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Abstract. In situ high resolution synchrotron X-ray powder diffraction measurements are used to probe the
structural changes in a sample of amorphous MgSiO3 during annealing. Temperatures cover the astrophysically
significant range 1000 K to 1173 K and prior to annealing the sample showed typical amorphous structure.
Following ~2 hours annealing at 1000 K an initial crystallite had formed that was coexistent with a modified
amorphous component. Increases in temperature coupled with long annealing times produced no further change
to the amorphous component and only very minor changes in the appearance of the crystalline phase. This we
identify as a structural stall in the crystallisation process and is likely to be the origin of the spectral stall
reported for similar silicate materials. Finally at 1173 K, following a cumulative annealing time of ~79 hours, the
amorphous background began to collapse coinciding with the development of further crystalline features. The stall
in structural development arises because the crystallisation process is in part regulated by the amorphous phase
during annealing. At low-end temperatures it is likely that the annealing process itself strengthens the amorphous
phase allowing it to survive up to relatively high temperatures. This finding suggests that some lower temperature
information may be preserved in certain cosmic dust grains that were initially annealed at lower temperatures.
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1. Introduction

The observed 10 pym band profiles attributable to sil-
icate dust grains reflect the mineralogy and degree of
crystallinity of those grains. Silicate grains in molecular
clouds show broad, smooth features with a maximum near
9.7 pum typical of amorphous grains (Day 1974). In con-
trast, certain comets such as Halley (Bregman et al. 1987;
Campins & Ryan 1989) and several new and long pe-
riod comets, including Hale-Bopp (Crovisier et al. 1996;
Russell & Lynch 1996; Hayward & Hanner 1997) show
spectral peaks at 11.2 pum, more characteristic of crys-
talline olivine. Since it is generally assumed that comets
form from essentially pristine unaltered interstellar mate-
rial in the cold outer solar nebula, the presence of crys-
talline grains in comet dust but not molecular cloud dust
is problematic.

Amorphous grains of olivine and pyroxene composi-
tion are widely accepted as ubiquitous constituents of
circumstellar, interstellar and interplanetary dust. Their
formation in O-rich circumstellar outflows is initiated by
the nucleation of SiO, followed by the condensation of
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additional refractory components such as MgO.
Conversion to amorphous silicate then occurs via solid
phase reaction. The optical characterisation of amorphous
silicates has previously been the subject of much labo-
ratory work (e.g. Nuth & Donn 1982; Hecht et al. 1986;
Dorschner et al. 1988;  Stephens et al. 1995). However
the existence of crystalline cometary features and more
recently with the advent of ISO, the widespread detection
of crystalline features in the spectra of certain classes of
star (Waters et al. 1996; Tielens et al. 1998), shows that
it has now become desirable to study the evolution of
these materials at higher temperatures since the genetic
relationship between the populations of crystalline and
amorphous silicates in the various stellar and solar system
environments is unclear. Indeed the common assumption
that the ISO detected circumstellar olivine crystals are
the result of the annealing of amorphous grains is by
no means certain. Many of the ISO crystallites were
identified from strong far—-IR resonances associated with
olivine, which have yet to be reproduced in the laboratory
by annealing amorphous silicates (Hallenbeck et al. 1998;
Wooden et al. 1999). There is thus a clear need for a fun-
damental laboratory investigation of the crystallisation
process for silicates in order to place firmer constraints
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on the possible conditions and processes to which cosmic
grains are subjected.

