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Abstract

Two natural dunites were annealed at pressure P = 300 MPa, temperature T = 1373, 1473 and 1573 K, and fO2 within
the stability field of olivine. The starting materials contained small amounts of hydroxyls in the form of minor phases of
hydrated minerals, which released an aqueous phase during the experiments. A detailed analytical transmission electron
microscopy (ATEM) investigation of these materials revealed that small quantities of two types of silica-rich glass
formed during heat treatment. The first type of glass, found at triple junctions as rare partially crystallized glass
pockets, results from melting dehydration reactions involving the hydrous phases. The second type of glass is found as
pure silica precipitates (0.1^0.5 Wm in size, for a total of a few 0.1 vol%) within the olivine grains of specimens heated to
v1473 K. From considerations of the kinetics of the precipitation at 1473 K, we interpret this silica precipitation as
resulting from the condensation of olivine metallic vacancies promoted by increasing fluid fugacities during the runs.
Our observations, thus, demonstrate that metastable silica can precipitate in olivine from dunites experiencing rapid
changes in their thermodynamical environment. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Mantle-derived peridotite xenoliths often con-

tain glasses along grain boundaries, triple junction
and/or in large inclusions (s 100 Wm) within min-
erals. In many cases these glasses exhibit a distinc-
tive chemistry (e.g. [1^3], and references therein)
characterized by relatively high concentrations of
silica (up to 75 wt%). The unusual chemistry and
wide geographic and tectonic provenance of these
melts has led to a vigorous debate on their origins
(e.g. [4^6]). Also, experimental annealing of diop-
side and enstatite single crystals and/or peridotitic
material produces silica-rich precipitates (so-called
early partial melting (EPM) precipitates) in pyrox-
enes at sub-solidus temperatures (e.g. [7^10]). Sili-
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ca precipitation has also been observed in olivine
grains of a lherzolite experimentally annealed
above its solidus in hydrous conditions ([10]).
Whether this silica precipitation observed in ultra-
ma¢c materials is of importance for the under-
standing of natural silica-rich melts in xenoliths
or is an experimental `artifact' has been unclear.

In the present study we have investigated the
development of such a silica-rich precipitation in
two spinel-bearing dunites annealed at sub-solidus
temperatures in the laboratory. Their experimen-
tal treatment, involving rapid changes in the pres-
sure and temperature conditions and important
changes in the O2 and H2O and/or H2 fugacities,
was in many aspects similar to that experienced
by xenoliths during their entrainment and subse-
quent emplacement in the crust. The aim of this
study was thus to characterize by analytical trans-
mission electron microscopy (ATEM) the mor-
phology, composition and kinetics of the SiO2-
rich precipitation in two olivine assemblages ex-
periencing rapid thermodynamical changes.

2. Starting material, annealing conditions, and
ATEM procedure

Two natural dunites were experimentally an-
nealed in a Paterson machine [11] at temperatures
between 1373 and 1573 K, in the presence of
water. The starting dunites were chosen because
(1) they are natural olivine assemblages contain-
ing small amounts of orthopyroxene (OPX) that
bu¡er the activity of silica (aSiO2 ), (2) as with
many dunites they chemically equilibrated in na-

ture in a range of pressure accessible to a Pater-
son machine, and (3) they contain trace quantities
of the hydrous minerals, due to minor metasoma-
tism that dehydrate and release H2O under the
experimental P,T conditions. IR measurements
carried out on the same dunites after similar ex-
periments [12] revealed that water is still present
in the assembly at the end of the runs, and thus
that the samples remain under hydrous conditions
throughout the annealing. The investigated dun-
ites were also deformed because, as previously
observed in pyroxenes (e.g., [7]) the silica-rich pre-
cipitates tend to nucleate preferentially on dislo-
cation cores. Detailed petrographic descriptions
of both starting materials are given in [13] and
[14]. The modal composition of the starting
Aheim dunite is 96% olivine, 2% pyroxenes, 2%
hydrous layer silicate minerals (mainly clinochlore
and phlogopite) and 6 1% spinel. This rock has a
unimodal olivine grain size distribution with an
average size of about 900 Wm. The Anita Bay
dunite consists of 94% olivine, 5% pyroxenes
and 1% chromite together with a widespread but
minor occurrence along grain boundaries of hy-
drous secondary minerals (mainly clinochlore,
tremolite and talc). Specimens from the Anita
Bay dunite were cored in a region with an average
grain size of about 100 Wm.

