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Abstract. Preferential leakage of H,O from fluid inclu-
sions containing multiple gas components has been sus-
pected in natural metamorphic rocks and has been
demonstrated experimentally for synthetic H,0-CO,-
rich inclusions in natural quartz. Knowledge of the phys-
ical and chemical characteristics of the leakage mecha-
nism, which may be very complex, increases the value of
natural fluid inclusions to metamorphic geology. It is
proposed that crystal defects play a major role in non-
decrepitative preferential H,O leakage through quartz,
and remain effective during metamorphism. Inclusions
with either an internal overpressure or underpressure
produce strain in the adjacent quartz crystal via the nu-
cleation of many dislocations and planar defects (like
Dauphiné twin boundaries). These defects allow prefer-
ential loss of H,O from H,0-CO,-rich inclusions at su-
percritical conditions. The transport capacity of this
leakage mechanism is enhanced by nucleation of small
bubbles on defect structures. The nucleation of these
bubbles seems to be a recovery process in strained crys-
tals. Solubility gradients of quartz in water in a crystal
with internally underpressurized inclusions may result in
optical visible implosion halos in a three dimensional
spatial arrangement, caused by the growth of small bub-
bles at the expense of the larger original fluid inclusion.
Natural fluid inclusions from Naxos (Greece) are always
associated with numerous interlinked dislocations. These
dislocations may have been produced by plastic deforma-
tion or by crystal growth related processes (e.g. crack
healing). The presence of small bubbles on these disloca-
tions indicates that a similar leakage mechanism for H,O
must have occurred in these rocks.

Introduction

Natural aqueous fluid inclusions in metamorphic rock
may have preferentially leaked H,O. Water leakage may
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be implied from fluid inclusions in metamorphic rocks
which experienced P-T conditions which do not corre-
spond with the specific isochore of the trapped fluid at
peak metamorphic conditions. Selective H,O leakage is
not necessarily uniform within both grains and single
trails, and some H,O-rich inclusions may not have leaked
at all, which indicate that the mechanism is complex (e.g.
Roedder 1984).

Synthetic H,0-CO, fluid inclusions have been pro-
duced in quartz by Bakker and Jansen (1990, 1991). They
showed that non-decrepitative H,O leakage may occur
during re-equilibration at conditions differing from the
original conditions of entrapment. Inclusions were syn-
thesized through crack-healing processes in gem-quality
Brazilian quartz. The re-equilibration experiments mimic
the changing P-T conditions experienced by rocks, fol-
lowing real metamorphic P-T-paths. Non-uniform pref-
erential leakage of H,O occurred, without evidence of
decrepitation or inclusion-volume adjustments, during
re-equilibration experiments which simulated isothermal
compression and isothermal decompression at 835 K. It
is not possible to identify routes for leakage using optical
microscopy. Small open cracks or channels connected
with inclusions appear to be absent.

Crystal defects in natural quartz have been studied
using Transmission Electron Microscopy (TEM) since in-
vestigations suggested that plastic deformation in quartz
is accommodated by dislocation movement (e.g.
McLaren and Phakey 1965; Doukhan and Trepied 1985).
To explain the hydrolytic weakening phenomenon in nat-
ural and synthetic quartz, water-related point defect bulk
diffusion through the crystal and water enhanced mobili-
ty of dislocations were intenstvely studied. The main ar-
gument for water-related point defect bulk diffusion in
synthetic quartz and natural amethyst is the formation of
small bubbles during annealing experiments (McLaren et
al. 1983; Gerretsen et al. 1989). A similar phenomenon
has already been described by Wolff (1845) and Ferguson
(1914), who observed that natural quartz became milky
white after annealing, due to the formation of numerous
very small fluid inclusions. Water-related point defects
consist mainly of 4(H)g; substitutes, H,O interstitials, and
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hydrogen/alkali exchange (e.g. McLaren et al. 1983; Kro-
nenberg et al. 1986). Their solubility in quartz as a func-
tion of temperature and pressure has been theoretically
calculated (Paterson 1986; Doukhan and Paterson 1986)
to be less than 100 /10°Si, even at high temperature and
pressure. This was confirmed by infrared absorption
measurements in experimentally annealed natural and
synthetic quartz (Aines et al. 1984; Rovetta et al. 1986;
Gerretsen et al. 1989; Cordier and Doukhan 1989). The
measured solubility and bulk diffusivity of water-related
point defects, as reviewed by FitzGerald et al. (1991), 1s
too low for significant penetration in single crystals and
noticeable leakage of H,O during our re-equilibration
experiments. Although theoretical considerations indi-
cate that pipe diffusion may be dominant over bulk diffu-
sion (FitzGerald et al. 1991; Bakker and Jansen 1991), no
measurements have been made in quartz. Diffusion of
water-related species along dislocation cores were inves-
tigated only in feldspars by Yund et al. (1981).

In this study, it is proposed that the mechanism re-
sponsible for non-decrepitative preferential H,O leakage
from fluid inclusions is strongly related to diffusion, solu-
tion, and precipitation processes associated with disloca-
tions and planar defects, which can be identified with
TEM. Dislocations and planar defects are assumed to
play a major role in molecular H,O diffusion through
quartz crystals. Furthermore, similar microstructures
have been observed in the quartz around natural fluid
inclusions in samples from the metamorphic complex of
Naxos (Greece), which indicate that similar processes
may occur despite the relatively short duration of experi-
ments.

Although preferential H,O leakage may seem to re-
duce the credibility of fluid inclusion studies to metamor-
phic geology, as leakage leads to density and composi-
tion changes, information about the mechanism of leak-
age of natural inclusions may enable the original inclu-
sion density and composition to be reconstructed. Fur-
thermore, details of the uplift path may be deduced from
inclusions that have leaked, if leakage mechanism are
restricted to particular conditions.

