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Abstract The nature and abundance of dislocations in
quartz surrounding fluid inclusions were studied to ob-
tain a better understanding of processes associated with
fluid inclusion reequilibration. Synthetic fluid inclusions
containing 10 wt% NaCl aqueous solution were formed
in three samples at 700 °C and 5 kbar. One of the
samples was quenched along an isochore to serve as a
reference sample. The other two samples were quenched
along a P-T path that generated internal pressures in
excess of the confining pressure. The two samples were
held at the final reequilibration P-T conditions of 625 °C
and 2 kbar for 30 and 180 days, respectively. Following
the experiments, microstructures associated with fluid
inclusions were examined with the TEM. Quartz in
healed fractures in the reference sample that was quen-
ched isochorically shows a moderate dislocation activity.
Quartz adjacent to reequilibrated fluid inclusions in the
other two samples, however, showed a marked increase
in dislocation activity compared to the un-reequilibrated
sample. Deformation of the inclusion walls occurred
anisotropically by expansion of mobile dislocations in
their slip systems. Dislocation expansion was controlled
by glide in the rhombohedral planes {1 0 1 1} that was
restricted to narrow zones (<3 um) in the immediate
vicinity of the fluid inclusion walls outside of the healed
fracture plane. These plastic zones were observed after
both short term (30 days) and long term (180 days) ex-
periments and are attributed to hydrolytic weakening of
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quartz around fluid inclusions owing to diffusion of
water into the quartz matrix during the experiment. The
close spatial association of submicroscopic water bub-
bles with dislocations, and the rarity of water bubbles in
the reference sample, show clearly that in both the 30
and 180 day experiments reequilibration involves water
loss from the fluid inclusions. Our results indicate that
synthetic fluid inclusions in this study recover (chemi-
cally and volumetrically), even at relatively fast experi-
mental loading rates, such that internal stresses never
reach the point of brittle failure. The driving force for
fluid inclusion deformation involves two related mech-
anisms: plastic deformation of hydrolytically weakened
wet quartz in the healed fracture, and water leakage
associated with preexisting and strain-induced disloca-
tions.

Introduction

Larson et al. (1973) suggested that anomalously high
homogenization temperatures of fluid inclusions in flu-
orite reported earlier were the result of inclusion volume
increases generated during sample preparation and/or
heating tests. These workers coined the term ““stretching”
to describe this behavior. Soon, many other papers were
published which described inclusion reequilibration
caused by laboratory heating at 1 atmosphere confining
pressure (e.g., Leroy 1979; Swanenberg 1980; Pécher
1981; Bodnar and Bethke 1984; Gratier and Jenatton
1984; Guilhaumou et al. 1987; Prezbindowski and Larese
1987; Bodnar et al. 1989; Wanamaker and Evans 1989)
or during freezing (Lawler and Crawford 1983). Other
studies described inclusion reequilibration at elevated
confining pressure (e.g., Poland 1982; Pécher and Boul-
lier 1984; Boullier et al. 1989; Sterner and Bodnar 1989;
Vityk and Bodnar 1995a, b). In the studies listed above, it
was generally assumed that stretching involved only a
change in the inclusion volume, with no loss of fluid
from the inclusion. Other workers have investigated



286

compositional changes and/or mass loss during fluid
inclusion reequilibration, both in the laboratory and in
nature (e.g., Hall and Bodnar 1990; Bakker and Jansen
1990, 1991, 1993, 1994; Hall and Sterner 1993, 1995;
Cordier et al. 1994; Kotel'nikova 1994; Mavrogenes and
Bodnar 1994; Barker 1995; Johnson and Hollister 1995;
Sterner et al. 1995; Vityk et al. 1995). These workers
used the term “‘/eakage” to describe this behavior.

In nature (and in the laboratory), fluid inclusion re-
equilibration at high 7 and low loading rates might
include plasticity accommodated by glide and climb,
with both being assisted by water diffusion in wet
quartz. These processes involve both volume change and
fluid loss, suggesting that inclusion stretching and
leakage are related. Consider, for example, high P-T
reequilibration of fluid inclusions under conditions of
tectonic decompression. Under these conditions, the
inclusions might undergo a volume increase (stretching
or decrepitation) related to internal overpressure.
However, diffusion of water into the surrounding quartz
is probably required to initiate and facilitate the process,
as dry natural quartz is virtually undeformable (Griggs
and Blacic 1964, 1965). That is, dry quartz can only
respond to an applied stress by fracturing — it cannot
deform plastically. However, once water diffuses into
the surrounding quartz, the quartz becomes ductile as a
result of hydrolytic weakening, and can undergo plastic
deformation much more easily (e.g., Kerrich 1976;
Wilkins and Barkas 1978; Boullier et al. 1989; Kro-
nenberg et al. 1986; Gerretsen et al. 1993; Cordier et al.
1994). The nucleation and propagation of mobile dis-
locations associated with plastic deformation extracts
some water from fluid inclusions (pipe diffusion along
the dislocation cores) and carries this water away from
inclusions under the action of differential stress (e.g.,
Hollister 1990; Bakker and Jansen 1990, 1991; Cordier
et al. 1994). Thus, stretching of inclusion walls by dis-
location multiplication must involve some loss of water
from the inclusion. Diffusion of water into the sur-
rounding quartz, in turn, enhances inclusion plasticity
which promotes fluid density changes associated with
stretching.