Three specimens were cored in each of the start-
ing dunites. The annealing conditions are given in
Table 1. Experiments proceeded by ¢rst raising
the con¢ning pressure to V200 MPa and then
increasing the temperature at a typical rate of
V0.3 K31

s until the intended temperature was
reached and the pressure had risen to 300 MPa.

Table 1
Annealing conditions at 300 MPa

Sample Specimen material: dunite Soak temperature Duration at soak temperature Silica precipitates detected
(K) (s)

4439a Aheim 1373 13860 no
4436b Aheim 1473 720 yes
4468 Aheim 1573 1680 yes
4271b Anita Bay 1368 85920 no
4569 Anita Bay 1473 12060 yes
4497 Anita Bay 1573 780 yes
aresults of [14]
bresults of [13]
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Samples were cooled at a rate of V1.3 K31
s .

Specimens were annealed in the presence of the
water released by the hydrous minerals. Chlorite
transforms into enstatite, MgAl2O4 spinel and
forsterite, and releases H2O above T = 1073 K
and Ps 300 MPa (e.g., [15]). Talc similarly trans-
forms into enstatite and cristobalite (which in
contact with olivine forms enstatite) and releases
H2O under equivalent P/T conditions. At high
temperature the specimens, thus, consisted mainly
of olivine crystals in the presence of an aqueous
phase with small amounts of enstatite and spinel.

All specimens, except for 4271, were enclosed in
a long Fe sealing jacket. The latter specimen was
enclosed in a short Ni jacket (ibid.). The main
role of these metallic jackets was to prevent the
gas con¢ning medium entering the specimen. The
use of Fe capsule directly in contact with olivine is
also recommended to maintain the olivine in its
redox stability ¢eld (see [16], and references there-
in). In the case of our samples, the presence in the
assembly of small amounts of H2O (released from
hydrous minerals) renders the system more com-
plex and does not allow a precise estimate of the
oxygen fugacity (fO2). The absence of Fe-precip-
itates in the olivine grains at the end of the run,
and the clear light green color of the recovered
material, suggest however that the olivine re-
mained within its redox stability ¢eld during the
runs.

Specimens for ATEM were cut in optically se-
lected areas of doubly polished standard petro-
graphic sections. They were ion-thinned to elec-
tron transparency (argon beam accelerated at
5 kV) and coated with a carbon layer. A Philips
CM30 electron microscope, operating at 300 kV

and equipped with an energy dispersive X-ray
(EDX) spectrometer (Noran-Voyager), was used
to investigate the specimens. This EDX spectrom-
eter has a germanium detector and an ultra-thin
window, which allows the detection and quanti¢-
cation of oxygen. We calibrated the so-called Cli¡
and Lorimer K-factors by the [17] method, with
silicate and silicide standards. Microanalyses were
mostly performed in the STEM mode on scanned
areas (v 100 nm2� to prevent the lost of elements
during the microanalysis (particularly critical
when analyzing silicate glasses). Despite this pro-
cedure, we could not always prevent the loss of
alkali (particularly of Na). We used the [18] meth-

Fig. 1. TEM micrograph (bright ¢eld) of a glass pocket at a
triple junction (sample #4497). Note that part of the pocket
is recrystallized. This glass results from reactions involving
hydrous minerals.

