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ABSTRACT. Synthetic quartz containing fluid inclusions (HyO + NaOH, 0.5N) was
annealed at high temperature (T=448°C) and under confining pressure (P.=200 or
350MPa). Changes in the shape of the inclusions were observed together with variations
of their filling densities which depend on the value of the internal pressure, P;; the latter
tends to equilibrate with the confining pressure P, either by decrepitation or by progressive
evolution. X-ray topography after treatment reveals contrast around the modified fluid
inclusions. T.E.M. investigations show some dislocations around the inclusions after
experiment. However, IR microspectroscopy does not show any visible change in the
water absorption band in samples before and after annealing.

These results are discussed and some interpretations are proposed. As demonstrated
by previous authors (Gratier and Jenatton, 1984) the changes in the shape are due to
solution - deposition processes. Plastic deformation around fluid inclusions is probably
largely responsible for the changes in density, but diffusion processes (positive and
negative exchanges between quartz and fluid inclusion) cannot be entirely excluded. The
driving force may be the elastic strain energy due to the difference in pressure between the
fluid inclusion and the confining medium (Doukhan and Trépied, 1985).

1. INTRODUCTION.

Recent experimental work has shown that fluid inclusions in synthetic quartz underwent

strong shape and density modifications when submitted to P-T conditions which are

different from those on their trapping isochore line and where the internal pressure is larger

than the confining pressure (Sabouraud, 1981; Pécher, 1981; Gratier and Jenatton, 1984,

Pécher and Boullier, 1984). Complementary experiments have been performed on the

same material for the case where the internal pressure is lower than the confining pressure.
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This work presents the results of these experiments and of some investigations with X-ray
topography, transmission electron microscopy and infrared microspectroscopy.

2. THE EXPERIMENTS.
2.1. Starting material.

Synthetic quartz crystal (S.I.C.N., Annecy, France), grown hydrothermally in a 0.5N
NaOH solution following the Régrény's method (1973) was used. The seed contains
numerous large cylindrical fluid inclusions which are orientated in a direction near the ¢
axis of the crystal (figure 1). X-Ray topographs before experiments (figure 2) reveal that
the fluid inclusions are localized on straight dislocations (Wilkins and McLaren, 1981;
Michot et al., 1984); consequently, these fluid inclusions probably originated by corrosion
of the cores of the dislocation before saturation conditions were attained in the autoclave.
When saturation is reached (160MPa, 365°C), quartz growth blocks the tubes which are
filled with a fluid with a density equal to that within the autoclave (0.8).

2.2. The initial homogenization temperatures.

The samples (0.8x2.5x5mm) are cut and two faces polished which contain a and c.
Homogenization temperatures (Th) are measured before the experiments with a Chaix-
Meca stage (Poty et al., 1976). They are very homogeneous in each sample (figure 3) but
vary slightly from sample to sample (for instance 244.6°C for 2A10 and 247.6°C for 2A6).
Controls by calibrations have shown that these differences are not due to measurements
€rTors.

Only few P-V-T data are available on the system HoO + NaOH + SiO;. Régrény
(1973) has shown that the isochores are subparallel to isochores in the pure HoO system,
but slightly shifted towards higher temperatures. Consequently, we will use the slopes of
the isochores given by Burnham et al. (1969) for pure H2O which are very close to the P-
V-T data of Zang and Frantz (1987).

2.3. Principle and conditions of the experiments.

Fluid inclusions can be considered as micro-autoclaves in which the internal pressure (P;)
is a function of the temperature and molar volume of the fluid (figure 4). The confining
pressure (Pc) is an external thermodynamic parameter of the system but it also prevents
decrepitation of the fluid inclusions. Only one type of experiment has been performed so
far; it corresponds to P;j higher than P (argon) (Pécher and Boullier, 1984):

Pc(argon) = 200 MPa, T = 448°C (Figure 4)

These experiments have now been supplemented by experiments with a confining
pressure P; lower than P;:

Pc(argon) = 350 MPa, T = 448°C.

