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Kinematics of crystal growth in syntectonic fibrous veins
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Abstract—Detailed observations of a set of fibrous antitaxial calcite veins in a slate reveal that some of the calcite
fibres do not connect matenial markers on both sides of the vein and can therefore not have tracked the full
opening trajectory during vein growth. This calls for a better understanding of the mechanisms of fibre formation
and reliable criteria to test the tracking hypothesis. Based on surface roughness characteristics of the vein wall we
develop a simple model for shape-growth of crystals in a crack-seal environment which can account for both
tracking and non-tracking behaviours, and propose a set of ‘tracking criteria’ for antitaxial vems. Finally we
discuss ways by which the model can be tested against natural examples.

INTRODUCTION

SYNTECTONIC veins containing mineral grains with a
pronounced fibrous morphology are common in rocks at
metamorphic grades of greenschist facies and lower.
They often occur together with veins which contain
more equant infill morphologies, and are generally com-
posed of calcite or quartz.

The fibrous morphologies are quite different from
what is expected for growth of these minerals in a fluid
filled cavity, where more equant growth habits are
generally developed (Beach 1977).

Although it is not yet entirely clear how, repeated
crack-seal events appear to play an essential role in the
formation of fibrous morphologies, somehow inter-
fering with the normal growth competition process
which produces ingot textures and euhedral crystals
(Grigor’ev 1965, Ramsay 1980, Cox & Etheridge 1983,
van der Pluijm 1984, Cox et al. 1986, Mawer 1987). Note
that in this paper we do not consider minerals which
develop fibrous habits when growing in a free fluid.

Durney & Ramsay (1973) recognized two main types
of crack-seal veins. In antitaxial veins crystal growth
takes place with the vein filling as a substrate, towards
the wall rock, and on only one side of the crack. In
syntaxial veins crystals grow on the wall rock or frac-
tured vein material, towards the vein centre, on both
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sides of the crack. Which of the two mechanisms will
operate seems to depend mainly on material contrast
between wall rock and vein material.

A striking feature of many vein fibres is their mark-
edly curved shape, without the crystal lattice having the
corresponding curvature. This led Durney & Ramsay
(1973) to propose that the curvature was developed
during crystal growth, with the fibre axis extending
parallel to the opening vector of the corresponding
cracking event. This gave fibrous veins great promise as
a tool for deciphering progressive deformation histories
in rocks, and at present fibres are a well established tool
for structural geologists (Ramsay & Huber 1983, p. 235,
Beutner & Diegel 1985, Ellis 1986, Passchier & Urai
1988).

Less attention has been paid to the tracking hypoth-
esis itself, that is to ask questions like: do fibres track the
incremental opening direction in all cases, by what
mechanism, how does their shape reflect opening histor-
ies, and what microstructural criteria are available to
test the tracking hypothesis? This is in spite of the
Durney & Ramsay (1973) and Cox & Etheridge (1983)
papers where examples of non-tracking fibres were con-
vincingly described. This was further substantiated by
recent papers (Cox 1987, Williams & Urai 1986, 1989)
documenting more examples of veins where fibres did
not track the opening direction. As the veins described
by these authors have common morphologies, it is
possible that the observations have a more general
validity, casting doubt on results of earlier work where
the tracking hypothesis was not tested.

The aim of this paper is first to give a detailed
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description of a set of veins in which some fibres show
microstructures consistent with the tracking hypothesis
but others have not tracked the full opening trajectory,
and second to propose a simple model for crystal growth
n a crack-seal environment which has the potential to
explan both types of behaviour.