Experimental sample preparation and results

Here we summarize the experimental procedure and results of ex-
periments performed by Bakker and Jansen (1991) to investigate
modifications of fluid inclusions. H,0-CO,-rich fluid inclusions
were synthesized in a 4 mm diameter cylindrical quartz core, which
was drilled from a crack- and inclusion-free natural Brazilian
quartz crystal. The experimental method which is described in de-
tail by Sterner and Bodnar (1984) and Bakker and Jansen (1991), is
based on the fact that healed cracks are always marked with numer-
ous fluid inclusions. During the experimental runs, CO, was intro-
duced as a product of the explosive decomposition of silver-oxalate
at 413 K. Before decomposition, part of the silver-oxalate may be
dissolved in water, which may influence the miscibility properties of
the fluid. However, its solubility in water is negligible. Crack healing
was performed at 835 K and 200 MPa confining pressure (initial
experiment E421 in Fig. 1) exerted by a gas mixture of X, 0.2
and Xy = 0.8 in an arc-welded gold capsule. The homogeniza-
tion temperatures of the fluid in synthetic inclusions reflect one
density which is in accordance with the density at experimenial
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Fig. 1. Pressure-Temperature diagram indicating the conditions of
the initial experiment E421 and re-equilibration experiments E463
and E490, black squares, which have been extensively described by
Bakker and Jansen (1991). The 20 mol% CO, isochore, nearly
straight solid line (after Kerrick and Jacobs 1981) and corresponding
miscibility gap, curved solid line (compilation of Todheide and
Franck 1963; Takenouchi and Kennedy 1964; Sterner and Bodnar
1991) are indicated for the initial experiment, performed at 835 K
and 200 MPa. The arrows indicate isothermal compression (F490)
and isothermal decompression (E463), which mimic natural evolu-
tions of metamorphic rock. The dashed line is the isochore of
0.8 gem™ pure H,O (Fisher 1976), which density was calculated by
McLaren et al. (1983) to result from clustering of (4H)g; point de-
fects in quartz

conditions (Bakker and Jansen 1991). Re-equilibration was per-
formed at 835 K in the presence of distilled water at either 100 MPa
(E463 in Fig. 1) or 365 MPa (E490 in Fig. 1). These conditions
caused either an internal overpressure or underpressure in the syn-
thetic fluid inclusions. In both experiments, preferential H,O leak-
age caused a wide range of inclusion composition and density as a
result of local variation in the degree of hydrothermal recrystalliza-
tion. The experimental procedure was tested with short runs
(Bakker and Jansen 1991) to identify inclusion changes as a result of
starting and quenching processes. No significant changes in inclu-
sion composition and density occurred, indicating that all modifica-
tion must have taken place at experimental conditions.

Samples from the experiments of Bakker and Jansen (1991) were
used for microstructural investigation in the TEM. The experimen-
tally treated Brazilian quartz crystals were then prepared by ion-
bombardment from =+ 15 mm thin sections and examined in a JE-
OL 200 electron microscope, operating at 200 kV. Due to the appar-
ent hexagonal symmetry of quartz, no distinction was made be-
tween the a,, a,, and a, axes (Frondcl 1962) for the identification of
the orientation of the crystal-image. Consequently, no distinction
was made between r and z planes.

Microstructural observations

Several stages of the evolution of an experimentally
healed crack with numerous synthetic fluid inclusions in
Brazilian quartz were studied using TEM.
Microstructural characteristics of starting material

The gem-quality Brazilian quartz appears to be optically
undeformed and free of primary fluid inclusions. No crys-
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Fig. 2. Bright field electron micrograph (TEM) of a healed crack
after the initial experiment E421. The orientation of the micrograph
is indicated with a hexagon, representing the intersection of pris-
matic planes, m, of quartz with the photographic plane of projec-
tion. The crystallographical direction a is expressed with the arrow.
Five parallel dislocations, straight black lines, are present between
fluid inclusions, fi. The black spots between the dislocations are
electron beam damage centres

tal defects and inclusions were detected with TEM in the
original starting material. The quartz seems to have a
perfect crystal structure.

Microstructural characteristics of healed fractures

A quartz core with healed cracks, prepared during the
initial experiment at 835 K and 200 MPa (E421 in Fig. 1)
was investigated with TEM, before re-equilibration. Be-
cause primary fluid inclusions are absent, quartz between
individual inclusions within a trail is identified as newly
grown quartz in healed microcracks. Elongated flat syn-
thetic fluid inclusions (Fig. 2) are recognized within
healed cracks of ~1.5 pm thickness, and a maximum
length/width ratio of 10:1. Newly formed fluid inclusions
are often elongated in appearance with their long sides
coinciding with the original crack walls, and the short
sides defined by newly grown quartz in the crack. Several
straight dislocation lines (Fig. 2) are observed with pro-
jected orientations parallel to a crystallographic a direc-
tion. The apices of the dislocations mark the position of
the former crack wall. The dislocation lines are oblique to
the former crack wall. The Burger’s vector has not been
characterized. The rare and heterogeneous occurrence of
dislocations justifies the assumption that the crystal de-
fect density in healed cracks is very low. Bakker and
Jansen (1991) indicate a similar occurrence of disloca-
tions in a healed microcrack after the same initial experi-
ment E421. In Fig. 2 several electron beam damage cen-
tres are easily recognized, which have nucleated at the
crystal and grow with a noticeable speed. In general,
guartz samples which have been exposed to an electron
beam for more than half an hour show electron beam
damage centres.

Microstructural detail around re-equilibrated inclusions

The number and variety of crystal defects in the re-equili-
brated samples (E463 and E490) are much higher than
the initial experiment E421. The TEM micrographs of
defect structures from both re-equilibrated samples are
indistinguisable and are shown in Fig. 3. The crystal de-
fects observed seem to be restricted to the newly grown
quartz within the healed cracks. The occurrence of dislo-
cations is associated with inclusions of variable sizes. A
set of seven straight subparallel dislocations are connect-
ed to an inclusion with a diameter of 4 um (Fig. 3A).
Their projected orientations are parallel to the trace of
the basal plane (0001) of quartz. The walls of the inclu-
sion approach simple prismatic crystalline faces, which
are characteristic for a-quartz crystallographic orienta-
tions. A similar configuration was described by Bakker
and Jansen (1990) for tnternally underpressurized inclu-
sions at lower temperature (673 K). Figure 3B shows a
trail of fluid inclusions with a diameter varying between
0.3 and 0.7 um. The rhombohedric planes of the inclusion
wall are strongly developed compared to the prismatic
planes. Several irregularly curved dislocations occur
within the healed cracks between these inclusions. Small
strain-free spheroidal bubbles of ~20 nm diameter are
located both at these dislocations and isolated within the
trail of fluid inclusions. The small bubbles were not previ-
ously observed in either the original Brazilian natural
quartz, or in the newly grown quartz in healed fractures
before re-equilibration. Dislocations may be arranged in
a hexagonal network (Fig. 3C) within a healed crack. The
network does not exceed the position of the former crack
walls, and is occasionally the boundary between the orig-
inal Brazilian quartz and the newly grown quartz. Simi-
lar to Fig. 3B, many small strain-free bubbles of ~ 20 nm
diameter are visible between dislocations and several are
positioned along dislocation lines. A sperical inclusion of
0.5 pm diameter (Fig.3D) is connected to irregularly
curved dislocations with variable orientations. Each dis-
location has up to twelve small strain-free bubbles of
approximately 35 nm diameter. In total 62 small bubbles
form a halo in a three dimensional spatial arrangement
around the larger inclusions. Healed cracks are also
marked by numerous features which are disk-shaped in
the centre and have at both sides equal shaped strain
contrast halos (Fig. 3E). They have a maximum diameter
of about 100 nm. The centre lines of all disks seem to be
parallel orientated. Planar defect structures, which are
visible as fringe patterns in Fig, 3F, are connected to in-
clusions. The patterns have distinct crystallographic ori-
entations parallel to {1010}, {3210}, and {3212}. These
orientations were obtained by tilting the specimen until
the planar defect was parallel to the beam direction, and
by using several TEM micrographs with different orien-
tations (Appendix). The {I010} are arranged in a pris-
matic configuration. Some of these defects curve smooth-
ly to a {3210} orientation, as exemplified by the edged-on
defect in Fig. Alb (Appendix). The {3212} planes form
small steps between the larger {3210} planes. Thickness
extinction contours are discontinuous across the fringe
pattern in Fig. 3F, and the ratio of spacing between the
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contours on both sides is approximately 2:3. The fringe
pattern seems to be symmetrical in the bright field mode
of the electron microscope for several orientations of the
micrographs (Fig. Al, Appendix). Previously mentioned
disk-shaped features (Fig. 3E} are observed near the
fringes in Fig, 3F. A wide trail of small strain-free bubbles
~20 nm diameter, which pass into a fringe pattern are
shown in Fig. 3G. An additional fringe on passing a
thickness extinction contour is created by forking of the
central fringe. The termination of this pattern is a series
of five small bubbles, which are located on a dislocation
line. The dislocation line itself is out of contrast (Fig. 3G).
A fringe pattern, demonstrated in Fig. 3H, characterises a
smoothly curved plane and is not related to simple crys-
tallographic orientations. Overlapping fringes result in a
mosaic pattern.