Stretching and decrepitation (or leakage) have in the
past been considered to involve two different deforma-
tional mechanisms which result in different changes to
the original fluid inclusion. Figure 1 is an attempt to
relate the various observations, environments and
mechanisms associated with these two reequilibration
processes. Thus, stretching (type of reequilibration) is
associated with plastic deformation (mechanism) in a
low strain environment. There is generally no detectable
loss of fluid during stretching (observation), except for
small amounts of hydrogen which may be lost by dif-
fusion (mechanism; cf., Mavrogenes and Bodnar 1994).
Decrepitation, on the other hand, involves the complete
loss of water by advection along fractures resulting from
brittle deformation in a high strain environment. Fig-
ure 1 suggests that there is a continuum between
stretching and decrepitation, which represent the two
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Fig. 1 Schematic representation of the relationship between differ-
ent types of fluid inclusion reequilibration (stretching, leakage,
decrepitation) and the environment of deformation (strain rate),
the mechanisms of deformation (plastic vs brittle) and fluid loss
(diffusion vs advection), and the amount of fluid lost from the
inclusion during deformation (undetectable to complete). Accord-
ing to these relationships, stretching is associated with plastic
deformation in a low strain environment, where undetectable
amounts of fluid may be lost from the inclusion by diffusion.
Conversely, decrepitation is associated with brittle deformation in a
high strain environment, with partial to complete loss of fluid by
advection along fractures

end-members of reequilibration behavior. Thus, an in-
clusion which stretches by plastic deformation in a low
strain environment with no loss of fluid may begin to
lose fluid (leak) along dislocations and/or microfractures
if the strain rate increases. This type of reequilibration is
often referred to as partial decrepitation, and the fluid
loss is often detectable through microthermometric
analysis (cf., Hall and Sterner 1993; Audédat and
Giinther 1999). The same inclusion may eventually de-
crepitate with loss of all fluid by explosive brittle failure
if the strain rate increases further.

In order to use results from naturally reequilibrated
fluid inclusions to infer P-T histories, it is necessary to
understand the mechanisms of stretching and decrepi-
tation of fluid inclusions, and how these mechanisms
operate to affect inclusion density and composition. If
the inclusions fail in a brittle manner, then one should
observe dry fractures around the fluid inclusions. If,
however, the crystal surrounding inclusions in quartz
behaves plastically, then one should observe a high
density of dislocations in glide and/or climb configura-
tion around fluid inclusions, as well as precipitation of
water in the form of tiny bubbles. Among the first
workers to recognize the important role of dislocations
in the reequilibration of fluid inclusions were Wilkins
et al. (1981), Bodnar and Bethke (1984), Sterner and
Bodnar (1986), Sterner et al. (1988), Boullier et al.
(1989), Bakker and Jansen (1990) and Hollister (1990).
To understand better the mechanisms operating during
inclusion deformation, we have conducted a detailed
TEM study of the lattice defects around reequilibrated
aqueous synthetic inclusions in natural Brazilian quartz,



building upon results from earlier studies (cf., Bakker
and Jansen 1994). The goal of this study is further to
develop our understanding of the processes involved in
deformation of quartz surrounding fluid inclusions. This
will allow us better to predict the deformational history
of fluid inclusions deformed in nature, based on obser-
vations of the microstructural features in the quartz
host.

Experimental details

Three samples previously studied by Vityk and Bodnar (1998) to
monitor density changes of synthetic fluid inclusions during de-
compression were used in the present work for microstructural
observations. Synthetic 10 wt% NaCl fluid inclusions were trapped
at 700 °C and 5 kbar (Fig. 2, inset) in three separate pressure
vessels by healing fractures in Brazilian quartz (Bodnar and Sterner
1987). Formation conditions were close to the quartz «/ff transition
but within the a-quartz field, based on the absence of Daupiné
twinning in the quartz in healed fractures. After formation, one
vessel was quenched isochorically. This sample (ITD-0) was used
for TEM characterization of preexisting (i.e., formed during the
fracture healing process) microstructures around the undeformed
synthetic fluid inclusions. The remaining two vessels were decom-
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Fig. 2 Evolution of the mean homogenization temperatures (large
squares) calculated for measured Ths (small squares) of synthetic
inclusions in samples reequilibrated for 0 days (ITD-0), 30 days
(ITD-3-30), and 180 days (ITD-3-180) plotted as a function of the
duration of the experiments. The pressures (in kbar) adjacent to the
large squares are the average final internal pressures during re-
equilibration, calculated from the mean 7h values (see Vityk and
Bodnar 1998, for details). The numbers shown in parenthesis
underneath the internal pressures are inclusion deformation strain
rates. Inset shows the P-T path simulating nearly isothermal
decompression during reequilibration. The large, open circle shows
the P-T conditions of inclusion formation (700 °C, 5 kbar), and the
large filled circle represents the final reequilibration conditions
(625 °C, 2 kbar). The small filled circles along the decompression
path represent P-T conditions where the samples were held for 7
days during each stage of decompression. The small open circles
represent P-T points along the liquid-vapor curve for 10 wt%
NaCl-H,O corresponding to iso-Th lines (light lines) for P-T points
along the decompression path. The iso-7h lines for 10 wt% NaCl-
H,O solution were calculated using the equation of state of Bodnar
and Vityk (1994)
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pressed over a period of a few hours along a nearly isothermal P-T'
path (Fig. 2, inset) to simulate retrograde P-T conditions in high-
grade metamorphic environments (for experimental details see
Vityk and Bodnar 1995a). Final conditions (625 °C and 2 kbar)
resulted in a cumulative internal overpressure (Pinernal = Peonfining)
of about 2.1 kbar. At these final conditions, samples were held for
30 days (sample ITD-3-30) or 180 days (sample ITD-3-180).