DATA
Sample descripnon—macroscopic

In this work we studied in detail a set of veins taken
from a slate quarry on the north side of highway #4 in
New York state, 3 km southwest of the New York—
Vermont border. The regional geological setting is in an
internally folded thrust slice, bounded by melanges of
the Taconic thrust system (see Bosworth & Kidd 1985,
and fig. 12 of Bosworth & Vollmer 1981 for an illus-
tration of the large-scale structure). From the map of
Bosworth & Kidd (1985) 1t can be seen that the quarry is
located on the normal limb of a tight to isoclinal
syncline-anticline pair. Passchier & Urai (1988) dis-
cussed an early set of veins from this outcrop. In this
paper we concentrate on second generation veins which
grew during the later stages of deformation.

The samples investigated consist of a host rock of fine-
grained black slate, containing a series of quartz, calcite
or mica rich layers, often less than 1 mm thick. These
provide excellent markers for correlating material posi-
tions on either side of the veins. The rock is cut by up to
5mm thick calcite veins, most of which are distinctly
fibrous in hand specimen. The plane containing the
curved fibres in most samples is approximately perpen-
dicular to the intersection of bedding, cleavage and vein.

Thin sections were cut perpendicular to cleavage and
contain the plane of curved fibres as accurately as could
be determined in hand specimen (within a few degrees).
They were doubly polished to thicknesses less than 10
um and examined in transmitted light, cathodelumines-
cence (CL) and electron microscopy (backscattered
SEM and TEM). Observations pertinent to this study
are given below.

Microstructures

Most veins are fibrous in thin section, but in a number
of samples fibrous and blocky veins occur together.

Fibrous veins. These commonly display a well-defined
median line (Durney & Ramsay 1973) defined by a thin
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band ot fine-gramned calcite, second-phase particles, and
a discontinuity 1n the CL intensity pattern (Figs. 1-3)
Calcite grains have dimensionsof upto 0.1 x 0 1 X 2mm
and locally extend from vein wall to vein wall (Figs. le &
f and 3a). More frequently they are strongly elongate but
die out before reaching the other vein wall, locally
because the fibre long axis 1s not exactly parallel to the
thin section plane, or due to a discontinuity in the
microstructure (Figs. la—c and 3b) coincident with CL
zonation Fibre thickness 1s quite continuous along the
length of fibres which extend from wall to wall, but tends
to increase from the median line towards the vein wall
across the discontinuities mentioned above. Calcite
grain boundaries are generally smooth and gently
curved.

There are various heterogeneously distributed signs
of crystal plastic deformation in some veins. Grains may
show quite strong twinmng and undulose extinction, the
development of subgrains and rare incipient formation
of new grains by grain boundary migration which tends
to destroy existing CL zonations. These veins belong to
the first, more strongly deformed vein generation (Pass-
chier & Urai 1988) with a more complicated structure.
They are not discussed further in this paper Some veins
have a composite structure, consisting of a deformed
core with an optically undeformed outer part (e.g. Figs.
1g and 4a). The majority of veins studied in this work
contain optically almost undeformed fibres with minor
twinning.

Fibre curvature varies from sample to sample but 1s
roughly consistent within each hand specimen. It 1s
unrelated to optical deformation features. Fibres may be
curved up to 90° without significant optically visible
deformation features

In CL mode the veins show a well defined banding due
to discontinuities in CL intensity and colour. The band-
ing is subparallel to the vein wall and symmetrically
arranged with respect to the median line (see Fig. 1)
Individual bands have shapes intermediate between
those of the median line and the wall rock. In a number
of examples smaller scale irregularities in wall rock
shape are matched by similar irregularities in the CL
banding (Fig. 1d). Discontinuities in CL intensity fre-
quently correspond to sharp changes in fibre boundary
orientations, or to the discontinuous changes in fibre
thickness described above.