Interpretation of microstructures

The electron beam damage centres (Fig. 2) at the surface
of the specimen and the disk-shaped features in Fig. 3E
and F have apparently similar occurrences. However, the
disk-shaped features were present in the samples from the
beginning of exposure, and did not change in shape dur-
ing the exposure time. Therefore, they seem to be com-
parable with the features described by McLaren et al.
(1983) in synthetic quartz and natural amethyst. They
suggested that the features represented small lens-shaped
H,O inclusions with high densities (~0.8 gcm™), whose
strain image was inferred by Ashby and Brown (1963).
The presence of similar features in Fig. 3E and F is re-

Fig. 3a-h, Bright field electron micrographs (TEM) of re-equilibrat-
ed quartz cores. In a, ¢, d, and f the orientation of the micrograph
is indicated with a hexagon, which is the intersection of prismatic
planes, m, with the photographic plane of projection. The short
dashed line in a, b, ¢, d, and f represents the intersection with the
basal plane ¢ of quartz. The arrow in b is the crystallographic direc-
tion of ¢. a E463, A fluid inclusion, fi, connected to seven straight
dislocations. b E490, A trail of fluid inclusions, fi, with several dislo-
cations and small strain-free bubbles. Focussed on the left, some
bubbles are positioned at dislocations, others are isolated between
flnid inclusions and dislocations. No electron beam damage centres
are observed. ¢ F463, A hexagonal network of dislocations, occa-
sionally marking the former crack walls. Several strain-free bubbles
occur at dislocations and others are located between dislocations.
The network passes into a trail of small bubbles. d £490, A synthetic
fluid inclusion, fi, connected to at least eight irregularlyy shaped
dislocations, In total 62 small strain-free bubbles are observed only
at dislocation lines. e E463, SSmall features of strain contrast, which
are disk-shaped in the centre, and have equal-shaped halos on both
sides. No electron beam damage centres are observed. The arrow is
parallel to the centre line of all features. f E463, Dauphiné twins
connected to a fluid inclusion, fi, which is out of focus on the right
side. Determination of the crystallographic orientation of the fringe
patterns i8 outlined in the appendix. Several disk-shaped features
are noticeable ncar the twins. g E490, Fringe pattern marking a
nano crack, and passing into a trail of small strain-[ree bubbles,
marking a healed fracture. h E463, Irregular fringe pattern of a nano
crack, resulting in a mosaic pattern at positions of overlapping
fringes

1

stricted to the healed cracks, and therefore they indicate
the extent of the newly grown quartz. Furthermore, their
presence suggests that the amount of H,O in the healed
cracks is higher than in the original Brazilian quartz.
Gerretsen et al. (1989) observed similar features in epitax-
1al overgrowth of a single crystal. They calculated that
the total amount of H,O incorporated in the overgrown
crystal is present in small fluid inclusions.

Halo textures of small bubbles around a larger fluid
inclusions were suggested by Roedder (1965) to result
from partial decrepitation of these primary inclusions,
caused by their internal overpressure during uplift of the
rock. Consequently, crack healing around these primary
inclusions produces numerous smaller secondary inclu-
sions, which occur in planes. In Fig. 3D, the small strain-
free bubbles around the larger internally underpressur-
1zed synthetic fluid inclusions occur exclusively on dislo-
cation lines with variable orientation in a three dimen-
sional spatial arrangement, and thus are distinguishable
from the secondary inclusions described by Roedder
(1965). Therefore, the bubbles are proposed to develop
through growth at dislocations during re-equilibration,
resulting from quartz dissolution at specific spots at dis-
locations, transportation along dislocations, and precipi-
tation in the larger fluid inclusion. The total volume of
the small bubbles in Fig. 3D is about 10% of the volume
of the central inclusion. The growth of small bubbles
around internally underpressurized fluid inclusions is
proposed to lead to optical visible "implosion halos’ (see
Discussion), which have been recognized by Sterner and
Bodnar (1989) and Bakker and Jansen (1991).