Early laboratory work on the thermal processing
of amorphous silicates (e.g. Koike & Tsuchiyama 1991;
Koike & Tsuchiyama 1992; Thompson et al. 1996) found
the temperature threshold for re-crystallisation to be in
the region of 973 K, which placed clear upper limit con-
straints on the thermal history of amorphous grains.
More recently this view has been refined by investiga-
tion of the spectral evolution of the 10 pym band in
the laboratory as a function of both annealing tem-
perature and annealing time (Hallenbeck & Nuth 1998;
Hallenbeck et al. 1998, both papers referred to collectively
hereafter as HN&D). To briefly summarise these results,
at 1027 K and 6 hours annealing, the spectral maximum
shifted from an initial 9.3 pm to 9.74 pm, which is char-
acteristic of amorphous astronomical silicates (and indi-
cates that all freshly nucleated grains in circumstellar
outflows have undergone some degree of thermal process-
ing). Following 10.5 hours at the same temperature dual
maxima developed at 9.8 um and 11 pm. After a subse-
quent total of 37.5 hours no further changes had devel-
oped. HN&D termed this a spectral stall and proposed it
to be a natural pause in development midway between
chaotic and ordered glassy structures, but did not inves-
tigate its physical mechanism empirically. Upon exiting
the stall period, following further annealing, maxima at
9.1 ym, 9.8 pm and 11 pm were observed. HN&D identi-
fied the major crystallite as forsterite and obtained a good
fit to their IR data using a mixture of forsterite and silica
reference spectra. By studying entry time and duration
of the stall as a function of temperature HN&D calcu-
lated that annealing at 1000 K would require 25 £ 3 days
to reach the stall, which should then persist for around
300 days. At the other extreme, annealing at 1060 K
should result in a sample passing through the stall state
without pausing. HN&D concluded that the tempera-
tures experienced by comets during their passage near
the Sun are insufficient to produce olivine rich spectra.
Furthermore, given that such features have been observed
in the dynamically young comet Mueller (Hanner 1994),
it is likely that crystallisation must have occurred prior to
inclusion in the comet body.

In this paper we report on a laboratory study into
the structural development of crystallinity in amorphous
MgSiO3 using synchrotron X-ray powder diffraction data
collected during the annealing process. Due to limitations
in data collection times for wide angle scans (~1.6 hours
per scan), we could not study the evolution as a function
of annealing time in fine detail and defer the results of a
higher time-resolved study to a later paper. We have how-
ever identified the occurrence of a structural stall during
the development of crystallinity that is likely to be the
physical origin of the spectral stall reported by HN&D.
We also find that during this stall period a significant
amorphous component persists up to high temperatures
and discuss evidence suggesting that the thermal
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survivability of this phase is enhanced by initial exposure
to lower (~1000 K) temperatures.

2. Experimental details

Based on the parallel beam optics of Parrish et al. (1986),
the Daresbury synchrotron radiation source station 2.3
diffractometer used in our experiment was originally con-
structed for ambient high-resolution powder diffraction
studies (Cernik et al. 1990; Collins et al. 1992). Located
15 m tangentially from a 1.2 T dipole magnet in the 2 GeV
electron storage ring (Munro 1997) it receives X-rays in
the range 0.7-2.5 A. These are filtered by a water cooled
Si(ITT) channel-cut single crystal to give a monochromatic
beam incident at the centre of the two circle (6 and 26)
diffractometer. The furnace is mounted on the 6-circle
with a flat-plate sample holder inside the device at the
centre of the #-circle so that Hart-Parrish diffraction ge-
ometry is achieved (Hart & Parrish 1986). This makes the
diffraction optics insensitive to changes in sample height,
which is essential as small movements are inevitable when
the sample is heated. The diffracted beam passes through
a parallel foil assembly on the 260 arm and is detected using
an enhanced dynamic range scintillation counter.

The furnace itself is based on a design by
Debrenne et al. (1970), details of which are given in
Tang et al. (1998). The sample crucible is made of molyb-
denum, chosen for its high melting point and induction
characteristics, while a 1 mm deep and 15 mm diame-
ter pressed platinum former is placed on the crucible to
hold the sample and to prevent possible chemical reac-
tion between sample and crucible at high temperatures.
Heating is via a water-cooled 2 kW RF copper coil regu-
lated by a Eurotherm 900 controller. Sample temperature
is measured by a tungsten-rhenium thermocouple placed
at the sample/crucible assembly. The operational temper-
ature range is 290-2000 K with a heating response time
of ~30 s. Even at high temperatures, +£1 K stability is
achieved in under a few minutes. The whole furnace as-
sembly is enclosed in a stainless steel body, with incident
and diffracted X-rays passing through kapton entrance
and exit windows allowing measurements to be made dur-
ing annealing.