Using the terminations of fine-scale lithological band-
ing at the vein wall as markers, two different types of
veins can be distinguished: (i) veins in which fibres (or
elongate grains) connect markers across a vein (Figs. le
& f, 2a and 3¢ & d}; and (ii) veins in which fibres do

Fig 1 Transmitted light (a, c, e, g) and CL (b, d, f, h) micrographs to show vemn morphologies (a) & (b) A fibrous vem showing growth zopation
symmetric about the median line Optically undeformed fibres change thickness across CL discontinuities Note that fibres do not accurately
connect markers (M) across the vein. This vein is also shown m Fig 2(a) The horizontal edge of each photograph 1s 6.8 mm. (¢) & (d) CL banding
(B) mimicking small-scale irregulanties in the wall rock, with fibres connecting corresponding markers Note the trail of wall rock fragments
mcorporated in the vemn (W) This ven is also shown 1n Fig 2(a). The honizontal edge of each photograph is 1 mm (¢) & (f) Optically
undeformed fibres connecting markers across a small vein. Note the median line marked by CL contrast, and the thin quartz—chlorite vein at the
ven tip, contaiming isolated calcite grains. The horizontal edge of each photograph is 1.6 mm. (g) & (h) A blocky vemn with curved gram
boundanes and CL banding sumilar to that in fibrous veins Note the strongly twinned core overgrown by optically undeformed rim The
horizontal edge of each photograph 1s 0.7 mm
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Fig. 2 (a) & (b) Micrographs showing veins in which fibres accurately connect markers, together with verns in which fibres
do not connect markers Vein A is shown in detail in Fig. 1(a), vemn B n Fig. 1(c) and vein C n Fig. 1(e). The long edge of
each photograph ts 30 mm
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Fig. 3. (a) Fibrous vein showing curved, optically undeformed fibres extending from vein wall to vein wall, and a well

defined median line. The horizontal edge of the photograph 1s 2.6 mm. (b) Curved fibres changing thickness across sharp

bands These usually correspond to CL contrast (cf. Fig. 1). The horizontal edge of the photograph is 2.6 mm. (c) & (d)

Veins with fibres connecting markers (O, T) across the vein. The horizontal edge of each photograph 15 6.5 mm. (¢) Vein in

which fibres connect one set of markers (O) but fail to connect another set (T). The horizontal edge of the photograph1s6 5
mm (f) Vein in which fibres do not connect markers (O) The horizontal edge of the photograph 1s 6.5 mm.
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Fig. 4 (a) Vem with deformed, blocky core and fibrous nm The honizontal edge of the photograph 1s 1 mm. (b) & (¢)

Calcite—quartz selvage boundaries. See text for explanation. The horizontal edge of the photographs 15 0.3 mm (d) TEM

mucrograph of typical intrafibre dislocation substructure, showing isolated curved dislocations, loops and nodal ponts.
Scale bar 1s 1 um
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not connect markers across the vein (Figs. la&b,2a &b
and 3f). In both types, however, the sense of curvature
of the fibres is always consistent with the apparent
displacement of the markers. Both types are found in a
single thin section, and even within a single vein (Figs. 2
and 3e). (It should be noted here that in the photographs
shown in Figs. 1, 3 and 4 markers cannot always be
correlated uniquely across the vein. This correlation was
made using whole thin section micrographs for all
markers referred to in the figure captions.)

TEM observations were made on typical fibres
extending from the median line to the vein wall, curved
approximately 40° with minor undulose extinction (Fig.
4d). The defect structure consists of minor e-twins, a few
fluid inclusions and the following dislocation substruc-
ture: curved free dislocations, dislocation loops and
isolated nodal points. Preliminary contrast analyses re-
veal (1102) Burgers vectors, indicating most likely f- and
r-slip ({1011}1102) and {0221}(1102), respectively).
Most of the dislocations can be shown to have climbed
out of their glide planes, indicating dislocation creep
processes. However, organized dislocation networks
occur only to a limited extent. Dislocation density is
around 108 cm™2, and fairly homogeneous over the fibre
length. Fluid inclusions occur either along e-twins and
isolated dislocations or as isolated bubbles, sometimes
arranged in lines.