To test the influence of a chemical gradient of water between the inclusion and the
confining medium, experiments have been performed with water (rather than argon) as a
fluid medium generating the confining pressure P (either higher or lower than P;):

P.(water) = 200 or 350 Mpa, T = 448°C.

All the experiments are reported in table 1.
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3. EXPERIMENTAL RESULTS.
3.1. P¢(argon) lower than P;.

A comparison of samples before and after the experiments shows important modifications
of the shape and the density of the fluid inclusions (see Pécher and Boullier, 1984). We
distinguish two different behaviours: 1) the inclusions decrepitate as demonstrated by
microfracturation or 2) the fluid inclusions do not decrepitate, but their shape and density
are modified.

3.1.1. Changes of shape. They have already been described in detail for such experiments
by Pécher and Boullier (1984); in this paper, we will only refer to the most striking
features.

a - decrepitated inclusions: microfractures contain numerous small fluid inclusions
(secondary fluid inclusions or "decrepitation cluster", Swanenberg, 1980), the size of
which decreases towards the external limit of the crack (20 to 2 pm); they have
homogeneous filling ratios. They appear during decrepitation and then are healed by
growth of quartz from the fracture walls (Lemmlein and Kliya, 1954; Smith and Brians,
1984).

b - undecrepitated fluid inclusions: the most striking feature of the undecrepitated
fluid inclusions is a decrease of their length/width ratio towards an equilibrium value 2.7,
figure 5), together with the appearance of rational walls (simple pyramidal and prismatic
crystalline faces). Their evolution with time depends on the orientation of the initial fluid
inclusion relative to the c axis of the quartz crystal. Generally, they tend towards the shape
of a negative crystal shape (for details see Pécher and Boullier, 1984).

3.1.2. Changes of homogenization temperatures. The temperatures of homogenization

measured after experiments are reported in figure 6. The Th measurements are grouped
into two sets for each sample: 1- the first one with slightly scattered but high values (up to
280°C) corresponds to decrepitated primary inclusions or secondary inclusions formed by
decrepitation of the former ones. 2- the second set with values slightly higher than the
initial Th, corresponds to the undecrepitated primary inclusions. The difference in the
homogenization temperature increases with the duration of the experiment (figure 7): for
the longest experiment (2A6), the difference is 13°C corresponding to a density decrease of
0.019.

3.2. Pc(argon) higher than P;.

As for the above experiments, important changes of shape and density of the fluid
inclusions are observed after annealing.

3.2.1. Changes of shape. In the case where the confining pressure Pc(argon) is greater
than the internal pressure P; the changes of shape are somewhat similar to those observed
in the previous case (Pc<P;) except that the equilibrium shape ratio is lower (1.8, ;figure 5)
and corresponds to a bipyramid without a prism.

3.2.2. Changes of homogenization temperatures. Figure 8 shows histograms of the

homogenization temperature after experiment in the case where P is higher than P;. This
clearly shifted towards lower values (increase of the density), but the values are much
more scattered than for the previous experiments and there is no well defined maximum.
However, it should be noticed that the larger the inclusion volume, the bigger the
difference between initial Th and final Th (figure 9).
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3.3. Experiments with water as a confining medium.

Two experiments have been performed to test the influence of a possible chemical gradient
of water between the inclusion and the confining medium. A sample was placed in a gold
capsule containing water; the capsule was sealed and placed in the autoclave where the
pressure medium is argon. Considering the solubility of quartz in water in the experimental
conditions, the samples were polished again after the experiment for observations and for
Th measurements. No damage is caused by that polishing.

These experiments do not show any difference to the previous ones (with argon as
confining medium). The changes of shape and density are fully comparable to those
observed for corresponding experiments (P lower or higher than P;). Consequently,
experimental results are given on the same figures (figures 5 to 8).