After the experiments, each sample was wafered into 1 mm thick
disks and polished to identify regions with abundant fluid inclu-
sions. The disks were thinned to 30 pm, then polished with CeO,.
Final thinning to electron transparency was achieved by ion-thin-
ning (Ar, 5 kV, 15 °C). During this final procedure, each disk was
positioned such that the “inclusion-rich” portion of the disk would
be located within the electron transparent edge of the thin foil after
thinning. The defect microstructures were imaged using a Philips
CM30 TEM in the “two beam condition”, which allows an unam-
biguous characterization of lattice defects. In practice, the thin foil is
tilted in the electron microscope until only one family of lattice
planes is at Bragg conditions. The best families of reflecting planes
in quartz are the rhombohedral planes {1 0 1 1} which present the
largest structure factor, i.e., the brightest images at a given electron
beam density, and thus require the shortest exposure under the
electron beam to obtain a usable image. This is an important
experimental condition because quartz is very sensitive to electron
beam irradiation and becomes damaged within seconds with a high
intensity beam. With a moderate intensity beam very tiny irradia-
tion defects (dark contrasts) nucleate within minutes and can be
confused with tiny water bubbles.

Microstructural observations

Microstructures developed during initial inclusion
trapping

To characterize microstructures developed during orig-
inal formation of synthetic fluid inclusions (sample ITD-
0), we compared the microstructural features of quartz
at some distance from fluid inclusions with those of
quartz in the immediate vicinity of inclusions. It should
be noted that TEM images are 2-dimensional and it is
not possible to determine if there were previously in-
clusions below or above the area that was analyzed.
However, the rarity of inclusions at the scale of the TEM
images, combined with the uniformity of features among
the several inclusions examined, suggests that the fea-
tures we describe are associated with the inclusions ob-
served in the TEM images. The host quartz far away
from fluid inclusions shows an almost perfect crystal
with rare dislocations associated with the fracture plane.
Areas surrounding fluid inclusions, however, show a
fairly high density of dislocations, consisting of dislo-
cation loops which appear to have been preferentially
activated on one side of the fluid inclusions (Fig. 3A, B).
These dislocations are restricted to narrow bands along
(or in the vicinity of) healed fracture surfaces. In places,
the dislocations are accompanied by rare clusters of tiny
strain-free bubbles of water with a weak brightness
contrast arising mostly from differences in absorption.
Some other large water bubbles are clearly visible owing
to their strain contrasts (i.e., the two dark lobes sepa-
rated by a line-of-no-contrast in Fig. 3C). Note that
most of these tiny bubbles are connected to dislocation
lines. The fact that most bubbles are aligned along dis-
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Fig. 3A-C A sequence of TEM photomicrographs illustrating
typical microstructures associated with fluid inclusions produced
during healing of microfractures at 700 °C and 5 kbar. A Set of
dislocations (arrow) that has been preferentially activated on one
side of a fluid inclusion. B Dislocation loops nucleated on the walls
of a synthetic inclusion are indicated by the arrows labeled 1. Arrow
2 shows a small water bubble surrounded by a strain field (dark
zones); arrow 3 highlights an area with tiny strain-free bubbles. C
Two different types of grown-in bubbles associated with fracture
dislocations: strain-free bubbles isolated and attached to disloca-
tions (arrows 1), and bubbles showing a line-of-no-contrast
reflecting strain of the matrix (arrow 2)

locations strongly suggests that the dislocations nucle-
ated first and then the bubbles preferentially nucleated
on the dislocations.

Dislocation microstructures in the immediate vicinity
of the fluid inclusion walls, but outside of the fracture
plane, are shown in Fig. 4. The original fracture plane
can be identified because the lattice planes on either side
of the fracture do not match up perfectly, resulting in
generation of dislocations where they intersect. The

dislocation density outside of the fracture plane is much
lower compared to areas adjacent to fluid inclusions and
within the fracture plane. Some inclusions also show
dislocations attached to the corners of the inclusion
walls (Fig. 4A). Dislocation activity outside of the
fracture plane is restricted to the area immediately sur-
rounding the inclusions. Water bubbles were not de-
tected within cores of dislocations or in the vicinity of
dislocations outside of the fracture plane. Overall, the
dislocation activity is lower around smaller fluid inclu-
sions, and higher around larger inclusions, as illustrated
in Fig. 4B. The area around the small fluid inclusion is
practically free of defects (only one dislocation on its
right side), whereas the larger inclusion is surrounded by
a number of dislocations extending 1 to 2 pum from the
inclusion walls.

Microstructures developed during the 30 day
reequilibration experiment

Synthetic fluid inclusions reequilibrated at 650 °C and
2 kbar under conditions of internal overpressure for 30
days are surrounded by defect microstructures markedly
different from those in the un-reequilibrated sample
ITD-0, as shown on Figs. 5-7. For some inclusions the
highest dislocation and water bubble density is observed
within narrow zones connected to the inclusion walls
(Fig. 5A, B). This high density of defects outlines the
healed fracture. Other inclusions, however, show only a
few dislocation segments which do not extend far from
the inclusion wall (Fig. 6A, B). Clearly plastic defor-
mation was not activated around these latter inclusions.