Table 2
Olivine compositions (wt%) and Mg/(Mg+Fe) ratio (at%) after the experiments

Average 2 6 8 2 3 6
Sample 4439 4436 4468 4271 4569 4497

SiO2 41.3 41.3 41.4 41.2 41.5 41.2
FeO 7.56 7.20 7.10 7.74 8.53 7.74
MnO 0.08 0.11 0.11 0.10 0.15 0.09
MgO 50.8 50.9 51.0 50.5 49.3 50.6
NiO 0.38 0.42 0.38 0.40 0.43 0.40
Mg/(Mg+Fe) 92.3(0.5) 92.6(0.5) 92.8(0.2) 92.1(0.4) 91.3(1.1) 92.1(0.4)

Note: numbers in parentheses are the larger of the statistical (two standard deviations) and dispersion uncertainties.
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od for the thickness correction (more details in
[19]). To compute the cation site occupancies we
assumed that iron only occurs as Fe2� and that
the H concentration was negligible.

3. ATEM observations and interpretation

In all the investigated specimens, we observed
rare pockets of glass at triple junctions and/or
phase boundaries (Fig. 1). These pockets have in
some cases partially crystallized and exhibit sys-

tematically large SiO2 and Al2O3 contents (55^80
and 12^20 wt%, respectively). They also contain
relatively high concentrations of K2O (typically
2^4 wt% K2O) and trace amounts of Cl. We in-
terpret these glass pockets as resulting from reac-
tions involving the hydrous minerals present in
the starting materials. Such reactions which have
previously been inferred in experimentally an-
nealed Anita Bay dunite samples ([20]), must
have released water during the runs.

In both the Aheim and Anita Bay samples, the
olivine and pyroxenes grains exhibit microstruc-

Table 3
Enstatite compositions (wt%) and Mg/(Mg+Fe) ratio (at%) after the experiments

Average 1 2 4 2 1 3
Sample 4439 4436 4468 4271 4569 4497

SiO2 58.4 58.5 58.9 58.3 58.5 58.1
TiO2 ^ ^ 0.02 ^ ^ ^
Al2O3 0.18 0.30 0.01 0.15 ^ 0.30
FeO 5.27 4.18 4.33 5.51 5.17 5.44
MnO 0.10 0.07 0.12 0.12 0.21 0.13
MgO 35.8 36.7 36.5 35.7 35.8 35.7
CaO 0.11 0.04 ^ 0.05 0.08 0.10
Cr2O3 0.04 ^ 0.02 0.07 0.11 0.08
NiO 0.11 0.16 0.06 0.11 0.11 0.07
Mg/(Mg+Fe) 92.4(0.4) 93.9(0.6) 93.7(1.1) 92.1(0.5) 92.5(0.5) 92.1(0.5)

Note: numbers in parentheses are the larger of the statistical (two standard deviations) and the dispersion uncertainties.

Fig. 2. Dark ¢eld TEM micrographs of intracrystalline glass droplets in olivine (sample #4468) (a) Two droplets interacting with
a subgrain boundary. They exhibit the shape typical of EPM droplets (an ellipsoidal glassy phase with a central hole). Carbon
stains left by the microanalysis are visible on the top of one of the droplets. (b) EPM droplets in a thin area. The droplet on the
right hand side of the ¢gure corresponds to analysis #25bis (Table 4). The presence of a small dislocation loop shows that a thin
layer of olivine was present in the analyzed column (see text).z
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tures typical of high temperature deformation. We
detect in olivine a rather homogeneous density of
free dislocations (1013 m32 in samples deformed
at 1573 K) with both a and c Burgers vectors. The
enstatite crystals contain numerous thin lamellae
of clino-enstatite, which probably result from
stress-induced ortho- to clino-enstatite inversion
during cooling. These lamellae overprint any oth-
er defect features, such as dislocations or precip-
itates, which thus were not characterized in ensta-
tite. The compositions of olivine and enstatite
averaged over several analyses in each specimen
are reported in Tables 2 and 3. These composi-
tions are practically identical to the olivine and
enstatite compositions in the starting materials.