4. X-RAY TOPOGRAPHS.
4.1. Before experiment.

On X-ray topographs (Lang chamber), the samples show long straight dislocations as
observed by Wilkins and McLaren (1981) in comparable synthetic quartz crystals. Fluid
inclusions are not visible on X-ray topographs recorded at room temperature (figure 2).
However, one series of topographs was obtained with the LURE synchrotron (Orsay,
France), the sample being heated to 302°C (Michot et al., 1984). As soon as Th is reached,
contrast appears around fluid inclusions which becomes visible in this way. If the
temperature decreases below Th, the contrast around the fluid inclusions disappears except
around some of those which have decrepitated. Consequently, in the experiments of
Michot et al. (1984), the contrast around fluid inclusions is related to elastic deformation of
the quartz crystals, due to an increase of pressure in the fluid inclusion.

4.2. After experiments.

X-ray topographs were performed on some samples after experiments. In every case, a
permanent contrast is observed around fluid inclusions at room temperature, for
experiments at P¢ either lower or higher than P; (figure 10). The contrast around fluid
inclusions is very strong. If it is due to dislocations, then their density is higher than
105cm-2. The shape of the contrast seems to be intermediate between the initial and the
final shape of the fluid inclusions. This would indicate that the contrast is due to a
mechanism which operates during the whole experiment and is not due to the final stage of
the experiment (decrease of T and P,).

5. PRELIMINARY TEM OBSERVATIONS.

After experiment, standard polished thin section (30pm thick) were made which were then
thinned to less than 1pum using an ion thinner. As the probability of obtaining a thin area
exactly around a fluid inclusion is very small, only one ion thinning was successful. The
sample was studied with a JEOL 200CX transmission electron microscope at the Service
Commun d'Analyses of the Nancy I University. Dislocations are observed at the tip of the
fluid inclusion (sample 2A4, figure 11); they are roughly parallel to the c axis but their
Burgers vector has not been characterized. Their density is approximately 107 cm-2. Some
very small defects are also observed but their exact nature has not been identified; they
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could be very small bubbles, such as those observed by Kirby and McCormick (1979) in
experimentally deformed synthetic quartz crystals and by McLaren et al. ( 1983) in heated
synthetic quartz crystals, due to precipitation of water above the equilibrium concentration
(Doukhan and Paterson, 1986; Cordier et al., in press).

6. INFRARED MICROSPECTROSCOPY DATA.

Infrared spectra were recorded with a Brucker IFS 88 Fourier transform spectrometer
which is provided with a microscope. The samples investigated were unmodified and
modified (before and after experiments), double polished and 800 um thick. Two types of
Spectra were obtained for the specific seed under study for wavenumbers between 3600

modification of the water distribution is too small to be detected with such a method.

7. DISCUSSION,
7.1. Changes of shape.

It is characterized by a decrease of the shape ratio (I/w) of the fluid inclusions (figure 5). In
the case where P is lower than P; (Pc = 200MPa), the decrease of 1/w is faster for
undecrepitated fluid inclusions where P; is high (282MPa) than for decrepitated fluid
inclusions where P; is roughly equal to P, (P;= 200MPa). This phenomenon was
described by Gratier and Jenatton (1984) for experiments realized at atmospheric pressure.

In this study (P; = 282MPa, T = 448°C), the equilibrium shape is reached after only
350h; it corresponds to a configuration with minimum surface energy and depends on the
confining pressure.

7.2. Changes of the homogenization temperatures.

7.2.1 Decrepitated inclusions. Decrepitation of fluid inclusions has been experimentally
reproduced by Leroy (1979) without confining pressure and by Pécher (1981) in synthetic
quartz and by Sabouraud (1981) in fluorine with a confining pressure. In our experiments,
the occurrence in the same sample of decrepitated and undecrepitated fluid inclusions with
roughly identical volume and shape indicates that Pi-P¢ (Pi>P.) was near the decrepitation
overpressure value; actually, considering the P-V-T conditions, the overpressure (82MPa)
is similar to the value obtained at atmospheric pressure and 280°C by Leroy (1979) for
large fluid inclusions (V>2x104 um3) in synthetic quartz (85MPa).

We may consider that there is a competition during crack development between the
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confining pressure P; and the internal pressure P;j and that the crack stops when both
pressures are almost equal. In this case, the density of secondary inclusions in the healed
crack would correspond to the P.-T conditions. Actually, Th measurements on secondary
inclusions (271°C for 2A7, 269°C for 2A1, 272°C for 2A6) indicate pressures of the order
of 200 to 220MPa for T = 448°C.