Still other inclusions, like the one shown in Fig. 7,
display a high activity of dislocations. The dislocation

Fig. 4A, B TEM photomicrographs showing dislocation structures
generated during original formation of fluid inclusions at 700 °C
and 5 kbar. A Photomicrograph of a negative crystal-shaped fluid
inclusion with low dislocation density and no bubbles. Note that
the dislocation activity is restricted to the immediate vicinity
(21 pm) of the inclusion walls. B Photomicrograph illustrating the
effect of inclusion size on the activity of dislocations around
synthetic fluid inclusions. Note that the smaller inclusion is
practically free of lattice defects. The larger inclusion, however, is
surrounded by lattice defects
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Fig. SA, B TEM photomicro-
graphs showing microstructures
produced during the 30 day
reequilibration experiment at
625 °C and 2 kbar. A, B Fluid
inclusions are surrounded by
poorly healed fractures (arrow
1), a few dislocations connected
to the inclusion walls (arrows
labeled 2), and a Dauphine twin
(arrow #4 in B). Note the high
density of water bubbles in the
healed fracture in A. Also note
that some dislocations are
pinned with bubbles (arrows #3
in A)

Fig. 6 TEM photomicrographs showing microstructures associat-
ed with a fluid inclusion after reequilibration for 30 days at 625 °C
and 2 kbar. Note the two dislocations on the fluid inclusion walls
(A). An enlargement of similar dislocations is shown in (B)

activity is observed in two different settings, referred
to here as zone 1 and zone 2. Dislocation activity in
zone 1 extends over 15 um from the fluid inclusion
walls. Most dislocations are a dislocations in glide
configuration in rhombohedral planes (glide systems
(101 1)%[1 210]), and are preferentially activated at
the corners of the inclusion walls (Fig. 7A, arrow).
Many dislocations have crystallographically controlled
orientations (Fig. 7D). Water bubbles, either strain-free
or with a characteristic strain-field contrast, are also
common. Bubble activity extends over 7 pm from the
inclusion shown in Fig. 7A.

Most of the dislocations in zone 2 lie in the (1 0 1 1)
plane of the thin foil and are out of contrast with the
diffraction vector g = 1011. These dislocations have a
Burger vector b = %[1 210] = a,. The glide system
(101 l)%[l 2 1 0] was thus activated during deforma-
tion. Tiny strain-free water bubbles are common in zone
2. Many water bubbles pin dislocations (or were nucle-
ated on the dislocations) (Fig. 7B, C).

Microstructures developed during the 180 day
reequilibration experiment

A large area of quartz containing two fluid inclusions
reequilibrated for 180 days is shown in Fig. 8. Dislo-

cation activity occurs in narrow band-like regions
which are thought to represent healed fracture zones
between the fluid inclusions. These dislocations are
pinned by water bubbles exhibiting a strong strain field
(“‘coffee bean contrast) (Fig. 9A). These bubbles were
also observed in the 30 day experiment, mostly in
healed fracture zones, but single bubbles or small
clusters of bubbles were also detected far from the
healed fracture surface. Bubbles exhibiting the “‘coffee
bean contrast” rarely occur more than a few microm-
eters away from inclusions. Many tiny strain-free
bubbles, both isolated and along dislocations, were
observed in the sample reequilibrated for 180 days
(Figs. 8, 9B and 10). The largest concentration of these
bubbles was observed in healed fractures, where they
show a mean spacing of approximately 700 A and of-
ten pin dislocations (Fig. 10B). The scalloped texture
of the dislocation lines indicates that the dislocations
are strongly pinned and unable to break free of the
bubbles and migrate through the quartz. The portion
of the dislocation between two pinning points was able
to migrate some small distance in response to the ap-
plied stress, but, the stress was not large enough to
allow the dislocations to become unpinned and escape
(Fig. 10B). In regions away from fluid inclusions,
where the bubble concentration is considerably lower,
some dislocations were able to unpin and move (glide)
over distances of several micrometers. Figure 11A
illustrates some of the different types of interactions
between strain-free bubbles and dislocations in a region
close to the healed fracture zone. Clearly, some bubbles
formed early and then pinned the later mobile dislo-
cations (as indicated by the orientations of the cusps
along dislocation lines).

Dislocation glide was also detected in the vicinity of
the fluid inclusion walls but outside of the fracture
plane, in regions with relatively low concentrations of
strain-free bubbles (Fig. 12). Some bubbles show a
spherical shape, whereas others are fully relaxed and
elongated in the ¢ = [000 1] direction (Fig. 9B).
Overall, dislocations in glide configuration have pref-
erential directions, parallel to [0 00 1] and [1 2 1 0]
(Fig. 12B, C).
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Fig. 7A-D A sequence of TEM photomicrographs showing
dislocation microstructures around a fluid inclusion that was
reequilibrated for 30 days at 625 °C and 2 kbar. The dislocation
microstructures were observed in two directions (see schematic
drawing in upper left corner of A). A Represents zone 1; note that
there is almost no dislocation activity in the immediate vicinity of
the fluid inclusion. Dislocation activity extends greater than 15 pm
from the inclusion (beyond the field of view of the photomicro-
graph). Bubble activity extends more than 7 pym from the

inclusion. Most of the dislocations observed are a, dislocations
belonging to the glide system (1 01 1)1/3[1210]. B, C Show
microstructures in zone 2 (see drawing in A). Most dislocations
are in the plane of the thin foil (1 0 1 1), with a Burgers vector
of %[1 2 10]=a,. Note the large density of closely spaced en-
echelon-like dislocations (arrow in B). Also note the tiny strain-
free bubbles. D Is an enlargement of the portion of zone 1 shown
in A. Some dislocations show preferred crystallographic orienta-
tion (arrows)



Fig. 8 TEM photomicrograph of microstructures around fluid
inclusions after reequilibration for 180 days at 625 °C and 2 kbar.
Note the long segments of dislocations attached to the fluid
inclusion walls (arrows #1). These dislocations are pinned with
“strained” bubbles (arrows #2) and strain-free bubbles (arrow #3).
Arrow 4 highlights the region with a high density of dislocations
which are gliding away from a fluid inclusion. Arrow 5 highlights
the area with spots of irradiation damage in the TEM

