 hrs gOO"F,
20 hrs 10O0-C

ovegnight
750-C,
20 hrs  8oO"C,
reground, ^
15 hrs 80o;C,
20 hrs 90O-F,
20 hrs IOOO-C

87 hrs  l toooc ,
cleaned

192 hrg
1 loooc ,
cleaned

22 d.*ys
1100-c ,
cleaned

20 hrs lsoooc

s tr idynite

S tr idymite

S tr idyDite

TrldyEite does
n o t  f i t  M ,  S
or MS. Strong
c r i  I  t o b a l i E e
r e f  l e c t  i o n s .

S tr idyoite

x (only one
gra in  obs .  )

X (only one
g r a i n  o b s .  )

x 3 , 4 , 5 , 6

severe
d isorder

severe
d isorder

aevere
disorder

x5, and mnY
grains with

severe
disordet

one case of

a  u u l t i p l e

c-rePeat

x 4 , 5 ,  a o n e
(oo1)
stacking
f a u l t s

general  ly
disordered

L i -Tr id  1 :1  f ine
quarlz
powder:
Li2u0q

Na-Tr id  1 :1  f ine
quarEz
powder:
Na2WOq

K-Tr id  1 :1  f ine
quartz

Powder:
K2WO4

M tr idyoite
some
c r i  s t o b a l  i  t e

re f  lect ions

HS tr idyEite

M  t r i d y n i t e ,
sore

c r i s t o b a l i t e
r e f l e c  t i o n s

cr i  stobal i  te

^

X (only one
g r a i n  o b s .  )

cR- t s i l i c a  g e l

2a). Twinning was not obviously present and the reflections
were almost invariably sharp. Only one diffraction pattern
(from a grain of K-Trid) showed signs of streaking along
c*.

A second superlattice had extra reflections along a* di-
rections, representing a doubling of the droo spacings of the
sublattice (Fig. 2c). This can be described either with a
primitive, psiudohexagonal unit cell having a N 994
(:2ar), c ̂ , n8.24 (:ncJ, or with a C-facec€ntered pseu-

doo.thorhombic cell having a - L7 A 1: 2J 3 a"l, b x 9.9 A
(:zai, c-^8.2L (:ncH); the c dimensions were either
some multiple (n) of 8.2A, where observed values of n were
3, 4, 5, 6, or could not be specified because of strong streak-

ing along c*. There was typically some c* streaking even

where multiple c-repeat reflections were present (Fig' 2d)'

This superlattice will be referred to as the 2J3arx2a,
x ncH type.

In quite a number of cases, Particularly for grains from

TRIV, TRIII, TR-G4 and TR-G3, the diffraction patterns

taken with the electron beam parallel to the c-axis resem-

bled the 2rfiorx zq"x ncH types but with large distor-

tions from orthorhombic cell parameters, having c t

16.6--17.6A, b t 8.3-9.5A and 7 ! 81-88'. Distortions of

such magnitude are too great to be due entirely to some

artefact of the electron microscope (astigmatism, misalign-

sphere in misoriented crYstals'
Cristobalite grains were positively identified in TRIV

and TR-G3 from their diffraction patterns and a character-

istic cross-hatched twinning texture (Fig. 3)' which has also

been described by Champness et al. (1971)' A sample of

almost pure cristobalite (CR-l) was examined in the elec-

tron microscope to be sure of this identification'
A number o1 grains, particularly in specimens TRIII and
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A few grains of tridymite from the Steinbach meteorite
were crushed and examined for comparison with the syn_
thetic samples. Again the small crystJ fragments seemed to
show more than one superstructure type. Many grains gave
diffraction patterns that could be indexed using-the mono_
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Fig. 2. Selected-area electron diffraction patterns from grains of synthetic tridymite showing additional reflections consistent with

a ,n ' ) l , doo rx2 \ : r f r o ^x2c "pseudohexagona l supe rs i r uc tu re ) (ah )end  d . ^ ^x2 -d^^ ,  xn ( : 2 . / 3a . x2auxnc *pseudoo r tho r -
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hombic superstructure) (cd). Indexing is based on the high tem

superlattice. Note tripling reflections along (110)*. T-lsa. Arrows

section of the J3dH x 2cr superlattice. Note tripling reflections a

2J3a, x 2a^ x nc, superlattice. Note doubling reflections along (1

;t tOli'ltroriiontal)- section of the zuEa, x 2a^ x ncr superlattice.