‘Blocky’ veins. About 20% of the veins studied con-
tain large, more or less equant calcite crystals, giving
them a blocky appearance. Veins changing laterally
from fibrous to blocky, and veins with a blocky core
overgrown by a fibrous outer part (Fig. 4a) are found
locally. In a number of blocky veins grain boundaries
have identical curvatures to fibre boundaries in the same
sample (Figs. 1g & h). In addition, CL patterns of both
fibrous and blocky veins are very similar, showing the
same banding symmetrical about a median line with
comparable sequences of intensity changes.

Growth surface morphology. All veins show a thin
quartz—chlorite selvage between the calcite and the slate
wall rock (see Figs. 4b & c), similar to the ones described
in Ramsay & Huber (1983) and Williams & Urai (1989).
Wherever small wall rock fragments are enclosed in
complex veins initially consisting of more than one
branch (as shown by CL zonation), the fragments have
an identical quartz—chlorite selvage. In sharp vein tips
the selvage from both sides of the vein coalesces into a
thin, syntaxial quartz—chlorite vein approximately along
the extension of the median line, containing occasional
isolated calcite grains (Fig. le). Identical quartz—
chlorite veins also occur unconnected to calcite veinsin a
number of cases (e.g. Fig. 2a).

At higher magnification, the quartz—chlorite selvage is
often fibrous, with the fibres at a high angle to the vein
wall, increasing in width toward the vein center. The
boundary of the selvage with the calcite vein fill is
irregular in shape, down to the submicron scale. The
boundary generally has a dominant wavelength com-
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ponent of the same order of magnitude as the fibre
diameter, and is generally non-interlocking with the vein
material. When examined in detail, the fibre boundaries
show a tendency to be located near points in this bound-
ary which are closest to the median line.

INTERPRETATION OF THE MICROSTRUCTURES

Following normal practice (e.g. Richter & Zinkerna-
gel 1981, Dietrich & Grant 1985, Machel 1985, Solomon
1989) we interpret the bands of CL discontinuities as
marking traces of a growth surface at successive growth
increments, the differences in CL intensity being due
either to changes in the geochemistry and temperature
of the fluid (cf. Rye & Bradbury 1980), or to variation in
crystal growth rate (ten Have & Heynen 1985). Both the
symmetrical CL banding and the fibres extending across
the median line are good evidence for antitaxial accre-
tion of the veins, with simultaneous growth of all fibres
from the median line towards the vein wall, and fractur-
ing and growth at the quartz selvage-vein contact. The
symmetry in the CL band shows that mean rates of
accretion at opposing boundaries were more or less
equal, and that the vein aspect ratio generally decreased
during vein accretion. (Note that no information is
present on the time-continuity of opening, and the veins
may well have opened during several distinct periods of
fluid movement, separated by periods of deformation
without vein accretion.)

The available evidence suggests that alarge part of the
quartz—chlorite selvage grew syntaxially from the slate
surface at an early stage of vein development, with
possible additional growth at a later stage. On the other
hand, the absence of calcite in the country rock around
most veins suggests that calcite growth started with a
nucleation stage. The difference between blocky and
fibrous calcite morphologies may then be either due to
differences in nucleation rates (producing differences in
initial calcite grain size), or to the presence or absence of
isolated fracture arrays during the initial opening stage
(cf. Fig. le), the size of which determined the initial
calcite grain size and shape.

As argued by Passchier & Urai (1988), vein accretion
took place in a rock which was undergoing strongly non-
coaxial deformation. The growing veins were rotating
with respect to the instantaneous stretching axes, and
depending on local variations in wall rock strengths,
some veins could have deformed internally at different
stages of growth. This agrees with some veins having a
deformed center, overgrown by an undeformed rim, and
is also supported by the TEM observations. These
indicate plastic deformation of the fibres with low over-
all strains (less than a few per cent).