Brewster (1835) had already noted that the pressures
exerted by fluid inclusions were sufficient to produce
strain in crystals, Stretching of fluid inclusions was inves-
tigated by Larson et al. (1973), Bodnar and Bethke (1984),
Pécher (1984), Gratier and Jenaton (1984), but the opera-
tive deformation mechanisms were poorly understood.
Carstens (1968) and Wilkins et al. (1992) noted clouds of
dislocations around fluid inclusions in natural quartz,
which were assumed to have formed due to stress concen-
tration on inclusion walls. Annealing experiments at
0.1 MPa were performed by McLaren et al. (1983) and
Wannamakers and Evans (1989) to investigate the hy-
drolytic weakening effect of quartz and the stretching
mechanism of olivine, respectively. In both experiments,
the pressure difference between fluid inclusions and the
experimental setting was suggested to cause dislocation
formation on inclusion walls. McLaren et al. (1983) found
mdications that dislocation loops and associated bubbles
were nucleated within the strain field of small lens-shaped
H,O inclusions with high internal pressure. This assump-
tion was confirmed by Mclaren et al. (1989) for deforma-
tion experiments, and was proposed to play an important
role in hydrolytic weakening of quartz. Wannamakers
and Evans (1989) observed fluid density decrease and
stretching of inclusions which were assumed to result
from dislocation creep. They suggested that the difference
between the internal pressure in fluid inclusions and the
external pressure produces dislocations on the inclusion
walls, which then glide or climb away from the inclusion.
After thorough investigation of Fig. | from Wannamak-
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ers and Evans (1989), many small bubbles are recognized
on decorated dislocations surrounding a fluid inclusion.
In Fig. 3B-D, the observed dislocations and bubbles
around fluid inclusions within re-equilibrated quartz are
suggested to have resulted from localized deformation
processes and to be similar to the microstructure de-
scribed by Carstens (1968), McLaren et al. (1983), Wan-
namakers and Evans (1989), and Wilkins et al. (1992).

After the initial experiment E421 (Fig. 2) the straight
dislocations in the healed cracks are thought to be
grown-in misfit dislocations. During sample preparation,
before the initial experiment, non-penetrative cracking in
the crystal causes a crystallographic misfit between the
crackwalls. Crystal defects, like dislocations, must there-
fore be present within the healed cracks in order to ac-
commodate this misfit. After re-equilibration, these
straight dislocations may still be present around fluid
tclusions (Fig. 3A).

Fringe patterns are indicative for the presence of pla-
nar defects, like stacking faults, twins, grain boundaries,
and nanocracks. A specific type of planar defect is identi-
fied through detailed analysis of the nature of the intensi-
ty profiles of the fringe patterns, as summarized by
McLaren (1991). The fringe patterns in Fig. 3F corre-
spond to diffraction contrast intensity relations described
by McLaren and Phakey (1969) which they calculated to
result from Dauphiné twin boundaries. The main argu-
ment for Dauphiné twinning is the discontinuity of thick-
ness extinction contours across the fringe pattern in
specific orientations of the micrographs (Fig. 3F), with a
spacing ratio on both sides of approximately 2:3. The
variable orientation of the pattern, which is occasionally
parallel to low-index planes, like {1010}, {3210}, and
{3212}, is also indicative of these twin boundaries (Fron-
del 1962). Tn general, the phase transition from hexagonal
B-quartz to trigonal a-quartz during cooling is consid-
ered to introduce Dauphiné twins in the crystal. The
quartz samples in our experiments were not exposed to
temperatures above the phase transition, 846 K at
0.1 MPa (Hosieni et al. 1985). Therefore, stress concentra-
tion on inclusion walls must have produced these
Dauphiné twins.

McLaren et al. (1989) observed fringe patterns parallel
to rhombohedral planes attached to small lens-shaped
H,O0 inclusions (similar to the features in Fig. 3E), which
were encircled by a kind of small dislocation loop. Partial
decrepitation of these inclusions was suggested to result
in nanocracks, which gave rise to a fringe pattern. Frac-
tures in quartz usually do not occur along defined crys-
tallographic orientations, but occur in irregularly curved
planes (e.g. Fig. 5 in Bakker and Jansen 1991). Therefore,
the fringe pattern in Fig, 3H is proposed to represent a
smoothly curved nanocrack. Fracturing is expected in
this sample, for the inclusions are internally overpressur-
ized and decrepitation is likely to occur. The nature of the
planar defect in Fig. 3G could not for certain be deter-
mined from the fringe pattern, but is likely to be either a
nanocrack or a stacking fault. It is assumed that this
defect is replaced by numerous bubbles in a perfect crys-
tal. This healing process must have operated discontinu-
ously, for several trails of aligned bubbles occur parallel

to the boundary with the site where the planar defect is
still present,

Discussion

We know from microthermometry and volume estima-
tions (Bakker and Jansen 1991) that the photographed
re-equilibrated inclusions have preferentially leaked H,O
resulting in lower density and relatively CO, enriched
inclusions. A quartz core with a healed crack is schemat-
ically illustrated in Fig. 4, mimicking the sctting of the
experimentally healed crack after the initial experiment
E421. The core is subjected to a hydrostatic pressure of
pure H,O that differs from the internal pressure in fluid
inclusions, The healed crack (shaded area in Fig. 4) has
several grown-in misfit dislocations and a synthetic inclu-
sion with a CO,-H,O gas mixture. We have used this
simplified model to review processes which may occur.

Diffusion to crystal boundary

Diffusion is a process driven by concentration gradients,
which for gases can be expressed as fugacity gradients,
until a homogeneous distribution is obtained. Fugacity
gradients do exist between the H,0O-rich inclusions with
Xu,0 = 0.8 and the water outside the quartz crystal dur-
ing our re-equilibration experiments E463 and E490. For
H,0O and CO, the fugacities inside the inclusions are 98.2
and 542.9 MPa (Kerrick and Jacobs 1981), respectively,
during both re-equilibration experiments. Outside the
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Fig. 4. A schematical sketch of a Brazilian quartz crystal with a
healed crack, shaded area, submitted to an external hydrostatic
pressure, large arrows. The healed crack contains several disloca-
tions and a fluid inclusion with a gas mixture of CO, and H,O. The
area within the dashed line indicates the region of stress concentra-
tion, which appears if the external pressure differs from the pressure
inside the inclusions during both re-equilibration experiments E463
and E490



crystal the H,O fugacity is 57.2 and 170.4 MPa for E463
and E490, respectively, while CO, is absent. Therefore, if
there is any communication between the inclusions and
the crystal boundary, these gradients would stimulate
H,O diffusion out of internally overpressurized inclu-
sions (E463) and into internally underpressurized inclu-
sions (E490), while in both experiments CO, would dif-
fuse out of inclusions. Our observations, including prefer-
ential leakage of H,O and nearly constant CO, contents
for both type of re-equilibration experiments (Bakker
and Jansen 1991) are not in accordance with the expected
effects of this gradient. Furthermore, means of communi-
cation, like penetrative microcracks or dislocations
which connect inclusions to crystal boundaries appear to
be absent for many inclusions that have leaked, and bulk
diffusion through quartz, as previously mentioned, is not
able to produce the observed amount of leakage.

The same fugacity gradient between the gas mixture
inside the inclusions and the fluid outside the crystal
causes a stress concentration in a rim around inclusions
(Fig. 4) during both re-equilibration experiments. The
crystal adjacent to the inclusions will be strained by creep
mechanism, similar to the processes described by
Carstens (1968), McLaren et al. (1983), and Wilkins et al.
(1992) in quartz, and dislocations and planar defects are
nucleated on the inclusion walls. This deformation pro-
cess will be highly effective in a healed crack (shaded arca
in Fig. 4), where the newly grown quartz is assumed to be
'wet’. Our TEM observations (Fig. 3) indicate that the
amount of crystal defects near synthetic fluid inclusions is
much higher in re-equilibrated samples than in the ini-
tially healed fractures.