i"r.itr. c* repeat is close to n : 5 but may actually be incommensurate;there is also some streaking. T-lsa'

peared, leaving t!" o" = 5.0A, c'x82L sublattice' On

cooling, the 2J3a, x 2a, x ncH superlattice reflections

reappeared (Fig. 6a--c). The heating and cooling cycle could

be followed a number of times until beam degradation set

in. At this point the superlattice reflections failed to reap-

pear and very diffuse streaking between the sublattice re-

flections developed. In some cases the intensity distribution

in the recooled superstructure was not identical to the ini-

tial distribution, suggesting that the transformation is not

necessarily perfectly reversible; for example, the multiplici-

ty (n) of t!: c repeat might change'

The J3a, x 2cH superlattice could also be heated and

5b,e,f). They were notablv free of microstructure.

Beam heating experiment s

It was possible to induce a high/low transformation in
the tridymites by beam heating. Grains were examined ini-
tially using a broadly defocussed beam. By carefully focuss-
ing the beam the grains could be heated and then recooled
simply by defocussing again. This technique has been used
extensively for the study of phase transformations in sul-
phides (Putnis, 1976). Grains with the 2J3a" x 2a, x nc^
superlattice could be reversibly transformed; at some rela-
tively high temperature the superlattice reflections disap-



522 CARPENTER AND WENNEMER: SYNTHETIC TRIDYMITES

Fig. 3. Typical cross-hatched twinning texture in cristobalite
(CR-l). Similar textures were observed in grains from TRIV and
TR-c3. Bright field image.

transformed to the high temperature sublattice. However.
on cooling, it invariably transformed to the 2uf3a^ x 2a^
x ncH superstructure, sometimes with a non_rational

multiple c-repeat (Fig. 6d-f). This could then be reversibly
transformed in the same way as grains that started with the
2J 3a x 2a, x ncrsuperlattice.

Grains whose diffraction patterns could not be indexed

(001 ) stacking disorder
Tridymite grains in TRIII, TRIV, TR_G3 and TR-G4

had severe (001) stacking disorder, as shown by streaking
along c* in diffraction patterns and abundant stacking
faults in bright field images (Fig. 7a). Grains in K_Trid
were generally disordered, but in the other specimens far
fewer stacking faults were observed.

-In some grains there appeared to be well ordered regions
a few hundred ingstr<ims wide intermixed with regions of
very closely spaced stacking faults (Fig. 7b). These grains
may be intimate intergrowths of more_or_less ordered

tridymite and cristobalite. An attempt to image (001) lattice
fringes in a JEM l00C electron microscope proved fruitless
because of a high rate of beam damage to the specimens in
this instrument.

- The severely disordered grains showed superlattice re_
flections of the 2J3arx 2a, x ncH type and- these could
be removed reversibly by beam heating. Similarly, the
grains with diffraction patterns that could not be indexed
readily as cristobalite or tridymite superstructures, and that
also had some stacking disorder, showed the doubling be_
havior. It appears that stacking disorder is associated with
doubling type superstructures whereas well crystallized, or-
dered tridymites tend to have tt 

" ,fio, i 2c" type of
superstructure.

Electr on inadiation damag e
Figure 8 illustrates the effects of radiation damage on the

tridymite structure. The mottled texturo that developed in
individual grains exposed to the electron beam was accom_
panied by changes in their diflraction patterns. With ex_
posure to the beam, first the superlattice reflections pro_
gressively fade away, leaving some diffuse streaking (hig.
8a-d). With further exposure even some of the sublattice

cause the grains to be stranded with the sublattice structure

radiation damage.