Optically continuous fibres with a curved shape can be
formed by one or a combination of the following pro-
cesses (see Williams & Urai 1989): (i) growth in a curved
shape; (ii) plastic deformation of initially straight or less
curved fibres; or (iii) process (ii), followed by grain
boundary migration recrystallization. Williams & Urai
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(1989) showed that lattice curvature in the case of
imtiaily straight fibres which are bent during subsequent
deformation should be quite variable from grain to grain
but generally less than the grain shape curvature How-
ever, 1n at least a number of veins in the present set of
samples grain shape curvatures of up to 90° are accom-
panied by lattice curvature less than a few degrees in all
grains (Fig. 3a). Thus we reject mechanism (ii) for these
particular veins, but note that most veins have suffered a
small amount of plastic deformation as shown by the
common weak undulose extinction and the TEM dislo-
cation substructure.

Deformation-induced recrystallization can also pro-
duce optically strain-free grains from bent originals by
selective new grain growth through interiors of indi-
vidual deformed grams (Williams & Urai 1989). How-
ever, the presence of a clear CL banding which is
continuous over many grains is evidence against this
interpretation in the samples studied. CL contrast in
calcite is a sensitive function of Mn and Fe trace concen-
trations (ten Have & Heynen 1985). This type of zona-
tion can reasonably be expected to be disturbed or
destroyed by grain boundary migration, because of the
ability of grain boundaries to transport segregated
impurities through the material (e.g. Guillopé & Poirier
1979, Drury & Urai 1990). In recrystallized first gener-
ation veins in the samples studied and in other calcite
tectonites CL zonation can indeed be shown to be
modified by recrystallization. This argues against mech-
anism (iii) and we prefer the interpretation of fibre
curvature 1n these veins as an original growth feature

As pointed out above, a criterion for testing the
tracking hypothesis 1s to check if fibres connect material
markers on both sides of the vein. In many of the veins
studied this 1s indeed the case. Occasionally the smaller
scale irregularities in CL banding provide internal
markers which are also connected by the fibres. In other
veins however, fibres do not connect material markers
on both sides of the vein; therefore in these veins fibre
curvature cannot be a simple consequence of the fibres
tracking the full opening trajectory, by whatever mech-
anism. Similar conclusions were arrived at by Cox (1987)
and Williams & Urai (1986, 1989).

An alternative explanation for the formation of ‘non-
tracking’ fibres is by assuming a shear fracture at the site
of the future vein, so that markers are displaced before
the fibres start growing parallel to the opening trajec-
tory. In the veins studied the mismatch between fibres
and the markers is about one-tenth of the vein length,
which 1s a common length-displacement ratio of faults.
However, in this case one would expect the mismatch to
be maximal at the middle of the vein, decreasing towards
the ends, which is not the case in the samples studied.
Also the case of the vein where only part of the fibres are
non-tracking cannot be explained by this mechanism.

In summary, the fibres studied have a curvature
formed during growth, but their long axes cannot have
grown parallel to the opening direction in all cases.
Thus, before vein fibres can be confidently used to
analyse progressive deformation histories, we have to
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develop a better understanding of the processes 1n-
volved in curved fibre growth

A MODEL FOR THE GROWTH OF CURVED
VEIN FIBRES

In what follows we present a simple model for crystal
growth in a crack—seal environment. We consider the
case of an antitaxial vein filled by a crack-seal mechan-
ism The crack 1s localized along the vein-wall rock
boundary, and growth takes place on the vein surface
only. We make the following assumptions (these will be
examined at a later stage): (1) the fracture is completely
filled before the next cracking event occurs, and the vein
is accreted by a large number of these events, all of more
or less similar magnitude. (The magnitude of the open-
ing vector need not be the same as the thickness of the
growth increment, i.e. the crack may close partly during
growth.) In addition we assume (2) that crystal growth
rates are isotropic, that is, the growth surface propagates
equally fast in all directions; and (3) that all interfaces
considered have parallel lines of intersection, that is the
model is two-dimensional.