Discussion

In the following discussion, fluid inclusion reequilibra-
tion observed in this study is interpreted to be the
product of two separate but related processes. The first
process involves activity of dislocations in the “wet”
quartz filling the original fracture, with no loss of fluid
from the inclusion — this process is referred to as
stretching. The second process involves loss of water
from the inclusion along these same dislocations as well
as along new dislocations generated during the reequil-
ibration process. This process is referred to as leakage.
In practice, these two processes are probably comple-
mentary and operate in parallel, but for the sake of
simplicity they are discussed separately below.
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Fig. 9 TEM photomicrographs showing two different types of
water bubbles observed around fluid inclusions after reequilibra-
tion for 180 days at 625 °C and 2 kbar. Water bubbles with a line-
of-no-contrast, reflecting strain of the matrix, are indicated by the
arrow (A). Strain-free, approximately circular bubbles, (arrow #1)
and crystallographically shaped bubbles (arrow #2) are shown (B)

Quartz flow by stretching

Our TEM observations indicate that reequilibrated in-
clusions are surrounded by dislocations and tiny bubbles
of water. Bakker and Jansen (1990, 1991) observed
similar features associated with laboratory-reequilibrat-
ed fluid inclusions in quartz. Two types of dislocation
activity are associated with reequilibrated inclusions.
The first type is represented by dislocation entangle-
ments often located between adjacent fluid inclusions
(e.g., Figs. 8, 10 and 12). Similar dislocations were ob-
served around fluid inclusions before reequilibration
(Fig. 3), thus we conclude that these dislocations are
related to the original fracture healing process. These
dislocations occur in quartz that was precipitated during
the fracture healing process — they are referred to here-
after as fracture dislocations. The TEM observations of
areas close to the healed fractures before and after re-
equilibration show that these regions contain numerous
bubbles imaged by a characteristic strain field, indicative
of high internal pressure at room temperature. Similar
“strained” water bubbles were reported by McLaren
et al. (1983, 1989) and Gerretsen et al. (1989) for “wet”
(up to 1600H/10°Si) synthetic quartz crystals. Follow-
ing the suggestions of these previous workers, these
bubbles are interpreted as high pressure clusters of
molecular water formed during precipitation of “wet”
quartz in the fracture plane. Other, tiny strain-free
bubbles occur both isolated and on fracture dislocations.
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Fig. 10A, B TEM photomicro-
graphs of dislocation micro-
structures after reequilibration

for 180 days at 625 °C and 2
kbar: A Shows the healed frac-
ture region adjacent to a fluid
inclusion; B is an enlargement
of the area indicated by the
rectangle in A. Note that the
dislocations are pinned with
strain-free bubbles. Arrow #1 in

B highlights a dislocation pin-
ned with small, closely spaced,
strain-free bubbles (1 bubble
every 600 to 800 A). The spac-
ing of the bubbles increases
away from the fluid inclusion.
Arrow 2 indicates the area with
the lowest concentration of
strain-free water bubbles. This
area contains dislocations that
do not appear to be connected
to the fluid inclusion. Arrow 3
highlights a bubble with a con-
trast due to its stain field. Note
the “scalloped” configuration
of many fracture dislocations
(e.g., arrow 4)

These bubbles are interpreted to represent precipitation
of (4H)Si defects (Kronenberg 1994; Cordier and
Doukhan 1989).

After reequilibration, healed fractures reveal dra-
matic modifications of their microstructures (Fig. 10),
compared to un-reequilibrated material. After equili-
bration, a majority of the fracture dislocations became
pinned by strain-free water bubbles. In places, these
dislocations show a “scalloped” configuration, which
indicates that these dislocations were subjected to high
differential stress, but were not able to unpin from the
bubbles (Fig. 10B). This suggests a restricted mobility of
fracture dislocations connected to fluid inclusions, and
thus a limited plasticity of the inclusion walls adjacent to
the healed fracture plane. However, dislocation glide is
observed in the matrix over distances up to 12 pm away
from the fluid inclusions. In this “remote’ fracture area,
the concentration of water bubbles is considerably lower
than in the immediate vicinity of the inclusion, and the
dislocations in this area were able to unpin and glide up
to a few micrometers away from the fracture plane.

The mobility of fracture dislocations contrasts with
dislocations from areas outside the fracture plane, where
they are not damped by water bubbles and can glide
more freely. In both the 30 and 180 day experiments,
dislocations appear to have glided away from fluid in-

clusions in the rhombohedral planes {1 0 1 1} (Figs. 7
and 12). Most of the dislocations have a Burger vector
b= %(1 210). The dislocations were created during
original formation of the fluid inclusions during fracture
healing (see e.g., Fig. 4), and then, under stress, mi-
grated a few microns away from the fluid inclusions.
Some dislocations, however, might have nucleated on
the inclusion walls during reequilibration in response to
local stress concentrations. Often, these dislocations
appear to be “‘chained” to the inclusion walls by tiny
water bubbles which limit their mobility (Fig. 12A). In
the following discussion these dislocations are referred
to as wall dislocations. In some places (with lower bubble
concentrations?), the wall dislocations bow out, become
unchained from the inclusion walls, and glide away to
become active sites for further dislocation multiplication
through a mechanism such as the Frank-Read Source.