Interaction between dislocations and H,0-CO,

The physical and chemical interaction between water and
dislocations in quartz was suggested to play an impor-
tant role in hydrolytic weakening (e.g. Griggs and Blacic
1965; Griggs 1974). In general, theoretical considerations
on diffusion along dislocations show that the activation
energy is lower (Hirth and Lothe 1968) and the diffusion
coefficient is higher (Yund et al. 1981) than those for
bulk-diffusion. Calculations of Heggie and Jones (1987)
and Heggie (1992) indicated that, theoretically, water
could both hydroxylate silicon-oxygen bonds in disloca-
tions, and move easily as H,O molecules along the dislo-
cation cores without dissociation. Griggs (1974) consid-
ered enhanced solubility of water in the crystal around
dislocation cores. Bakker and Jansen (1990, 1991) and
Hollister {1990) adopted these concepts of the hydrolytic
weakening phenomenon in quartz to model preferential
H,0 leakage of fluid inclusions along dislocations. Addi-
tionally, assuming that the wetting characteristics of H,O
in microcracks (Watson and Brenan 1987) is similar to
. dislocation cores, water molecules could be wicked out of
a homogeneous mixture of H,O and CO,. Therefore, we
consider dislocations as small tubes, and during our ex-
periments it is proposed that they will spontaneously at-
tract water molecules if they are connected to H,O-rich
sources, like fluid inclusions.
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A positive correlation between dislocation density
and non-decrepitative H,O leakage was inferred from de-
formation experiments performed by S.W.J. den Brok
(personal communication 1992), who synthesized H,O-
rich inclusions in single Brazilian quartz crystals. In an
attempt to homogenize the H,O liquid and vapour
phases in the inclusions during heating on a heating-
freezing stage connected to an optical microscope, non-
decrepitative leakage occurred before the homogeniza-
tion temperature was reached. Deformation of the quartz
crystal must have resulted in a very high dislocation den-
sity around inclusions, which provides many routes for
H,0 leakage.

The physical and chemical interaction between CO,
and dislocations has never been a subject of investiga-
tion. Belonoshko (1989) studied the properties of a CO,-
H,O mixture in cylindrical pores of 0.8 to 2.5 nm diame-
ter. According to his adsorption calculations, the fluid in
a pore of less than 2.5 nm diameter is H,O-richer than the
bulk fluid. Therefore, dislocation cores are proposed to
be rich in H,O and block the core for CO,, even at high
temperatures and pressures. Intuitively, CO, molecules
which are about twice as large as H,O molecules, are too
large for effective CO, pipe diffusion. The chemical inter-
action between quartz and CQO, is negligible.

Crystal energies involving strain-free bubble nucleation
on dislocations

Saturation of all dislocations and planar defects in a rim
around internally overpressurized and underpressurized
synthetic fluid inclusions with water molecules can not
account for the total observed amount of preferential
H,O leakage. Likewise, bulk diffusion of water-related
point defects is not an effective mechanism to remove
H,O from our re-equilibrated inclusions, as previously
mentioned.

Theoretical considerations of Cordier et al. (1988) in-
dicate that water-related point defects are likely to occur
in small clusters, which they reason to be energetically
more favourable than randomly distributed point defects.
They suggest that larger clusters may grow at the expense
of smaller clusters in a quartz matrix through bulk diffu-
sion, driven by minimalization of the total surface energy
of all clusters during annealing experiments in quartz.
Although the disk-shaped features observed in Fig. 3E
and F may have been subjected to these processes, we will
argue that water diffusion is more likely to occur along
dislocations, and that strain-free bubbles develop on dis-
locations during our re-equilibration experiments. The
occurrence of almost all strain-free bubbles on disloca-
tion lines (Fig. 3D) is consistent with these assumptions.

A system will always tend to minimize its Gibbs free
energy. A quartz crystal containing dislocations can al-
ways reach a lower energy state by reducing the total
length of dislocations, which is usually referred to as a
process of recovery (e.g. Hirth and Lothe 1968; Nicolas
and Poirier 1976). At the surface of quartz crystals, the
immediate areas around outcropping dislocations, which
are elastically strained, are favourable sites for dissolu-
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2R

Fig. 5. A schematic sketch of a
crystal lattice with an edge dislo-
cation. Nucleation of a small bub-
ble, circle, with radius, R, is re-
placing a dislocation with length,
2R. The remaining lattice is less
distorted than the elastically
strained atoms within the circle

tion, resulting in the formation of etch pits (Lasaga and
Blum 1986). They outlined several concepts of Gibbs free
energy, contributing to the formation of etch pits at the
surface, which are adopted here to establish an energy
balance for bubble nucleation on dislocation lines in the
crystal. This process is schematically indicated in Fig. 5,
where the elastically strained atoms in the circle with
radius R are assumed to dissolve and to migrate along
the dislocation core, producing a small bubble.

The nucleation of a bubble with variable radius (dr)
produces a decrease in mineral volume (dV = —4nr’dr)
and an increase in surface area (d4 = 8nrdr). The strain
energy distribution (u) associated with a dislocation line
(Eq. 1) increases the internal energy of the crystal (e.g.
Hirth and Lothe 1968; Van der Hoek et al. 1982).
pb?

=R

(Eq. 1)
where p is the shear modulus, b is the Burgers vector, r is
the radial distance from the dislocation, factor K is 1 for
screw dislocations, and K is 1-v for edge dislocations,
where v is the Poisson’s ratio. The elastic continuum the-
ory breaks down within the radius of the dislocation core
(ro), and the crystal energy which is stored in this region
is undifferentiated in the factor AE®™, Change in configu-
ration entropy and in vibrational energy of the lattice
which resulted {rom the presence of a dislocation are ne-
glected (Cottrell 1953; Blum et al. 1990). Therefore, re-
moval of the elastically strained material around disloca-
tions will decrease the amount of crystal energy.

The total change in Gibbs free energy for the nucle-
ation of a bubble on a dislocation line is given by Eq. 2.

3 Ade
dG ~l:P + V.

M

— i (r)] dV+ydA (Eq. 2)

where P is the pressure inside the bubble, AG'™ is the
change in Gibbs free energy of dissolution and migration,
Vs is the molar volume of quartz, and v is the surface
tension. The dynamics of formation of a bubble with ra-
dius R on a dislocation line with length 2R (Fig. 5) will
depend on the topology of the integrated Gibbs free ener-
gy curve (Eq. 3) derived from Egs. 1 and 2.