Normally 6-26 diffraction patterns are collected by
synchronised rotation of the 8 and 20 arms. However to
prevent the sample falling from the holder at high angle,
the 0 circle was fixed so that the sample was inclined at
10° to the horizontal incoming beam and the diffraction
intensities corrected accordingly. An X-ray wavelength of
1.2995 A was selected as a good compromise between
peak incident flux and the requirement for low wavelength
for increased X-ray wave vector k-space sampling within
the silicate sample. Scan parameters of a 20 step size of
10mdeg and detector integration time of 1 s per point
were used throughout. In order to ramp our sample up
to the initial temperature of 1000 K used as the starting
point in our experiment, the temperature was increased
in steps of ~200 K over a period of approximately 5 min,
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Fig. 1. X-ray powder diffraction patterns for amorphous MgSiO3 recorded at room temperature. Patterns in this and subsequent

figures have been offset in the y-axis direction for clarity

with the approach to 1000 K being made in progressively
smaller increments to avoid overshoot of the target tem-
perature. Data collection began as soon as the tempera-
ture stabilised at 1000 K (approximately 2 min).

Our sample was produced using the gel desiccation
method (Sabatier 1950; Day 1974) according to the fol-
lowing recipe:

1. 0.1 M solutions of the soluble metal salts MgCly and
NasSiO3 (sodium metasilicate) were mixed in the cor-
rect stoichiometric ratio to produce MgSiOs;

2. The white suspension thus formed was left to settle
for two days. The excess liquid was then decanted off
and the remaining suspension centrifuged and washed
with distilled water. This centrifuging/washing cycle
was repeated three times;

3. The resulting gelatinous precipitate was then dried in
air over a hot plate (100-150 °C) to yield lumps of a
white glassy-looking solid;

4. To prepare the sample for presentation to the syn-
chrotron beam it was then ground by hand in a pestle
and mortar to give a fine-grained powder. The largest
grains were typically ~0.1 mm in diameter.

3. Results

Initially the sample was scanned at room temperature
(Fig. 1), before raising its temperature to 1000 K. The
sample was then held constant at this temperature and
repeatedly scanned automatically for 19.5 hours. During
this time the diffraction patterns showed the evolution
of a crystallite (Fig. 2). At the end of this period a de-
veloped crystalline diffraction pattern was visible in the

data, superposed upon an amorphous background that
had changed little throughout annealing. The crystalline
component had begun to form after only ~2 hours and
after ~5 hours annealing had developed to its full extent
with both crystalline and amorphous components chang-
ing little from then on. The temperature was then in-
creased to 1031 K and the sample annealed for a further
24.5 hours (Fig. 3). During this period no major changes in
either amorphous or crystalline patterns occurred, except
for the sharpening of a few very weak crystalline peaks.
Further processing for 24 hours at the increased tempera-
ture of 1043 K again produced no major change (Fig. 4).
Following this the sample temperature was raised in steps
through 1083 K, 1113 K and 1143 K with a further total
annealing time of 5 hours (Fig. 5). Again, no change to
either component was observed. Finally raising the tem-
perature to 1173 K, the sample was processed for a further
14.5 hours. It was during this time that the sample struc-
ture changed. After 5-6 hours at this temperature, the
sample underwent rapid modification (Fig. 6), evidenced
by changes in width and profile of the amorphous fea-
tures, sharpening and growth of existing crystalline peaks
and development of new diffraction features.