Based on these assumptions, vein accretion will occur
following the simple rules shown in Fig. 5. Here the
vein-wall rock boundary 1s defined by the two planar
segments A—B—C. The figure shows the details of three
crack-seal events, along an opening trajectory described
by non-parallel vectors. As a consequence of assump-
tion (2), the growth surface remains parallel to its
original shape, and the crack is not sealed simul-
taneously along its length. Considering the propagation
of three representative grain boundaries (B1, B2 and
B3) 1t 1s easily seen that two types of trajectories are
possible: along lines perpendicular to the growth surface
(B1 and B3) or along the bisector of two growth surfaces
meeting in a corner (B2) These two modes of grain
boundary propagation are a simple consequence of
assumption (2) and they define all elements of the shape
growth process described below.

Using the simple rules derived above we can now
simulate vein growth using different combinations of
starting grain diameter, crack geometry and opening
trajectory. The simplest case of a planar crack 1s shown
in Fig. 6(a). Here, successive crack—seal events produce
fibrous crystals, which propagate perpendicular to the
growth surface, independently of the opening history of
the vein.

Let us now develop the simulations further and con-
sider the crystal shapes produced using a crack shape
defined by straight line segments (A-A’, Fig. 6b), along
an opening trajectory composed of two straight parts.
Assuming a starting grain boundary configuration as
shown, it can be seen that most grain boundaries, (and
thus the grain shapes) follow the opening trajectory
quite closely. Thus using a simple set of assumptions to
model vein accretion we can simulate the growth of
curved fibrous crystal shapes which follow the opening
trajectory of the vein.
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opening
trajectory

growth
increments

fracture surfaces

Fig 5 Anilustration of grain boundary propagation in an antitaxial crack-seal vein, assuming 1sotropic growth kinetics.
(a) Immedaately after a cracking event (opening vector marked by white arrow). The wall rock-fluid interface 1s defined by
the two planar sections A~-B—C. Three representative grain boundaries in the vein material are marked B1, B2 and B3.
(b) Duning the first sealing event, the growth surface has propagated equal distances everywhere. Therefore the three grain
boundanes extend perpendicular to the growth surface. The grey line indicates the initial crack surface, and the thin black
line marks the position of the growth surface at an earlier stage. () Sealing is almost complete. B1 and B3 have propagated
perpendicular to the growth surface, but B2 has reached the corner in the growth surface and must from then on propagate
along the bisectrix of the segments until the end of this seal event. (d) After three completed crack-seal events Note how B2
has started propagating perpendicular to the growth surface at the beginning of each sealing event, and continued along the
bisectrix of the segments after reaching the corner i the growth surface

The procedure for the simulations is as follows. First
one defines a median line, the wall rock boundary
defined by a series of connected line segments, and an
opening trajectory defined by a series of vectors. Then a
number of grain boundaries are defined, connecting the
median line and the wall rock boundary. The wall rock
boundary is translated by the first opening trajectory
vector, and the grain boundaries extended to ‘fill the
gap’ following the rules outlined above. This process is
repeated for all vectors of the opening trajectory. Note
that we do not attempt to model the nucleation stage of
the vein fill; the starting grain boundary configurations
in the simulations are chosen arbitrarily. An infinite

number of starting grain boundary configurations are
possible with a given wall rock shape.

The simulations are characterized by the following
geometrical elements (Fig. 6): opening increment length
x, the wavelength A2 and amplitude y of crack irregu-
larities, and the angle a between the incremental open-
ing vector and the local orientation of the crack surface.
In addition we define 8 as 2 arctan(4/2y). Variations in
these parameters determine fibre morphology. For
example, in Fig. 6(c) y is decreased by a factor 3, in a
situation otherwise identical to Fig. 6(b). It can be seen
that although the fibrous shape is still maintained and
the fibre long axis is slightly oblique to the enveloping
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opening
trajectory