In the four samples annealed at Tv 1473 K we
also detected numerous tiny rounded glass precip-
itates within the olivine grains (Fig. 2), often in-
teracting with dislocations and sub-grain bounda-
ries. These precipitates are very small (typically
0.5 Wm in diameter) and sparsely distributed in
the olivine matrix, representing roughly less than
a few 0.1 vol% of the investigated material. No
reaction rim between these glasses and the sur-
rounding host olivine were detected. Microanaly-
ses of these tiny glass bodies raised a technical
problem: because of their small size, the measured
raw compositions, sorted by increasing SiO2 con-
tents in Table 4, correspond to mixtures of glass
and olivine. We measure up to 95.3 wt% SiO2

(analysis 25bis) for the object shown on the right
hand side of Fig. 2b, which still corresponds to a

mixture of glass and olivine as revealed by the
dislocation loop overlying it. The varying
amounts of olivine `contamination' in the analyses
of Table 4 are highlighted in Fig. 3. Both MgO
and NiO concentrations when plotted against
SiO2 fall on straight lines between the composi-
tion of the olivine and pure SiO2. The same con-
clusion can be drawn from the mineral norms
(Table 4) consistent with a mineralogical associa-
tion of quartz and olivine (with trace amounts of
corundum). Finally, the data in Table 4 exhibit
the same Mg/(Mg+Fe) ratio as the olivine. This
suggests that the detected Mg and Fe are hosted
only in the olivine matrix. Thus all of the analyses
in Table 4 are explicable in terms of a simple
mixing of olivine and SiO2.

4. Discussion

Of the two types of glass that have been iden-
ti¢ed in the annealed samples, the glass pockets
found at triple junctions and/or phase boundaries
have been derived from melting associated with
dehydration of trace hydrous minerals initially
present in both dunites. Given this mode of
formation (dehydration reactions of alteration
material) and the observations of crystallization
features (Fig. 1), the chemistry of these glass
pockets will therefore not be discussed further.

The other type of glass, consisting of SiO2 pre-
cipitates in the olivine matrix, is of importance for

Table 4
Raw droplet/olivine-matrix compositions (wt%) and computed norms for sample 4468

Analysis 26 25 24 27 25bis

SiO2 44.3 62.5 77.0 84.4 95.3
Al2O3 0.21 ^ 0.48 0.13 ^
FeO 4.31 4.42 1.53 0.91 0.54
MnO ^ 0.10 ^ 0.05 0.07
MgO 50.9 32.7 20.5 14.3 4.05
NiO 0.30 0.22 0.16 0.05 0.04
Total 100.02 99.94 99.67 99.84 100.00
Mg/(Mg+Fe) 92.2(0.4) 93.0(0.4) 93.0(1.4) 94.0(0.7) 93.1(1.4)
quartz 4.4 36.1 61.2 73.4 92.0
corundum 0.2 ^ 0.5 0.1 ^
fayalite 6.6 6.8 2.4 1.5 1.0
forsterite 88.8 57.1 35.9 25.0 7.0

Note: numbers in parentheses are 2c standard deviations.
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the understanding of olivine chemistry. The fol-
lowing discussion is thus focussed on the interpre-
tation of this silica precipitation. As a background
for this discussion, we use a thermodynamical
model proposed for the olivine point defect chem-
istry by [21] (noted N and S in the following) in
their now classic article. In the framework of this
model, the majority point defects in olivine are
the Fe3� cations in either octahedral (Me) or tet-
rahedral (Si) sites, as well as the octahedral va-
cancies (see also [22]). We chose this model be-
cause it allows a full description of the olivine
solid^solution (FexMg13x) 2SiO4 within its stabil-

ity ¢eld. Also, the Me vacancies have been ob-
served by thermogravimetric measurements in
both fayalite and olivine (e.g. [21], and references
therein), and ferric iron on Si site has been ob-
served in forsterite using electron paramagnetic
resonance [23]. Finally, the N and S's model has
been veri¢ed several times by independent studies
of reactions and/or equilibria involving olivine
(e.g., [24,16]).