7.2.2.. Undecrepitated fluid inclusions. Even for the undecrepitated fluid inclusions,

variations of Th are observed which are independent of the changes of shape (compare
figures 5 and 7). These variations are either positive (Pc<P;) or negative (Pc>P;) and
correspond to reverse variations of density of the fluid in the inclusions, The experiments
performed in a water confining medium showed the same density modifications as for the
argon experiments. Consequently, we believe that the chemical gradient of water between
the inclusion and the confining medium is not the driving force for variation in the density.
The driving force could be the volume dependent elastic strain energy due to the difference
in pressure between the fluid inclusion and the confining medium (Doukhan and Trépied,
1985).Three possibilities may be envisaged: i) the included fluid diffuses along the long
and straight dislocations on which the inclusions are located; ii) there is a variation of the
volume of the inclusion due to plastic deformation of surrounding quartz, related to the
difference between P; and Pg; iii) the volume of the inclusion is constant but water diffuses
away from or towards the fluid inclusions through the surrounding quartz.

Comparing the two types of experiments, the first hypothesis is rejected because it
cannot explain the increase of density where Pc>P;j.The occurrence of dislocations around
the fluid inclusions indicates that some plastic deformation has occurred, and that the
volume of the inclusion varied during the experiments. The observed dislocation density
(=107 cm2) is compatible with the volume change required to justify such a density
variation. If plastic deformation alone is operative, we cannot explain why the density
variation is volume independent where P;>P¢ and volume dependent where Pi<P..

The similar IR spectra obtained on samples before and after the experiments indicate
that any diffusion of water is too small to be detected by this method. However, exchange
of water between the quartz matrix and the fluid inclusion cannot definitely be excluded,
because of the low sensitivity of the IR microspectrometric measurements.

Actually, such a process might explain better some discrepancies between both types
of experiments:

-at Pi>P., Th variations are very homogeneous (volume independant); that would
correspond to easy diffusion of H towards the quartz matrix because of its relatively low
content in H/Si defects (less than 300ppm, D.Mainprice, comm. pers.).

-at Pi<P Th variations are scattered and volume dependent. This would correspond
to less easy diffusion of H from the quartz matrix towards the inclusion (long distances
due to low content in H/Si defects). Large inclusions have greater elastic energy and are
thus more able to attract H ions.

8. CONCLUSIONS.

The experiments described in this paper have shown that important changes of shape and
density occur when fluid inclusions are submitted to Pc-T conditions different from their
trapping ones. As demonstrated by previous authors (Gratier and Jenatton, 1984), the
changes in shape are due to solution - deposition processes. Plastic deformation around
fluid inclusions is probably responsible for the changes in density, but diffusion processes
(positive and negative exchange between quartz and fluid inclusion) cannot be entirely
excluded. More systematic and precise investigations are needed to understand fully the
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changes in density of the fluid inclusions. In any case the driving force for deformation or
diffusion could be the elastic strain energy due to the difference in pressure between the
fluid inclusion and the confining medium (Doukhan and Trépied, 1985).

We have to be cautious when extending our observations to natural fluid inclusions
because of the peculiar characteristics of the material used for these experiments (relatively
wet synthetic quartz crystal, very long and rectilinear dislocations, NaOH + HO filling of

natural samples between fluid inclusion data and thermobarometric calculations using
mineralogical assemblages, and the difficulty in finding fluid inclusions corresponding to
the climax of metamorphism (Coolen, 1982; Pécher, 1979, 1984; Sauniac and Touret,
1983). However, the observed modifications imply high temperature processes (plastic
deformation and perhaps diffusion). Consequently, fluid inclusion studies are still
meaningful and useful for the knowledge of the nature of the fluids and the P-T conditions
operating during low temperature geological phenomena.
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Sample
2A7
2A1
2A9
2A2
2Al4a
2A10
2A4
2A3
2A6

2A12c
2Allc
2A12b
2A11b
2A8a -

2A13b
2A8c

Table 1. Summary of the ex
under confining pressure P,

(before experiments).

t

6%h 15'
70h 15'
153h 40’
162h 35'
325h 15'
351h
40%h
1220h
3064h

71h

192h 3'
484h 28'
1036h 52
2086h 304

288h 40’
281h 55'

T
448°C
447°C
448°C
447°C
446°C
448°C
447°C
448°C
447°C

447°C
447°C
447°C
446°C
446°C

447°C
446°C

TABLE 1 - EXPERIMENTS.