Climb microstructures were only observed around
fluid inclusions that were reequilibrated for 180 days
(ITD-3-180 sample, Fig. 11A, B). Climb appears to have
been active in the healed fracture area around fluid in-
clusions (Fig. 11A), where fracture dislocations are
pinned by bubbles. Climb also occurred in the quartz
matrix up to 10 um away from the fracture plane.
During climb, dislocations are able to navigate around
obstacles such as bubbles. Thus, it becomes easier to
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Fig. 11A, B TEM photomicrographs showing microstructures
associated with dislocation climb. These microstructures were
produced during the 180 day experiment at 625 °C and 2 kbar. A
illustrates some of the different types of interactions between
bubbles and dislocations. Some bubbles appear to be isolated from
the dislocations (arrow #1). Some early formed bubbles were later
pinned by the mobile dislocation (arrow #2). Some bubbles were
nucleated on the dislocations (arrow #3). Bubble growth was also
assisted by dislocation climb (arrow #4). B Shows another example
of a dislocation which has been pinned with a water bubble.
The bubble shows a strain contrast (arrow #1). Note the dislocation
zig-zag in some places (arrows #2), which is indicative of climb.
Arrow #3 highlights an area with dark spots of irradiation damage

deform a crystal at a low strain rate where solid-state
diffusion processes become more important. After the
30- and 180-day experiments, synthetic fluid inclusions
show a decrease in fluid density, which can be related to
flow of the inclusion walls under differential pressure.
Inclusion flow results in a permanent increase in inclu-
sion volume (defined as “inclusion strain” by Vityk and
Bodnar 1998). The increase in the inclusion strain re-
duces the internal pressure of the fluid inclusion, shifting

>

Fig. 12A-C Dislocation structures at and near fluid inclusions
produced during 180 days reequilibration at 625 °C and 2 kbar.
The wavy thick lines with a weak contrast are contours of equal
thickness, reflecting the fact that the observed area is not a perfect
plane. This results either from irregular ion thinning or from
imperfect mechanical polishing. A Arrows indicate a typical set of
microstructures which developed around a synthetic fluid inclusion
(Fi) during the experiment: arrow I shows mobile dislocations
gliding away from the fluid inclusion; arrow 2 shows dislocations
pinned by strain-free water bubbles in the healed fracture area;
arrow 3 shows the area with high density of tiny strain-free bubbles
nucleated in the vicinity of the fluid inclusion; arrows 4 show a
series of “chain-like” structures nucleated on the inclusion walls.
These structures consist of dislocation segments (wall dislocations)
tightly pinned with strain-free water bubbles. B and C Arrows
highlight “ripples” of dislocations gliding away from a fluid
inclusion under the action of differential stress. The dislocations on
the inclusion surface (black arrow on B) are pinned by bubbles.
Many dislocations exhibit preferred orientation parallel to ¢ and a
typical of glide configuration. Some dislocation loops are bowed
out in the (1 0 1 0) glide plane and show straight segments parallel
to [0 0 0 1] (lowest mobility)

(reducing) inclusion density towards the final reequili-
bration isochore. The average inclusion strain rate,
however, was considerably higher for inclusions during
the 30 day experiment than during the 180 day experi-
ment (Fig. 2). During the 30 day experiment, recovery
from high internal stresses was a relatively rapid process
(Fig. 2), and this rapid recovery at the early stages of




294

inclusion deformation was controlled by dislocation
glide and water diffusion. Over the next 150 days (in the
180 day experiment) continued recovery was very slow
(Fig. 2), suggesting that inclusion internal overpressure
was reduced such that the imposed high strain rate ob-
served in the first 30 days could not be maintained.
Under conditions of low strain rate in the 180 day ex-
periment, deformation of fluid inclusions was controlled
by a combination of dislocation glide and climb.

The mobile dislocations in glide and climb configu-
ration are referred to as strain-induced dislocations. It is
suggested that during earlier stages of loading (high
overpressure and high strain rate), fluid inclusion de-
formation is glide-controlled. Dislocations are com-
monly developed in zones surrounding fluid inclusions
to relieve stresses on the inclusion walls. During the later
stages of loading (low overpressure and strain rate),
deformation is controlled by both glide and climb, with
the assistance of water. The inclusion walls are weak-
ened by water that diffuses from the inclusions into the
surrounding quartz. Our TEM observations confirm the
presence of water around fluid inclusions in the form of
strain-free bubbles that are often associated with strain-
induced dislocations (Figs. 7, 11 and 12). In general,
glide and climb activity are observed in the immediate
vicinity of the fluid inclusions (<3 pm), suggesting that
plasticity was restricted to narrow crystallographically
oriented zones within the otherwise undeformed inclu-
sion walls. However, tangles of long dislocation seg-
ments, which extend over 15 um away from the
inclusion walls, are also observed.

The density of strain-induced dislocations varies
considerably from one inclusion to the next in the
sample from the 30 day experiment, suggesting that the
response of the fluid inclusions to an imposed stress was
extremely variable. This suggests an original mechanical
heterogeneity for the inclusions. The TEM observations
of undeformed material showed that large fluid inclu-
sions generally display a relatively high activity of dis-
locations, whereas small inclusions often lack associated
dislocations. This observation is consistent with results
of earlier studies which show a close relationship
between inclusion size and the ease with which a fluid
inclusion reequilibrates (Leroy 1979; Ulrich and Bodnar
1988; Bodnar et al. 1989). It should be noted that the
shape and local stress distribution around the inclusion
walls can also affect the deformability of fluid inclusions.