4.1. The SiO2/olivine equilibrium

According to [21] (their equation 3), the SiO2/
olivine equilibrium, in the presence of oxygen, can
be described by the following equation (in olivine
Fo1003N, Fe2SiO4 has the dilution N%):

Fe2SiO4 � 2 V00Me � 4 Fe�Me �

SiO2 �O2�g� � 6 FeX
Me �1�

where VQMe, Fe�Me, and FeX
Me are respectively di-

valent Me vacancies, Fe3� cations, and Fe2� cat-
ions, in Me sites, using the standard Kro«ger and
Vink's notation for point defects (see [25]). Eq. 1
does not allow a full description of the thermody-
namical state of olivine in contact with oxygen
and silica. At constant T and P, two other equa-
tions are needed, e.g. the electroneutrality condi-
tion (linking the charges of the defects) and the
equation describing the equilibrium between oli-
vine and oxygen (see [21]). Eq. 1, however, shows
that the exsolution of SiO2 from the olivine solid^
solution does not actually require silicon di¡u-
sion. It also shows that exsolution of SiO2 tends
to reduce the concentrations of both VQMe and
Fe�Me defects, and thus to move the olivine toward
a stoichiometric composition. In a context of a
dynamical equilibrium, this tendency could be
compensated continually by, for example, the in-
corporation of oxygen (due for instance to an in-
creasing fO2) which, conversely, would tend to
increase both the VQMe and the Fe�Me concentra-
tions (e.g. [21] equation 19).

N and S's model does not account for the
`water' point defects, e.g. interstitial H� or OH3

substituted for O23, likely to be present in our
assemblages annealed under hydrous conditions.

Fig. 3. Relationships between SiO2 and the MgO and NiO
contents (in wt%) of the raw compositions of the glass inclu-
sions observed in olivine (Table 4). These compositions are
explicable in terms of simple two-phase mixing involving the
phases olivine and pure SiO2.
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According to a number of authors (e.g. [26^28])
`water' defects substitute for ferric iron in the oli-
vine solid^solution. Hence, an increasing `water'
defect concentration, due for instance to increas-
ing H2O and/or H2 fugacities (fH2O and fH2, re-
spectively) would tend to increase the VQMe con-
centration, and thus to promote more
precipitation of SiO2 (see Eq. 1). Fluid fugacities,
fO2, fH2O and fH2, may therefore play very sim-
ilar roles with respect to the exsolution of silica.
Such an exsolution can actually occur over wide
ranges of fO2. [24] calculated that, at 1 atm. and
1573 K, SiO2 can precipitate in Fo90 for
10314 6 fO2 6 1035:4 MPa (fO2 is here assimilated
to pO2). The SiO2 precipitation is however limited
in quantity since it ultimately depends on the con-
centration of VQMe in the olivine solid^solution.
This concentration has been estimated to be on
the order of 0.1% per site (i.e. 0.2% per mol) in
the San Carlos olivine (Fo90), which equilibrated
in nature under relatively high fO2, as did the
olivine crystals used in the present study.

Silica precipitation in olivine is then quite
understandable in the framework of N and S's
model by considering the equilibria involving oli-
vine and several £uids such as O2 and/or H2O,
and eventually the silica phase. In the case of
our assemblages, containing primary enstatite
and spinel grains, such silica precipitation cannot
correspond to equilibrium since, given the run
temperatures, silica should eventually react with
the surrounding Fo92 to form enstatite (see [29]).
The presence of pure silica precipitates in the oli-
vine grains, thus, strongly suggests that equilibri-
um was not achieved at the end of the runs. In
order to interpret the observed metastable SiO2,
one must therefore take into consideration the
kinetic aspects of the silica precipitation.