Table 1 compares strongest peak positions and d-
spacings (the distances between successive ordered planes
of reflecting atoms) for the 1000 K and 1173 K crystallites
to reference data from the International Committee for
Powder Diffraction Standards (ICPDS) database. In both,
the crystalline structure is accounted for by forsterite.
However, at 1173 K a small number of peaks remain
unidentified and may possibly indicate the presence of a
second minor crystalline phase. None of the unidentified
features however correspond to crystalline SiOs. It is also
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Fig. 2. Diffraction patterns for MgSiOsz sample recorded at

1000 K: bottom pattern is initial exposure, top pattern after

19.5 hours annealing, middle patterns are sample data for intermediate annealing times
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Fig. 3. MgSiOs diffraction patterns recorded at 1031 K: bottom pattern is initial exposure at this temperature, top pattern
after 24.5 hours, middle patterns are sample data for intermediate times. Note the correspondence between these patterns and

the top two patterns of Fig. 2

worth remarking that the open olivine Mg,SiO,4 forsterite
structure would seem to be compositionally unfavourable
for a sample of MgSiOs. Although crystalline MgSiOs (e.g.
enstatite) can be expected to yield some diffraction peaks
coincident or close to those of forsterite, forsterite accounts
for all the lower temperature crystal structure and nearly
all the higher temperature crystal structure in our data.

The persistence of the amorphous component through-
out the annealing process is illustrated by the widths of
the two broad features centred at ~30° and ~50° 26.
Prior to annealing these widths were ~8.5° and ~6° 26
respectively, while after initial annealing at 1000 K they
had shrunk to ~4° each and remained essentially con-
stant throughout the remainder of the experiment until
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Fig. 4. MgSiOs3 diffraction patterns recorded at 1043 K: bottom pattern is initial exposure, top pattern after 24 hours, middle
patterns are sample data for intermediate times. Note the overall correspondence to the lower temperature structure shown in

Fig. 3
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Fig. 5. MgSiOg diffraction patterns collected at (bottom to top) 1083 K, 1113 K, 1143 K, over a period of 5 hours. Note the
correspondence to Figs. 3 and 4 recorded at lower temperatures

1173 K when the sample began to change. We were un-
able to observe any further development at 1173 K beyond
14.5 hours annealing due to limitations of beam time al-
location on the synchrotron.

4, Discussion

Our results show a clear evolution of structure
from a purely amorphous starting phase to a mixed

amorphous/crystalline end state. Modest processing at
1000 K quickly promoted the formation of an initial crys-
tallite along with some alteration to the remaining amor-
phous structure. The two phases then persisted, with little
or no change, until the sample had been processed for some
79 hours and a maximum temperature reaching 1173 K,
whereupon the amorphous component began to disappear
and further crystal growth occurred. We propose this stall
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Table 1. Measured angular peak positions and d-spaces for 1000 K and 1173 K data compared to a forsterite standard reference

1000 K crystalline structure

1173 K crystalline structure

20 sample d-space (A ) forsterite d-space (A )

26 sample d-space (A ) forsterite d-space (A )

19.05 3.90 3.88 16.72 4.44 -
19.90 3.74 3.72 18.07 4.12 -
21.36 3.49 3.496 19.04 3.93 3.96
24.91 3.00 3.007 19.89 3.74 3.723
26.99 2.78 2.796 21.35 3.51 3.496
30.41 2.53 2.512 22.59 3.28 -
31.41 2.47 2.458 23.44 3.19 -
32.98 2.27 2.269 24.79 3.01 3.007
33.34 2.25 2.25 25.89 2.88 2.992
34.81 2.16 2.161 26.87 2.79 2.768
36.65 2.06 2.032 29.68 2.53 2.515
42.64 1.78 1.785 30.29 2.48 2.458
43.37 1.75 1.75 32.97 2.30 2.269
45.45 1.67 1.671 34.69 2.17 2.161
46.43 1.65 1.636 36.52 2.07 2.032
47.04 1.63 1.634 42.39 1.80 1.785
51.65 1.48 1.479 43.25 1.76 1.75
57.18 1.35 1.351 46.79 1.62 1.612
51.56 1.49 1.497
54.98 1.40 1.397
MgSi03 1173K
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Fig. 6. MgSiO3 diffraction patterns collected at 1173 K: bottom is initial exposure to this temperature, top is after 14.5 hours
annealing, middle patterns are sample patterns at intermediate times. Note the changes in the top three patterns at ~30° and
~50° 20; the appearance of weak features below 19° 20; the development of features between 22° and 26° 20 and the broad
hump between 34° and 40° 20 with weak features between 37° and 40° 260. These changes first began to manifest after ~6 hours
annealing at this temperature. The drop out at high angle in the top pattern was due to loss of the synchrotron beam