Discussion
It should be emphasized at this point that the TEM

observations have two shortcomings. First, since the sam_
ples appeared to contain a mixture of low temperature
forms and each electron diffraction pattern gives infor_
mation in only two dimensions, the task of reconstructing
the complete reciprocal lattice geometry of each super_
structure was not straightforward. proper indexing of some
of the possible mixed layer phases was not achieved.
Second, the beam heating technique produces temperatures
that are unknown and are not well controlled. These dilli_
culties do not, however, preclude a discussion of some of
the more general issues raised by the observations.

Flcirke (1955), Sato (1963a) and Hill and Roy (1958) have
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Fig. 4. (a{) Selected-area electron diffraction patterns from grain of TRIII shown in (d). (a) Initial diffraction pattern; a* vertical,

[013j* shown in possible twin related orientations. Typical doubling reflections are circled. (b) Same grain as (a) but with focussed, beam

heated conditions; doubling reflections now absent. (c) Same grain as (b) after cooling. Note the reappearance of doubling reflections

(e.g. circled). (d) Bright field image of grain from which (a)-(c) wire taken. The stacking faults visible in this micrograph were not afected

iftne beam leatirig transformations. The spotty texture is due to radiation damage. (e) Typical diffraction pattern from a disordered

grain of TRIV, with multiple reflections and streaking.
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suggested that some synthetic tridymite samples contain
more than one phase. This supposition was supported by
Shahid and Glasser (1970), who observed tridymite grains
with different optical properties in some of their run prod-
ucts, and is confirmed in the present study. We have found
two main types-of well defined superstructures, the J34H
x 2c, and ZJ3at x 2at x ncH types. In the latter group

the value of n can vary from grain to grain in a singe
sample (Table 1). In addition, a third general group of
structures had severe (001) stacking disorder.

Our .r/3a" x 2cH superstructure appears to correspond
closely to the MX-l structure described by Hoffmann et al.
(1983), who used a C-face centered unit cell with a: as,
b : Jlar,, : ,r, P :91.5" and incommensurate superlat-
tice reflections at approximately h+n213, k, llnU2
(n : 1,2).In all our diffraction patterns, however, the .r/3at
x 2cr superstructure seems to be commensurate. Hoff-

mann et al. (1983) suggested that MX-l is essentially the
same as S1 of Sato (1964), and the cell dimensions they give
are almost identical to those given by Fl<irke and Langer

(1972) for T-1sa. They also reported that, on heating, MX-1
grains transform to pseudo-orthorhombic (PO in the ter-
minology of Nukui and Nakazawa, 1980) structures, equiv-
alent to the S1=S2 transformation of Sato (1964). Our
^,,hU 

" 
2c" structure also transforms to a PO structure

QJ3a, x 2a, x nc") but the transformation is irreversible
and occurslia the high temperature aH x cH structure.

Ov 2J3a" x 2an x ncH superstructures correspond to
the pseudo-orthorhombic (PO) superstructures of Nukui
and Nakazawa (1980) and are also consistent with the M
and S types of Sato (1963a,b; 1964). Natural terrestrial
samples have essentially the same superstructure, usually
with n: 5 or 10 (PO-5, PO-10 in the terminology of
Nukui and Nakazawa, 1980) (Buerger and Lukesh, 1942;
Tagai and Sadanaga, 1972; Gardner and Appleman, 1974;
Konnert and Appleman, 1978; Kawai et al., 1978; Nukui et
al.. 1980). Nukui and Nakazawa (1980) have summarized
the full range of values of n reported previously; these are
n : 1, 1.5, 2, 5, 6 and 10, to which may now be added
n : 3 a n d n : 4 ( T a b l e l ) .
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Fig' 5' Selected-area electron diffraction patterns from grains of tridymite from the steinbach rneteorite. (a) aE" - c!" section of cctridymite' This diffraction pattern has been indexed on the cc lattice of Kato and Nukui (1976) and the u.roro, u.. parallel to a!"
ely. l: odd reflections are absent due to the c-glide and tr: odd are

for orientation relationships between the monoclinic Cc lattio', and,
as (a) but from a grain with the ,Eorr 2c" superlattice. Arrows
, afi horizontal. Note doubling reflections along c* (e.g., circled). (c)
n (b). Superlattice reflections now absent. (d) Cc tridymite. Based on
11fi indicated by second arrow which is also cf. (i.e., cr of the Cc
ote 1). (e) J3a, x 2cH superlattice. Same orientation as (d) showing
after prolonged exposure to the electron beam.