4.2. Kinetics of SiO2 precipitation in olivine

We observed that SiO2 precipitates were readily
produced in experiment 4436 which had a peak
temperature of 1473 K and a soak duration of
only 12 min. Such rapid kinetics suggests that
the SiO2 exsolution is controlled by species having
high intracrystalline di¡usivities at 1473 K, i.e.
able to di¡use over long distances (reasonable

fractions of the grain size) during the runs. The
only species that ful¢ll this requirement, in the
framework of the model described above, are
the Me vacancies VQMe and the potential `water'
defects, all defects associated with the ferric/fer-
rous iron transition for charge compensation. In-
deed, the Fe^Mg interdi¡usion coe¤cient in oli-
vine is about DFe=Mg = 10311 cm2/s at 1473 K
[30,31]. This roughly corresponds to a VQMe di¡u-
sion coe¤cient of DVMev 1038 cm2=s, since VQMe

concentration per site ([VQMe]) should not exceed
0.1% in olivine at this temperature (VQMe di¡usion
coe¤cient can be estimated by dividing DFe=Mg by
[VQMe]). In other words, Me vacancies are able to
migrate over distances v 50 Wm during a 12-min
long annealing at 1473 K. `Water' defects have an
even higher mobility in olivine, and are able to
di¡use over distances v 2 mm in 12 min at 1473
K (see [26]). Unlike VQMe and `water' defects, the
Mg and Fe cations can only di¡use over short
distances (typically 6 2 Wm) during a 12-min
run at 1473 K, while silicon and oxygen can al-
most be considered immobile under the same con-
ditions, because DSi = 10317 cm2/s at 1473 K, and
DO is about two orders of magnitude higher than
DSi (e.g. [32,33]).

In summary, our observations suggest that the
kinetics of silica precipitation in olivine is con-
trolled by the di¡usion of VQMe defects and pos-
sibly `water' defects. During this process, the Mg
and Fe cations may have moved a few micro-
meters away from the transformed area (consist-
ing now of silica), while Si and O were readily
immobile. We thus interpret the silica precipita-
tion as a vacancy (VQMe) condensation process,
induced by an increase in the VQMe and/or `water'
defect concentrations during the runs (see Eq. 1);
such an increase would be the result of increasing
£uid fugacities due to the dehydration reactions
occurring at triple junctions. A similar explana-
tion (metallic vacancy condensation) is proposed
by [9] to explain the experimentally induced pre-
cipitation of silica in diopside.

This interpretation also explains why, in our
experiment, the exsolved silica did not react with
the adjacent olivine to form enstatite. Because of
the di¡erent di¡usivities of the considered species,
the olivine grains were able to reach the equilib-
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rium in terms of fO2, fH2O and/or fH2 (VQMe and/
or `water' defects di¡usion, and Fe2�=3� transi-
tion), but not in terms of the activity of silica.
Full equilibration of the olivine, as well as the
silica precipitates, with the rest of the assembly
may require time duration allowing the di¡usion
of every species, including the Fe, Mg and Si cat-
ions, throughout the olivine grains. Using the DSi

value given above, it would thus take about
2 years at 1473 K to fully equilibrate a 100-Wm
grain size assemblage (average di¡usion distance:
50 Wm). Even if this equilibration process is prob-
ably enhanced by chemical driving forces and the
presence of dislocations in the crystals (di¡usion
short cuts), it is likely to have a slow kinetics
when compared to short geological events, such
as the ascent of xenolithic materials during vol-
canic eruptions.

5. Conclusion

Exsolution of pure SiO2 in olivine is consistent
with the now classic model proposed by [21] for
the olivine solid^solution. Silica precipitates, how-
ever, are likely to have only a transient existence
in ultrama¢c assemblages such as the studied dun-
ites, and to eventually re-equilibrate with the sur-
rounding material, for example by reacting with
the adjacent olivine to form enstatite. This equili-
bration process, however, is likely to involve the
intracrystalline di¡usion of slow species (such as
Si cations) throughout the olivine grains, and thus
to have a slow kinetics. Because of this slow ki-
netics, silica precipitates may also form and be
preserved within the olivine grain from xenoliths
that experienced rapid thermodynamical changes
during their ascent to the surface. Indeed, silica-
rich precipitates have already been observed in as-
found pyroxenes from xenoliths ([8]). Further
TEM investigation of xenolithic material is thus
required to check for silica precipitates in olivine.
Further investigations are also required to ¢nd
out whether such metastable silica precipitation
could contribute to some extent to the silica-
rich melts observed in ultrama¢c xenoliths world-
wide.
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