Leakage of water from inclusions via diffusion

Earlier workers have described the application of mic-
rothermometry and TEM analysis to document post-
entrapment leakage of synthetic fluid inclusions. Hall
and Sterner (1993) suggested that preferential leakage of
water from synthetic fluid inclusions occurred by selec-
tive diffusion of water along dislocations (dislocation-
induced leakage), resulting in an increase in inclusion
salinity. This conclusion is consistent with TEM obser-

vations of Bakker and Jansen (1994), who reported
newly formed, strain-free water bubbles on dislocation
lines around synthetic fluid inclusions. These water
bubbles were thought to represent water that escaped
from the fluid inclusions.

Our TEM observations reveal the presence of pre-
existing dislocations around synthetic fluid inclusions
formed at 700 °C and 5 kbar. Most of the preexisting
dislocations occur in the area corresponding to the
healed fracture. Before reequilibration, only a few
strain-free water bubbles were associated with these
dislocations. After reequilibration, the dislocations were
found to be heavily decorated by strain-free bubbles
(Fig. 10). How did these bubbles develop? First, there
must be a source of water. Second, there must be a
mechanism for nucleation of the bubbles. As shown in
Fig. 10B, strain-free bubbles nucleated mostly on dis-
locations that are directly connected to fluid inclusions.
Dislocations not connected to fluid inclusions carry very
few or no water bubbles. The concentration and size of
the bubbles also decrease away from the inclusion. To-
gether, these observations suggest that water leaked
from overpressured inclusions along dislocation lines
connected to the inclusion walls (pipe diffusion). A drop
in confining P during decompression enhanced the pre-
cipitation of bubbles.

As was suggested by many previous workers (Kerrich
1976; Wilkins and Barkas 1978; Boullier et al. 1989;
Hollister 1990; Bakker and Jansen 1991; Cordier et al.
1994), preferential leakage can occur as a result of
plastic deformation of fluid inclusions (strain-enhanced
leakage). During plastic deformation, water can be ex-
tracted from a fluid inclusion by strain-induced mobile
dislocations. Our TEM observations confirm the pres-
ence of strain-induced dislocation loops attached to the
walls of reequilibrated fluid inclusions. Our observations
also show the presence of water in the form of strain-free
isolated bubbles and bubbles connected to dislocations.
Both spherical bubbles and bubbles elongated in the
¢ = [0 00 1] direction are observed (Fig. 9). The dif-
ferent shapes of the bubbles are indicative of their dif-
ferent annealing times. There was continuous nucleation
of bubbles in the immediate vicinity of the fluid inclu-
sions during the experiments, suggesting a continuous
water supply. Quartz in this area was wet, with a large
concentration of (4H)Si defects, arising either from bulk
water diffusion from a fluid inclusion into the quartz
matrix, or from pipe diffusion along preexisting dislo-
cations on the inclusion walls. Further bubble growth
was enhanced by strain-induced dislocations, owing to
rapid pipe diffusion of the (4H)Si defects being swept
along by the mobile dislocations in their glide planes
(Doukhan and Trepied 1985).

Our TEM observations show no evidence of precip-
itation of wet quartz outside of the fracture plane.
However, TEM analysis revealed a 1-3 pm plastic zone
around experimentally reequilibrated fluid inclusions.
Because dry Brazilian quartz used in our experiments is
virtually undeformable (Griggs and Blacic 1964, 1965),



we conclude that water diffusion must be involved in the
reequilibration of fluid inclusions under conditions of
internal overpressure, and that water assists plasticity of
the host via hydrolytic weakening.

According to Cordier et al. (1994), pipe diffusion via
pinned fracture dislocations, as well as water removal by
strain-induced mobile dislocations, has a negligible effect
on kinetics of water leakage because of the low water
storage capacity of these dislocations (a dislocation line
can store a maximum of one water molecule per 5 A of
length) and the relatively low number of dislocations
connected to each fluid inclusion. Our microstructural
observations show, however, a considerable variation
in the number of dislocations connected to fluid inclu-
sions and in the density of strain-free bubbles on these
dislocations (compare, for example, an inclusion in
Fig. 8 and the inclusion in Fig. 10A). This suggests that
the amount of water that might be lost from individual
fluid inclusions via dislocations depends on many
factors, including original water saturation of the
dislocations, the density of dislocations, local stress
concentrations, etc.

The maximum amount of water that could have been
lost from low salinity synthetic inclusions along dislo-
cations can be measured microthermometrically by
comparing compositions of fluid inclusions before and
after reequilibration (see also Sterner and Bodnar 1989;
Hall and Sterner 1993). For example, after the 180 day
experiment, a large percentage of inclusions (about
40%) showed a small decrease in the melting tempera-
ture of ice, from the original —-6.6 °C to —6.8 °C
(Fig. 13). This decrease in Tm corresponds to an in-
crease in salinity from 10.0 to 10.2 wt% NaCl-H,0. The
observed increase in salinity (0.2 wt% NaCl) is greater

10.0 wt.% |

Ice melting temperature,°C

¢
- 102wt % "
ol 10.6 wt.%,
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280 360 32IO 34ID 360

Homogenization temperature, " C

Fig. 13 Variation of ice-melting temperatures for fluid inclusions
reequilibrated for 180 days. The original salinity of the synthetic
fluid inclusions was 10 wt% NaCl. The maximum salinity observed
for the inclusions after reequilibration was 10.2 wt% NaCl.
Inclusion salinity required in order to account completely for the
observed Th change by leakage of water is 10.6 wt% NaCl.
Salinities were calculated using the equation of Bodnar (1993)
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than the precision of salinity determinations (approxi-
mately 0.1 wt% NaCl), and can be explained by pref-
erential loss of water from the inclusions. The observed
salinity change also constrains the maximum amount of
water that could have been lost. Thus, Fig. 13 shows the
salinity (10.6 wt% NaCl) required to account for the
density change observed in the 180 day experiments
(assuming that the volume remains constant). The ob-
served salinity change (0.2 wt% NaCl) is less than the
predicted change (0.6 wt% NaCl), and thus too small to
account for the total density change, suggesting that the
process responsible for the decrease in inclusion density
includes both water loss and plastic volume change.
Volumetric calculations indicate that the total density
change that occurred during reequilibration is about 5
percent. This assumes that the inclusion composition
remained constant during reequilibration (i.e., nothing is
added to or lost from the inclusion). About 40 percent of
the total observed density change can be attributed to
preferential water loss by the fluid inclusions. The re-
maining 60% of the density change is attributed to in-
clusion strain (volume change) resulting from stretching.