in structural development (Fig. 7) to be the likely origin
of HN&D’s IR spectral stall, in that their samples also
initially showed pre-stall features characteristic of amor-
phous silicates which with annealing yielded amorphous
profiles with some crystalline-like features and post-stall
showed more fully developed crystalline features.

In a fixed quantity of initially amorphous material,
bulk crystallisation can only proceed at the expense of
the amorphous state. It is therefore the persistence of the
amorphous state that inhibits crystallite development. It
is well known that for an amorphous silicate there will ex-
ist a distribution of values for the number of non-bridging
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MgSiO3 Structural Stall
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Fig. 7. Evolution of the structural stall for MgSiOs: bottom, pre-stall at 1000 K as crystallite forms; middle, persistent amor-
phous and crystalline phases at intermediate temperatures; top, leaving the stall at 1173 K. Time difference between top and
bottom data is ~88 hours. The drop out in the top pattern is due to loss of the synchrotron beam

oxygen atoms per tetrahedral unit (NBO/T, that is O
atoms that are not shared with neighbouring tetrahedra).
This distribution will be peaked around the average bulk
crystalline value (Farnan et al. 1992). Writing the silicate
composition as MgO(1 — 2)SiOq, the average bulk crys-
talline NBO/T is given by (Thompson 1996)

2z

NBO/T = ———.

(1-x) (1)

For MgSiO3 and MgsSiOs, where z = % and % respec-
tively, this gives bulk NBO/T values of 2 and 4. Their
amorphous forms will thus contain a majority of tetrahe-
dra with 2 and 4 NBO/T respectively, but there will also
be significant numbers of other NBO/T species present.
That a crystallite with the compositionally unfavourable
structure MgySiO4 readily forms in an amorphous mate-
rial with bulk NBO/T = 2, seemingly contrary to the
expectations of equilibrium thermodynamics, suggests it
results initially from the ordering of Mg atoms and pre-
existing NBO/T = 4 units. In addition, X-ray absorption
spectroscopy (Thompson et al. 1996) has shown the Si
tetrahedral environment in amorphous silicates produced
by gel desiccation to be well established. The strength of
resistance to crystallisation in the amorphous phase thus
largely arises from the need to break and reform multi-
ple bonds between tetrahedral units with NBO/T < 3.
Indeed, the matching of the crystalline diffraction pat-
terns with forsterite indicates that the crystallisation pro-
cess does not greatly involve tetrahedral species with
NBO/T < 3, which would presumably give rise to other
recognisable silicate structures visible in the diffraction
patterns. If we assume the manufacturing process has

resulted in an evenly distributed sample and that following
annealing all available Mg contributes to the crystalline
phase, removal of Mg, Si and O in the ratio of 2:1:4 from
a composition of MgSiOg (1:1:3) will mean that the re-
maining amorphous phase will, of necessity, have a mass-
balanced composition of Si and O in the ratio 1:2 (neglect-
ing the effects of any impurities etc.) and will require an
average NBO/T close to zero for that phase. Confirmation
of any non-forsterite Si and O rich phase remaining amor-
phous is evidenced by the absence of crystalline diffraction
peaks corresponding to any known form of SiOs.