Monoclinic Cc tridymite (:MC structure of Nukui et
al., 1978, Nukui and Nakazawa, l9g0) was not found in
any of the synthetic samples. Its apparent absence cannot
have been due solely to a problem of identification since it

Given these detailed observations of a diversity of super_
structures and microstructures in individual tridymite sam_

ples, it is not surprising that the transformation behavior of
synthetic powders does not correlate exactly with that ob_
served in single crystals (Nukui et al., l97g; Thompson and
Wennemer, 1979). Even sample T-lsa, which Flcirke and
Langer (1972) described as a well ordered low tridymite,
shows pressure dependent effects for the displacive trans_
formations that do not appear to be consistent with the

and Langer, 1972; Schneider and Fl6rke, lgg}), but grain
size may also be important. Since the high/ow transforma-
tions are thought to be displacive in character (Buerger,



1951) strain effects probably contribute to the stability and

kinetic accessibility of the most favored structures. Clearly
the strain distribution across a tiny flake of crystals, less
than a few pm across and only hundreds of ingstrcims
thick, may be different from that in a much larger crystal.
It is possible, therefore, that the superstructures we have
found in the synthetic powders are either the products of
grinding or are merely the low temperature modifications
most favored by small crystals. The presence of t5a^
x 2c" grains in the Steinbach sample is consistent with

this suggestion if they form from the large Cc crystals on

being crushed into smaller fragments. Our failure to ob-

serve intermediate structures in the beam heating experi-
ments may further indicate different behavior for very

small grains but could also be due to the lack of precise

temperature control.
As has been discussed by many authors (Flcirke, 1955,

1967; Eitel, 1957; Sosman, 1965; Shahid and Glasser, 1970;
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Flcirke and Miiller-Vonmoos, 1971) the transformation be-
havior of individual tridymite grains also appears to
depend on their degree of (001) stacking disorder' Our ob-
servations are that well ordered grains may have the uEat
x 2c, superstructure, in -contrast with the disordered

grains, which have 2"/3a"x2atxnc" type super-
structures. Again, the strain distribution during structural
collapse is bound to be affected by the presence of (001)
stacking faults though variations in the multiplicity of the
c4epeat did not correlate obviously with the presence of
stacking faults. Grains that appeared to be intimate inter-
growths of more-orJess ordered regions seemed to have
their own diffraction characteristics, distinct from either
tridymite or cristobalite. The problematical diffraction pat-
terns from such grains could be due to a compromise low-
temperature distorted structure. Specimen TR-G3, which
contained material of this type, was used by Thompson
and Wennemer (1979\ for differential scanning calorimetry.
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Fig. 6. Selected-area electron diffraction patterns obtained during beam heating experiments. (af(c) and (d)'-(f) are representative of

two separate sequences. (a) (001) section of the 2rfior*2a^xnc^superlattice, initial state. TRIV. (b) High temperature sublattice.

Same grain as (a) but with highly focussed electron beam. Doubling reflections now absent. Diffuse intensity may be due to thermal

diffuse scattering. (c) Same grain as (a) and {b), but with electron beam defocussed. Doubling reflections have reappeared but not with the

exact initial intensity distribution. (d) c* - [110]* section of the uEa^ x 2c" superlattice. Defocussed beam, initial state. c* vertical'

[110]* horizontal. T-lsa. (e) High temperature form (focussed beam); superlattice reflections absent. This diffraction pattern was not

obtained from the same grain as (d) but is typical of the low-high-low sequence induced by beam heating. (f) Low temperature form,

after defocussing beam. Same grain as (d). Note that [110]* is now doubled and c* shows a multiple repeat.
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Fig' 7' Mixed layer (?) phases. (a) Bright field image of a grain from TRIV with abundant (001) stacking faults. Inset is the diffractionpattern (c* - [110]*) from the same grain. (b) Bright field image of a grain from TR-G3 showing ordered regons intersp€rsed withregions ofabundant stacking faults' Inset is the diffraction pattern from this grain (a*-<*). Note the streaking along c* and the doublingreflections along ai.