MEDIAN LINE

Fig 6. Results of simulations of the development of antitaxial veins, using the model described 1n the text. (a) Vein growth
n aplanar crack Note that fibres are straight irrespective of the shape of the opening trajectory (b) The same situation as in
(a), but with an irregular crack surface (A-A"), showing the growth of curved fibres which track the opening trajectory The
insert shows the geometnical elements discussed 1n the text (c) As in (b) but with a lower value of y (amplitude of crack
wregularities) Note that fibres do not track the openmg trajectory (d) As in (b) but with a larger value of x/4 Note that
fibres do not track the opening trajectory. (¢) Effect of more comphcated crack shapes Note that fibres track the opeming
trajectory, and that fibre boundaries tend to follow depresstons in the growth surface (f) Effect of a second wavelength
component (of the order of x) in the crack surface Note that the tendency for fibre boundaries to be located near the man
depressions 1n the growth surface becomes less
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TRACKING EFFICIENCY

100

WALL ROCK

b

Fig. 7. (a) Tras:kmg efficiency as a function of a and 8. The nsert
shows the definitions of a and 8 (b) Cartoon illustrating the definition
of tracking efficiency E,. See text for explanation

surface of the crack, the fibre does not track the opening
trajectory. It is easily verified that in this case the main
geometrical factor determining ‘tracking efficiency’ is
the angle a between the incremental opening vector and
the local orientation of the crack surface.

Another important factor in the model is illustrated in
Fig. 6(d). Here we use the same crack shape and opening
trajectory as in Fig. 6(b), but with a larger increment
length x. It can be seen again that the fibres do not track
the opening trajectory. The important parameter here is
the ratio of the wavelength of the crack irregularities to
the increment length, x/A1.

In summary, the model predicts, somewhat loosely, a
‘tracking criterion’ given by: a >90° and x <« 4. If this
criterion is not met, fibres will track the opening direc-
tion only partially. We define tracking efficiency E, of a
fibre as E,=x¢x,, where x; is the vein parallel displace-
ment recorded by the fibre and x,, is the vein-parallel
component of the net opening vector. For a simple
symmetric crack geometry E, can be expressed as a
function of the angles @ and § for x << A. Figure 7 is a plot
of E, as a function of a, for different values of 8. It can be
seen that even for reasonably rough surfaces, at a <90°
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the tracking efficiency quickly decreases to values well
below 1.

Figure 6(e) further illustrates the consequences of
more complicated crack shapes on fibre morphology. A
number of aspects can be noted. First, as already seen in
Fig. 6(a), grain boundaries have the tendency to grow
towards the local depressions in the growth surface, (i.e.
points closest to the median line). This means that in the
case of a sufficiently fine-grained initial vein, a certain
amount of growth selection may take place without the
presence of anisotropic growth kinetics, the dominant
fibre size being determined by the wavelength 4. If the
initial crystal size is larger than 4, no increase of fibre
thickness is possible, but the grain boundaries will pro-
pagate following the same rules as described above. For
sufficiently large starting grain diameters blocky grains
with their boundaries along the opening trajectory may
be formed (cf. Fig. 1g).

In the case of more complicated natural crack geom-
etries the wavelength A cannot be simply defined. How-
ever, from Fig. 6 it is clear that irregularities with a
wavelength smaller than x will not have a noticeable
effect on grain boundary propagation. Here for practical
purposes A can be taken at about 100x. This is further
illustrated in the simulation of Fig. 6(f), where the fibre
boundaries follow second-order irregularities in the
crack surface.