The annealing process itself may contribute to
the strength of the SiOs-rich amorphous component
through dehydrogenation of the sample during anneal-
ing. Both laboratory and cosmic silicates can be expected
to have significant hydroxyl content (Bruckner 1970;
Steel & Duley 1987; Timmermann & Larson 1993 and
references therein), while hydrogen itself can also exist in
a variety of states within a silicate. Molecular hydrogen
dissolves into the silicate structure over a wide range of
temperatures and reacts with the silicate network to form
hydroxyl (Shelby 1979; Shelby 1980), or hydroxyl/hydride
pairs (van der Steen & van den Boom 1977). In the case
of Si04, dissolved molecular hydrogen is believed to exist
as lone molecules, residing in the interstices of the network
(Shelby 1994). Network bonds can be broken by ionisa-
tion or direct displacement, in which case, the hydrogen
present in the void spaces can react with broken bonds to
form Si-OH or Si—H.

Hydroxyl and hydride are removed from amorphous
SiOy by heating to ~973 K or above and in the labo-
ratory are seen to be completely removed over a period
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of hours (Shelby 1994). Plotting the percentage of hy-
droxyl/hydride removed as a function of time, the data for
each species falls on the same curve implying that the ef-
fective diffusion coefficients are the same for both species.
The process of recombination yielding molecular hydrogen
is (Shelby 1994),

SiOH + SiH — Si—O-Si + Hs. (2)
Measurement of the gas released during heating of
other similar materials (Morimoto et al. 1992) confirms
Hy to be the major component along with very small
amounts of water. Below ~70% removal, the percent-
age removal curves approximate those expected for sim-
ple diffusion but yield an effective diffusion coefficient of
1.4 1077 cm?s™! which is much less than the expected
value of 6 107% cm? s~! for simple diffusion (Shelby 1977).
This, taken in conjunction with observed deviations of
the removal curves from that of simple diffusion above
70% removal, implies that it is the reaction rate of
Eq. (2) and not the diffusion coefficient that controls
the outflow of molecular hydrogen (Morimoto et al. 1992).
This is supported by the activation energy of the re-
action which lies between 260 kJmol=! (Heslin 1993)
and 266 kJmol~! (van der Steen 1976) and which com-
pares well with the binding energy of the SiO-H bond
(264 kJmol™!, Shackelford & Masaryk 1976). It is thus
the breaking of this bond that controls the dehydrogena-
tion of the silicate. Annealing an amorphous Mg-silicate
at low-end (~1000 K) temperatures is therefore likely to
result in significant dehydrogenation.

The net effect of this process will be to increase the
overall network polymerisation by reconnecting interte-
trahedral Si-O-Si bridging bonds, which will raise the av-
erage number of bridging oxygen atoms per tetrahedral
unit (i.e. decrease NBO/T). Since the silicate will initially
have a distribution of N BO values, low-end annealing will
initially promote the ordering of NBO/T = 4 species
only. Crystal growth thus stalls when the need for more
NBO/T = 4 units can only be met by breaking bonds for
units with NBO/T < 3. Meanwhile, annealing induced
dehydrogenation will have reduced the bulk NBO/T for
these species towards that of SiOy (i.e. NBO/T — 0).
The stall thus persists until enough energy has been input
to the system to allow the increased number of multiple
bridging bonds to be broken, whereupon the amorphous
phase breaks down and further crystal growth becomes
possible.

Earlier X-ray absorption spectroscopy measurements
made on the near edge structure (XANES) for the Si K
shell absorption edge in these materials have shown that
shifts in the position in energy of the Si K-edge XANES
features are greatest for temperatures below the crystalli-
sation threshold (Thompson et al. 1996). Such shifts are
characteristic of changes in the oxidation state of the ab-
sorbing species (i.e. changes in Si polymerisation). Based
on this previous evidence and our present results, it ap-
pears that the most important structural changes within
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the silicate occur during the annealing leading up to crys-
tallisation. This is corroborated by HN&D’s observation
that the duration of the stall is longest for lower annealing
temperatures.