They showed that, in spite of X-ray and infra_red proper_
ties appropriate for a mechanical mixture of tridymite and
cristobalite, the excess Co effects were distinct from either.
The DSC and TEM observations are thus consistent in
implying the presence of mixed-layer phases that have their
own distinctive transformation behavior.

With regard to the influence of impurity atoms, the pro_
portions of Na*, K+, and Li+ that can enter the tridvmite

ficient flux action, or from the incorporation of small
amounts of Na+ and Li+ ions, is not clear. It is notable
that Shahid and Glasser (1920) also found that samples
prepared with a K2WO' flux have a high degree of stack_
ing disorder.

A variety of low temperaturg superstructures has now
been recognized in tridymites, including the monoclinic Cc
form, both as natural and synthetic crystals (Fleming and
Lynton, 1960; Dollase and Buerger, 1966; Hoffmann, l96j:
Dollase, 1967; Dollase et al., l97l; Dollase and Baur. 1976:

Kato and Nukui, 1976; Kihara, 1977; Tagai et al., 1977;
Kawai et al., 1978); pseudo-orthorhombic types with a :v
2J3ar, b x 2a, and with c disordered or some multiple (n)
of 8.2A, n : l, 1.5, 2, 3, 4,5, 6, l0 (Buerger and Lukesh,
1942; Sato, 1963a,b, 1964; Hoffman and Laves, 1964; Dol-
lase et al., 1971; Kawai et al, 1978: Nukui et al., 19g0;
Nukui and Nakazawa, 1980; Schneider and Fldrke, l9g2;
this stud-y); and a pseudohexagonal form with a x g.7A,
c x 16.44 (Hoffmann et al., 1983; this study). Konnert and
Appleman (1978) have refined the pseudo-orthorhombic
strucrure with n: 10 under Fl (triclinic) symmetry. It is
even possible to find two different forms coexisting in
nature (e.9. Kawai et a1., 1978). The complex series of trans_
formations that occurs during heating is rarely repro-
ducible in different samples (Kihara, 1977; Nukui et al.,
1978) and is frequently irreversible (Buerger and Lukesh,
1942;Kawai et al., 1978; Thompson and Wennemet, 1979;
Wennemer and Thompson, in preparation; this study).
Such an association of properties indicates a very delicate
energetic andlor kinetic balance between possible distor-
tions of the tridymite framework, and is typical of alter-
native transformation behavior, in which an equilibrium
state is not achieved. Metastable modifications that lower
the energy and are kinetically favored develop instead, and
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Fig. 8. Effects ofbeam degradation. Prolonged exposure to the elcctro] beam causes the disappearance ofsuperlattice reflections and
the development of diffuse scattered intensity. (a) (001) s€ction of the 2J3a, x 2a, x nc, superlattice. TR-G3. Arrows are along [100]*
and J010]* of the hexagonal sublattice. (b) Same grain as (a) after exposure to the electron beam for 1-2 minutes. (c) Initial pattern from
a J3arx 2crgrain; c* vertical and [110]* horizontal. Steinbach tridymite. (d) Same grain as (c) after exposure; superlattice refl€ctions
now absent. (e) Same grain as (c) after further exposure. Some ofthe sublattice reflections have now faded, leaving a 4A lone layer) repeat
along c+.

the delicate balance is such as to be influenced readily by
any feature, such as heat treatment, grinding, impurity con-
tent, defect concentration and associated flux or fluid com-
position, which can cause one particular distortion to be
more accessible than a slightly different one. Under these
circumstances, the understanding of transformation behav-
ior in both synthetic and natural specimens requires very
thorough sample characterization, and the methods out-
lined here may provide a useful means towards this end.
Closely analogous issues may arise in the study of transfor-
mations in sub-potassic nephelines, which have a stuffed
tridymite type of structure (Henderson and Roux, 1977;
Henderson and Thompson, 1980).
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