Pc
200MPa
200MPa
200MPa
200MPa
200MPa
200MPa
200MPa
200MPa
200MPa

350MPa
350MPa
350MPa
350MPa
350MPa

Pc(H,0)
200MPa
350MPa

353

Thi
246.5°C
246.5°C
246.5°C
246.3°C
246.0°C
244.6°C
246.3°C
246.3°C
247.6°C

251.8°C

251.9°C

249.9°C

250.1°C

249.7°C (large LF.
246.5°C (small LF.)

246.5°C
248.6°C

periments with different duration (t) at the temperature T and
c- Thi is the mean of the initial homogenezation temperature
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Figure 1. Microphotograph of a thick section in the synthetic quartz crystal seed. Note the
large fluid inclusions which are subparallel to the ¢ axis. Compare with the X-ray
topograph before experiment (figure 2).

Figure 2. X-ray topograph of the 2A14a sample before experiment. Note the long and
straight dislocations subparallel to the ¢ axis and crossing the seed into the hydrothermally
grown quartz crystal.
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Figure 3. Homogenization temperature of fluid inclusions in the 2A10 sample before
experiment. The distribution indicates a filling coefficient of 0.8 which is consistent with
the growing conditions for the quartz crystal.
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Figure 4. Pressure and temperature diagram showing the (P,T) experimental conditions
and the isochore corresponding to the (P,T) hydrothermal growing conditions and to the
initial Th of the fluid inclusions. The pressure difference (Pi-Pc) is deduced from the
experimental conditions and the isochore position.
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Figure 5. Evolution in time of the shape ratio of the fluid inclusions for both types of
experiment. An equilibrium ratio of 2.7 (Pp>Pe, losanges) or 1.8 (Pi<P, squares) is
reached after 350h of annealing. The filled symbols correspond to experiments under
water confining pressure.
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Figure 6. Experiments at T=448°C and Pc=200MPa. Histograms of homogenization
temperatures of fluid inclusions after experiments. The hatched band represents initial Th;
the star corresponds to experiment with water as the confining medium
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Figure 7. Th variations versus duration of experiments in the case where Pi<P..
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Figure 8. Experiments at T=448°C and P.=350MPa. Histogramms of homogenization
temperatures of inclusions after experiments. The hatched band represents initial Th; the
star corresponds to experiment with water as the confining medium.
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Figure 9. Variations of Th versus L.12 (proportional to the inclusion volume for initial
cylindrical inclusions) for the 2A8c sample (Pj<P, t=281h 55mn). This diagram does not

represent an equilibrium state but indicates that greater the fluid inclusion, larger (or faster)
the Th variation.
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Figure 10. X-ray topographs in a Lang chamber for samples after experiments. a) 2Al4a
sample, (1011) reflexion (P;=200MPa, T=448°C). Compare this topograph with the
figure 2 (same sample before experiment). b) 2A8a sample, (101 1) reflexion
(Pc=350MPa, T=448°C).
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Figure 11. Microphotograph on transmission electron microscope showing dislocations
near a fluid inclusion in the 2A4a sample after experiment. The dislocation density is about

107cm-2.

Figure 12. Infra-red spectra in samples before and after experiments. A sketch represents a
schematic section of the seed with the two families of fluid inclusions. The beam was
focalized near a fluid inclusion. Spectrum a: sample 2A11 before experiment, in the center
of the seed. Spectrum b: sample 2A11b after experiment in the center of the seed.
Spectrum c: sample 2A11 before experiment in the extremity of the seed with large fluid
inclusions. Spectrum d: sample 2A8a after experiment in the extremity of the sample with
large fluid inclusions. Scale is identical for the four spectra but a and b have been shifted.
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