AG™Pe= | (%?) dr (Eq. 3)
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Fig. 6. Diagram indicating the individual contributions of disloca-
tions, dark shaded area (u™*'dV), surface tensions of small bubbles,
light shaded area (ydA), and pressure in bubbles (PdV) to the total
change in Gibbs free energy (in aJ = 107'® J) during the nucleation
of a bubble on a dislocation line. On the right side, the diagram is
vertically extended with a factor 1000 to indicate that the PdV term
is very small (~5*107'* for bubble with radius 18 nm), even for a
H,O fluid density of 0.8 gcm™ inside the bubble

Lasaga and Blum (1986) reviewed selected surface ten-
sions, shear moduli, Burgers vectors, and radii of disloca-
tion cores in quartz, which are reasonable for a qualita-
tive analysis of the changes in Gibbs free energy. We give
a short summary of the selected values that are used for
our calculations. Surface tensions (y) vary between 0.3
and 0.7 Jm~2, which is approximately the range of esti-
mated values between quartz and H,O (Brace and Walsh
1962; Parks 1984; Holness et al. 1992). We have used a
shear modulus (n) of 50 GPa, which is regarded to be a
maximum value (Heinisch et al. 1975, Heggie and Nylén
1984; Wintsch and Dunning 1985). The length of the
Burgers vector (b) varies between 0.49 and 0.73 nm,
which is theoretically estimated with unit-cell parameters
of quartz (e.g. Hosieni et al. 1985). The radius of a disloca-
tion core (ry) is chosen to be equal to the length of the
Burgers vector b. Most arbitrarily chosen values for 1,
vary between b and 2b (Franck 1951; Wintsch and Dun-
ning 1985; Lasaga and Blum 1986; Cordier et al. 1988).
Heggie and Nylén (1984) defined core energies between
102! and 105 Jm™ for distinct dislocations in quartz.
Blum et al. (1990) neglected the core energy which was
calculated to be less then 6% of the total strain energy.

The individual contributions of dislocations, surface
tensions, and internal pressure to the total change in
Gibbs free energy in Eq. 3 are indicated in Fig. 6. We have
used a modified Redlich-Kwong equation of state for
gases (DeSantis et al. 1974; Holloway 1981) to estimate
the contribution of the PdVterm in Eq. 3:
p I npR*T nZa*
£PdV I[an,rb* V(V+nTh*)l/_T]dV

(Eq. 4)

0

where R” is the gas constant, " is the forces of attraction
between molecules, b* is the volume of individual
molecules, Vis the total volume of the bubble (4/3 nr?), T
is the temperature, and n;is the total amount of moles
H,0 in the bubble defined by Eq. 5.

(Eq.5)

np=m=7r
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Fig. 7. Two diagrams of the total change in Gibbs free energy
(AG®**) in aJ (= 107'#J) during the nucleation and growih of a
bubble with variable radius (in nm) at the expense of a dislocation
line, for selected values of surface tension and dislocation core ener-
gy of 0.7 Jm™ and 10°2' Jm™?, respectively in (a) and 0.3 Jm™ and
107%17 Jm™, respectively in (b). Each curve is calculated [or a chosen
value of dissolution/migration Gibbs free energy (AG*™ indicated in
kJmol™). The existence of a minimum, arrow, for any value of AG™™®
in b allows bubbles to nucleate with a stable radius of ~2nm. A
minimum is not observed in a, which indicates that the dislocation
remains stable. For negative values of AG®™, small bubbles may
continuously grow if an energy barrier is overcome (in a and b),
which vanishes for extremely low values of AG* (-1.5 kJmol™' in b)

where m = pMW™ (p is the density, and MW is the
molecular weight of water). Equation 5 is substituted and
dVis replaced by 4nr’dr in Eq. 4 to obtain a solution:

T mR*T m’a* 4

(j)PdV [1~mb* (1+mb*)]/§”J3m {Eq. 6)
A maximum value for Eq. 6 is obtained by using the
model of McLaren et al. (1983), where clustering of (4H)g;
defect substitutes produces small H,O bubbles with a
density of 0.8 gcm °. It is shown in Fig. 6 that the internal
pressure of small bubbles accounts for a very small part
of the total change in Gibbs free energy, and can be ne-
glected. The density of small strain-free bubbles in
Fig. 3B-D is probably lower than the value calculated by
McLaren et al. (1983), because elastic strain induced by
high pressure which resulted from this high density
would have been detected easily with TEM (as in
Fig. 3E,F) and is not observed around these strain-free
bubbles.
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The value of AG*™ may have great impact on the free
energy in Eq. 3 (Fig. 7). The exact value of AG™ which is
dependent on dissolution and migration processes is dif-
ficult to obtain, and may change during experimentation.
Therefore, the curves are calculated for variable AG™
values and pronounced surface tensions and dislocation
core energies (y = 0.7Jm? and AE®™ = 102" Jm™ in
Fig. 7A, and y = 0.3 Jm™ and AE®® = 10®"Jm ' in
Fig. 7B). For AG"™ = 0, the curve in Fig. 7B shows a
minimum without an energy barrier to nucleate a bubble
with a stable radius of ~2 nm. The minimum does not
exist for higher surface tensions (0.7 Jm™ in Fig. 7A) and
here the dislocation will not be replaced by a bubble.
Therefore, different crystallographic orientations with
different surface tensions will behave differently during
bubble nucleation. The question considered here is the
effect of a non-zero AG®™. The minimum remains present
in Fig. 7B for a positive AG™, and a bubble with radius
~2nm seems to be stable. In almost all cases with a
negative AG*™, the AG***** curve exhibits a maximum,
and for increasing bubble radii the curve is monotonical-
ly decreasing. For a negative AG'™ for example
—1kImol 'in Fig. 7B, a bubble will be nucleated with an
initial radius of ~2.5 nm at the minimum of the AG®-tb
curve (~17*¥107'% J). Subsequently, the bubble will con-
tinue to grow if an energy barrier of ~59*107% J is over-
come. The energy barrier to nucleate a bubble decreases
for higher negative values of AG®™ and vanishes below
—1.5kJmol™ in Fig. 7B, but remains in Fig. 7A. The
AG®™ is comparable to the bulk free energy change of the
dissolution reaction of quartz, described by Lasaga and
Blum (1986). The variation in activity of silica in under-
saturated solutions was calculated to result in dissolution
free energies between — 1.7 and — 6.7 kJ/mol. It is likely
that AG?™ is variable during experimentation, for AG™
is expected to decrease after the wearisome initial stage of
bubble nucleation on a dislocation line.