Summary

Quartz in the vicinity of healed fractures in un-reequil-
ibrated samples shows a moderate to high dislocation
density. Reequilibration generates a progressive increase
in dislocation density in regions outside of the fracture
plane, as well as continuous water precipitation in the
form of strain-free bubbles around fluid inclusions.
Water bubbles in the fracture nucleate and grow by pipe
diffusion of water from the inclusions via preexisting
inherited dislocations. Water bubbles outside of the
fracture plane originate via strain-induced water loss
along mobile dislocations. Most mobile dislocations
nucleate at inclusion walls (wall dislocations). The larger
the inclusion, the higher the dislocation activity, sug-
gesting a size-dependent deformation behavior for the
fluid inclusions, at least during the earlier stages of de-
formation. This conclusion is consistent with earlier
work by Bodnar and Bethke (1984) and Vityk and
Bodnar (1998).

The increase in dislocation density around fluid in-
clusions and the concomitant decrease in fluid density of
the inclusions (from 0.84 to 0.79 g/cc) are both a result
of flow of the inclusion by stretching. The amount of
stretching produced during the 180 day experiment
corresponds to about a 3% increase in inclusion volume
(inclusion strain). Stretching of the inclusion walls oc-
curred anisotropically by expansion of mobile disloca-
tions in their slip systems. Dislocation expansion was
controlled by glide in the rhombohedral planes {1 0 1 1}
and was restricted to narrow zones (<3 um) in the im-
mediate vicinity of the fluid inclusion walls outside of the
healed fracture plane. These plastic zones were observed
after both short term (30 days) and long term (180 days)
experiments and are attributed to hydrolytic weakening
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of the quartz matrix around fluid inclusions owing to
water diffusion into the quartz during the experiment.

Dislocation mobility around fluid inclusions during
deformation is controlled by the interaction of disloca-
tions with strain-free water bubbles. In the region out-
side of the fracture plane, with a relatively low density of
water bubbles, the dislocations are free to move (glide)
under the action of differential stress. On the other hand,
in the healed fracture regions, high bubble concentra-
tions impede dislocation motion, decreasing their mo-
bility. In this region, dislocation glide is limited and
dislocation climb is observed. Dislocation climb is en-
hanced by rapid precipitation of water bubbles on dis-
location cores and by low strain rates during inclusion
recovery.

Fluid inclusions that were overpressured exhibit a
highly variable deformation behavior that is related to
mechanical properties of the original inclusion. Before
reequilibration and after the 30 day reequilibration ex-
periment, some fluid inclusions show a high density of
preexisting fracture dislocations. When overpressured,
these inclusions are the most likely to leak by disloca-
tion-induced water diffusion, and diffusion will be the
primary mechanism of inclusion reequilibration. This
mechanism is referred to as diffusion-enhanced reequili-
bration. On the other hand, some inclusions show a low
number of fracture dislocations connected to the inclu-
sion walls, but a relatively high number of wall dislo-
cations. When overpressured, these inclusions deformed
by water-assisted stretching of the inclusion walls, and
this mechanism is referred to as stretching-enhanced re-
equilibration. Obviously, although either stretching or
diffusion may dominate in a given fluid inclusion, both
mechanisms are likely to contribute to the overall de-
formation process. Finally, some inclusions show no
visible lattice defects in the surrounding quartz. Before
deformation can begin, these inclusions must first de-
velop dislocations in the host. Consequently, deforma-
tion of these inclusions may require some incubation
period during which dislocations are developed on the
inclusion walls.

After reequilibration for 180 days, a majority of the
fluid inclusions showed the same fluid density or ho-
mogenization temperature (Fig. 2; see also Vityk and
Bodnar 1998) and similar microstructures. This indicates
that after 180 days of overpressure, original mechanical
heterogeneities were eliminated. The implication of this
observation is that regardless of the mechanism of in-
clusion deformation (either diffusion or stretching re-
equilibration) or the original mechanical properties (e.g.
large inclusions vs small inclusions), all inclusions
eventually recover from high internal stresses to become
similar in terms of homogenization temperature and
microstructures.

Our results indicate that even relatively fast experi-
mental loading rates allow synthetic fluid inclusions in
natural Brazilian quartz to recover (chemically and
volumetrically) such that internal stresses probably
never reach the point where the inclusions fail by

brittle fracture. A similar conclusion was reached by
Kister and Stockert (1997) based on results of a fluid
inclusion study of high P, low T rocks from Crete. The
driving force for fluid inclusion recovery involves two
related mechanisms: plastic deformation of hydrolyti-
cally weakened wet quartz in the healed fracture, and
water leakage associated with preexisting and strain-
induced dislocations. Studies of natural samples con-
ducted by Bakker and Jansen (1993) and Kronenberg
et al. (1986) indicate that similar processes may be in-
volved in inclusion reequilibration in nature, suggesting
that laboratory data from synthetic inclusions can be
used to interpret results from natural fluid inclusions.
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