The time scale for the formation of the initial crys-
tallite and entry to the structural stall at 1000 K in
our experiment is much shorter than that suggested by
HN&D for the spectral stall (25 + 3 days stall entry time).
However, at the present time we can not rule out that
this is due to differences in the starting material arising
from the different methods of sample manufacture, which
possibly results in different N BO/T distributions and de-
grees of chemical ordering. In particular, the gel desic-
cation method used to produce our sample will result in
an evenly dispersed amorphous composition with a well
established Si-O tetrahedral environment. Samples pro-
duced as smokes or ablation products on the other hand
are likely to be highly disordered in both their structural
and chemical ordering and will contain significant frac-
tions of SiO, MgO and Mg-metal units. Given the limited
availability of published experimental data it is not cur-
rently possible to determine the full extent to which the
thermal/temporal development of either spectral or struc-
tural stall is dependent on material preparation or manu-
facture. From the present experiment we are also unable to
address the question of whether grain size influences the
crystallisation process, in particular the thermodynamic
contribution of grain surface area to the eventual forma-
tion of forsterite rather than enstatite. Grain size distribu-
tion was not constrained in our experiment other than en-
suring the sample powder fulfilled the requirements of the
powder diffraction method to avoid settling and preferred
orientation effects during the diffraction measurements.

Neither are we at present able to identify the point in
the structural development of our sample where the crys-
talline phase will make a significant contribution to the
10 pm band profile, given that synchrotron X-ray diffrac-
tion is in general a more sensitive long range structural
probe than IR spectroscopy. Experiments are currently in
progress to compare diffraction with IR spectroscopy and
will be reported in a subsequent paper. At the time of
writing our results do however represent the only struc-
tural study in a set of three basic independent labora-
tory identifications of a stall phenomena in Mg-silicates
(Brucato et al. 1999 have reported infrared results simi-
lar to HN&D). Each of these experiments has thus far
involved samples manufactured and processed by differ-
ent methods and as such our results present strong ad-
ditional evidence for this being a common phenomenon
in annealed Mg silicates. In that sense the production of
crystalline silicates from amorphous silicates via anneal-
ing may be, to some degree, insensitive to the starting ma-
terial, even though annealing profiles and other physical
properties will be strongly dependent. However it is pos-
sible that this last statement may be limited in scope and
that stall phenomena may in fact only occur for certain
ranges of compositions and/or manufacturing parameters.
Precisely what these limits are is currently unknown.
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5. Conclusions

We have identified directly a structural stall in the crys-
talline development of thermally processed amorphous
MgSiO3. During the stall amorphous and crystalline
phases co-exist. The development of a crystalline forsterite
phase, contrary to equilibrium thermodynamic predic-
tions, is regulated by the properties of the SiOs-rich amor-
phous phase whose subsequent resistance to annealing at
higher temperatures may be due to a strengthening of it’s
network connectivity by the annealing process itself and
we have suggested a mechanism by which this can occur.
Current evidence suggests this effect could be most sig-
nificant when the silicate is initially annealed at low-end
temperatures of ~1000 K. Our results clearly show that
an amorphous component in annealed MgSiOg can sur-
vive relatively unaltered up to temperatures higher than
perhaps previously assumed. This now raises, at least in
principle, the possibility of being able to extract infor-
mation regarding the origins and pre-processed form of
certain recovered solar system silicate grains returned by
sampling missions such as STARDUST and ROSETTA,
even if those grains have subsequently suffered relatively
vigorous post-formation annealing. The presence of an
amorphous component may prove to be of diagnostic use
when attempting to differentiate non- or pre-solar compo-
nents from sample populations of processed grains. The
strengthening effect is likely to be most pronounced in
grains that were initially exposed to lower annealing tem-
peratures. Whether future laboratory work will enable the
assignment of a unique, or limiting, thermal history to a
given silicate based on some quantitative crystalline to
amorphous ratio remains to be seen, however structural
investigation exploiting the high angular resolution and
wavelength tunability of the synchrotron source presents
itself as a powerful tool with which to study cosmic sili-
cates in the laboratory.
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