These theoretical considerations indicate that bubble
nucleation on dislocations is a recovery process, and that
these bubbles may grow unlimited for certain values of
dislocation core energies, surface tensions, and dissolu-
tion/migration free energies.

Solubility effects

The solubility of quartz in H,O is sensitive to both tem-
perature and pressure (e.g. Anderson and Burnham 1965;
Walther and Orville 1983). For example, at 835 K the
solubility increases from about 0.5 wt% at 150 MPa to
about 1 wt% at 300 MPa. Migration of fluid inclusions,
which is caused by solubility gradients in single fluid in-
clusion was described for salt (Lemmlein 1952; Roedder
and Belkin 1980) and ice (Hoekstra et al. 1965). The driv-
ing force is a gradient in temperature, which may be as
small as 0.0015°C across a 10 um diameter inclusion. On
the ‘hot’ side of the inclusion the host mineral continu-
ously dissolves and on the “cold” side it precipitates. Fur-
thermore, solubility gradients are generated by pressure
differences in single crystals, and by heterogeneous dislo-
cation distribution on inclusion walls (Roedder 1984).
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For internally underpressurized inclusions (E490 in
Fig. 1), the silica gradient which is caused by the pressure
differences inside the crystal between fluid inclusions and
the external pressure medium could provide continuous-
ly a driving force for SiO, migration along dislocations
from the smaller bubbles to the larger cavities, assuming
that this pressure difference is maintained and is smooth-
ly varying in the crystal. The small bubbles on disloca-
tions around the large synthetic inclusion in Fig. 3D are
proposed to be a preliminary stage in the development of
optically visible implosion halos (Sterner and Bodnar
1989; Bakker and Jansen 1991) which did not result from
partial decrepitation. These implosion halos will not de-
velop around internally overpressurized inclusions (E463
in Fig. 1) for the pressure gradient between the external
medium and the inclusion results in a reversed solubility
gradient, causing the bubbles to shrink or remain a very
small size.

Naxos (Greece), a case stady

The experimentally leaking fluid inclusions are in principle pro-
posed to be an analogy to natural inclusion behaviour in complex
metamorphic rocks, despite the relatively rapidly healing and
quenching procedures during experimentation. This is consistent
with theoretical considerations of Hollister (1988), who proposed
selective leakage of H,O from natural H,0-CO,rich fluid inclu-
sions in metamorphic rock to explain the abundance of nearly pure
CQ, inclusions in migmatites which were thermodynamically calcu-
lated to contain H,O-rich fluids. Thercfore, we have carefully com-
pared microstructures around natural fluid inclusions in quartz
lenses from Naxos (Greece) with the experimentally obtained re-
sults,

The metamorphism and deformation of natural rock from
Naxos (Greece) were extensively investigated by Jansen and Schuil-
ing (1976), Andriessen et al. (1979), Kreulen (1980), Buick and Hol-
land (1989, 1991), and Urai et al. (1990). An early metamorphic
event, M1 (Fig. 8) was characterized by glaucophane-bearing as-
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Fig. 8. Pressure-temperature diagram. Three main metamorphic
events are M1, blueschist facies; M2 ,, regional greenschist facies
which locally reached to M2, upper amphibolite facies; and M2,
the metamorphism after uplift of the complex during exiensional
thinning of the crust (indicated with 3 solid arrows). The short
dashed lines indicate the triple point of the Al,SiOs polymorphs
(Holdaway 1971), and the large dashed line indicates the transition
of a-quartz to f-quartz (Hosicni et al. 1985)

semblages. The main meatamorphic phase, M2, and M2y (Fig. 8)
affecting Naxos formed a Barrovian facies series. The solid arrows
in Fig. 8 represent pressure decrease, caused by crustal extension
towards M2, which promoted regional exhumation of the meta-
morphic complex (Buick 1991). Kreulen (1980) described an abun-
dance of peak metamorphic M2, CO,-rich inclusions in unselective
quartz lenses throughout the metamorphic complex, irrespectively
of lithology, metamorphic grade, or event. A brine, which was de-
scribed in several inclusions, was present at a very late stage, after
M2, and could not have effected immiscibility properties of the
fluid at peak metamorphic conditions. Many fluid densities of CO,-
rich inclusions are too low with respect to peak metamorphic M2,
conditions, and they resemble typical values for the M2.. re-equili-
bration. Mineral assemblages which were stable at M2, conditions
buffered volatile species to high X, , values in epidote/zoisite bear-
ing schists, in amphibolites, and in vesuvianite-bearing calcsilicates
{Jansen and Schuiling 1976; Buick and Holland 1991). Locally, high
X o, values were determined in siliceous dolomites (Jansen et al.
1978; Buick and Holland 1991). Although, the observed mole frac-
tion of CO, in inclusions was not related to lithology, the carbon-
isotope (6'°C) data on experimentally decrepitated fluid inclusions
in quartz lenses (Rye et al. 1976; Kreulen 1980) seemed to be char-
acteristic in siliceous dolomites and in graphite-bearing quartzites.
Therefore, compositional modification by selective leakage ol H,O
must have occurred, leaving behind a CO, enriched inclusion with
lower density. Deformation-induced recrystallisation around inclu-
sions, like decrepitation and stretching, may have affected the densi-
ty, but is unlikely to affect the composition of inclusions.

Vein quartz from Naxos

Natural quartz lenses were collected by F. Postma in
Naxos. The samples were cut into 2 mm thick slices, and
further thinned to 30 um by polishing, for characteriza-
tion of the fluid inclusions composition and density. The
natural vein quartz samples from Naxos are polycrysta-
line, and display many deformation features, which are
visible with an optical microscope. Electron micrographs
of quartz adjacent to natural inclusions reveal a high
defect density (Fig.9), for example at sub-grain
boundaries. The inclusions are often connected to dislo-
cation networks. In one single sample several types of
fluid inclusions could be distinguished in natural quartz.
Small negative B-quartz shaped inclusions with 0.4 uym
diameter (Fig. 9A) are arranged in a trail, and are mutu-
ally connected with dislocations in a network. The inclu-
sion walls have a well developed negative f-quartz mor-
phology. The shape of the inclusions indicates that they
were formed or recrystallized at temperatures above the
transition temperature of a-quartz, which only occurred
during the M2 re-equilibration (Fig. 8). Large negative
a-quartz fluid inclusions with 4 pm diameter (Fig. 9B) are
connected to complex dislocation networks. Dislocations
occur as straight and curved lines, some are parallel to ¢
direction. Several triple junctions are present. In Fig. 9C,
several small strain-free bubbles with 30 nm diameter oc-
cur at dislocation lines and isolated between dislocations.
They have also well developed negative B-quartz mor-
phologies. The dislocation density in these natural sam-
ples (Fig. 9) is much higher than the density in the exper-
imentally healed cracks in Brazilian quartz (Fig. 3).
Routes for preferential H,O leakage in deformed natural
vein quartz are very abundant compared to experimen-
tally treated Brazilian quartz. The appearance of small
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strain-free bubbles on dislocation lines in natural sam-
ples (Fig.9C) is similar to the bubbles observed in
Fig. 3B-D, indicating that similar recovery processes
may have operated.

Conclusions

The experimentally re-equilibrated H,O-CO,-rich inclu-
sions have preferentially leaked H,O, resulting in rela-
tively CO,-enriched inclusions (Bakker and Jansen 1991).
The process of non-decrepitative preferential H,O leak-
age is caused by a differentiation of the fluid at a molecu-
lar scale at supercritical conditions.

Appearently, water moves up against the fugacity gra-
dient between inclusions and the fluid at the grain
boundary during experiment E490. However, this gradi-
ent is assumed not to be effective due to the lack of com-
munication (penetrative fractures or dislocations) be-
tween inclusions and grain boundary.

The amount and variety of crystal defects around fluid
inclusions which experienced internal overpressures and
underpressures, 1s much higher compared to the initial

Fig. 9a—c. Bright field electron micrographs (TEM) of vein quartz
from Naxos. The orientation of the micrographs is indicated with a
short dashed line, which is the intersection of the basal plane (c) with
the photographic plane of projection. The arrows in a, b, and ¢ are
the crystallographic directions of €. a A trail of fluid inclusions with
clearly developed rhombohedric walls in a dislocation network; b a
single larger inclusion connected to a complex network of disloca-
tions; ¢ small strain-free bubbles both at dislocations and isolated
between dislocations

synthesized inclusions during crack healing. The ob-
served defect microstructures appear to exist wholly
within the new quartz in healed fractures. Pressure differ-
ences between inclusions and experimental settings result
in localized plastic deformation around inclusions, nucle-
ating many dislocations and twin boundaries on inclu-
sion walls. The defect microstructures provide many
routes for material diffusion, and preferential H,O leak-
age must have occurred by selective diffusion along dislo-
cations and twin boundaries. Theoretical considerations
about H,O and CO, adsorption on quartz surfaces indi-
cate that at high supercritical P-T conditions CO, is re-
strained from entering defect microstructures.

The transport capacity of this leakage mechanism is
enhanced by the nucleation of small bubbles on defect
structures. The formation of small strain-free bubbles on
dislocations is proposed to reduce the internal energy of
a strained crystal. This recovery process is controlled by
dislocation self-energy, surface free energy of small bub-
bles, and dissolution/migration free energy along disloca-
tions (AG™™). For a selected surface tension of 0.3 Jm™
and dislocation core energy of 10737 Jm™, a bubble with
stable radius of ~2 nm will nucleate on a dislocation line
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independently of AG™. An activation barrier for contin-
uous bubble growth is introduced for a negative AG™,
and vanishes for decreasing values of AG™™,

Additionally, solubility gradients of quartz in H,O in
single crystals with internally underpressurized inclu-
sions may enhance the growth of small strain-free bub-
bles to optically visible implosion halos in a three-dimen-
sional spatial arrangement at the expense of larger syn-
thetic fluid inclusions.

Comparable processes of H,O migration along defect
microstructures and recovery processes are suggested to

Fig, A2a,b. Stereographic projections in Wulff nets of crystallo-
graphic characteristics identified in the TEM micrographs of
Fig. Al. a Basal, prismatic, and rhombohedric planes are identified
with Miller-Bravais indices, {0001}, {1010} and {1011}, respective-
ly. The diffraction patterns of Fig. Al are shown as great-circles
(solid lines A, B, and C), corresponding to Fig. Alab, and c, respec-
tively. The poles of these planes are indicated with P,, Py, and Pe.
The diamonds are projected lines of 8 from Fig. Al in each diffrac-

be operative in natural samples. The high dislocation
density and amount of small strain-free bubbles observed
in quartz lenses around inclusions from Naxos (Greece)
are very similar to that observed in experimentally re-
equilibrated synthetic inclusions, and provide many
routes for non-decrepitative preferential H,O leakage.
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Fig. Ala—c. Bright field TEM micrographs of
the planar defects in Fig. 3F taken at three
different orientations. The corresponding dif-
fraction spots are indexed as x and y, {1120}
and {0001} in (a) {1070} and {1101} in (b),
{2031} and {0171} in (c) respectively. The
orientation of several projected lines, which
are used to measure the orientation of the
planar defects, are accented with short solid
lines (2, 3, 4, 5, 6, and 8) in each micrograph.
The planar defects indicated with arrows in
b are edged-on

tion pattern. The dashed lines are great-circles through the projected
lines and P,, Py, or P..

b The real orientation of the lines 2, 3, 4, 5, 6, and 8 are shown as
black smudges which indicate the error in measurement. The dashed
great-circles are the planes defined by these lines and seem to be
crystallographically controlled. The reciprocal lattice vectors (pole)
of these great-circles are indexed, (1010), (0170), (1100), (3210), and
(3212), and indicated with squares



Appendix
Orientation of planar defects

Two methods were used to determine crystallographic orientations
of planar defects in Fig. 3F:

1. The specimen was tilted in the microscope until the planar defect
was paralicl to the incident beam direction. The crystallographic
indices of the edged-on planar defects in Fig. Alb (arrows) were
identified as {1070}

2. The specimen could not be tilted parallel to the beam for other
planar defects. Therefore, determination of these planar defects is
based on the principle that a plane is delined by two non-parallel
lines. The lines are defined by the intersection of two planar features
(e.g. lines 5, 6, and 8 in Fig. Al) or by traces of the defects in the
specimen foil (e.g. lines 2, 3, and 4 in Fig. Al). Fach of these lines is
a projection on a TEM micrograph, therefore, several micrographs
with different diffraction patterns arc required to obtain the real
orientation of each line. The angle between the projected line (e.g.
the diamonds in Fig. A2a for line 8) and the known orientation of
the diffraction pattern was measured and plotted into a Wulff net.
The great-circle is determined through the projected line and the
incident beam direction (e.g. P, in Fig. A2a), which is perpendicular
to the diffraction pattern. This procedure is repeated for the identi-
cal planar defect on micrographs with different orientations
(Fig. A2a). Intersection of the obtained great-circles gives the re-
quired orientation of the line. The results of the measurements are
shown in Fig. A2b. All planar defects were constructed from two or
three lines which define a plane. The planar defects could be fitted
to distinct crystallographic orientations, {1010}, {3210}, and {3212}
in Fig. A2b.
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