A further necessary condition for the simulation to
work is that the crack can be opened without the two

WALL ROCK

Fig. 8. Simulation similar to those in Fig 6, but with one section
where vein and wall rock have interlocking shapes. (a) During the
crack event the vein 1s fractured along A~B and 1n this section the crack
1s sealed by growth from both sides of the crack. Assuming the same
rules as defined 1n Fig. 5 for both surfaces, and repeated fracturing
along A-B, the resulting vein morphology is shown in (b). Broken
lines indicate healed cracks in the fibre (1n nature possibly marked by
fluid inclusion trails) Note the small steps in the fibre boundary: these
have already been described by Cox & Etheridge (1983)
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Fig 9 (a) Syntaxial crack-seal vein developed by delocalized crack-
ing (after Cox & Ethenidge 1983) The simulation was done assuming
the same rules as shown m Fig 5, but with growth occurring simul-
taneously on both sides of the crack. Three grams are drawn to
tllustrate the expected optical continuity of a stretched crystal Two
others are contoured according to age of accretion. Numbers refer to
successive crack-seal events, dashed lines mark the sites of each seal
and legend shows material added dunng the corresponding seal event.
Note the complicated distribution of material added during the first
seal event. (b) Curved opemng trajectory composed of 21 successive
numbered mcrements (left), and the fibre shape expected after syntax-
1al growth and delocalized cracking in a vemn opening along this
trajectory (right) See text for discussion

boundaries intersecting during opening. If this condition
1s not met, one of the two boundaries has to deform to
allow further opening. In nature this probably corre-
sponds to parts of the wall rock or the vein fill being
broken off during opening of the crack. This will result in
either small pieces of the wall rock being incorporated
into the vein (cf. Fig. 1d) or internal fracturing of a fibre
which may then continue growing by a syntaxial mech-
anism for some time (Fig. 8). It 1s indeed not uncommon
to find vein-parallel trails of inclusions in antitaxial fibres
indicating some degree of internal fracturing and syntax-
1a] accretion
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In an important paper. Cox & Ethenidge (1983) de-
scribed a number of processes by which syntaxial fibrous
veins can be accreted They showed that fibres inclined
to the vein wall may be formed by repeated de-localized
fracturing 1n the vein Such fibres are referred to by
Durney & Ramsay (1973) as stretched crystals’. Using
the model presented 1n this paper 1t 1s also possible to
simulate syntaxial vein growth This 1s illustrated in Fig
9(a). As noted by Durney & Ramsay (1973) and Cox &
Etheridge (1983), fibre shape does not necessarily re-
flect the true opening trajectory because the fibre incre-
ments recording each incremental opening vector may
not be stacked n the correct chronological sequence
Another important property of this type of fibre growth
1s that 1n the case of curved opemng trajectories, fully
delocalized fracturing produces more or less straight
fibres, due to random stacking of small sections of a
curved trajectory (Fig. 9b).

DISCUSSION

For the case of veins fracturing and accreting in the
same structural setting, (syntaxially or antitaxially) our
model is capable of producing natural-looking curved
fibres. Although the model is quite simple, it offers a
mechanism by which fibres may fully or partially track
the opening trajectory.

In addition it provides a number of predictions which
can be tested against natural examples. Depending on
the details of the surface roughness and opening history
fibres may or may not connect markers, even in a single
vein. The model is capable of producing fibres varying
from perpendicular to the wall rock to fully tracking.
However it cannot produce fibres which show more
offset than the markers or show an offset in the opposite
direction to that of the markers. In all the examples
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Fig 10 Simulation of antitaxial fibre growth in a pressure fringe

around angid crystal Cracking and accretion take place at the crystal-

fibre interface, which 1s assumed to be smooth In addition we assume

no deformation of the pressure fringe. (a) There is no rotational

component, and straight ‘face-controlled’ fibres are produced. (b)

There 1s a totational component during opemng, producing curved
fibres
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exammed by us to date, where suitable markers were
present, this indeed seems to be the case. Fibres chang-
ing thickness during vein accretion (e.g. Fig. 3b) can be
explained by the model by assuming changes in the crack
shape during vein accretion, possibly by a stage of
renewed growth of the quartz—chlorite selvage.

Veins opening with flat crack surfaces (cf. Fig. 6a)
provide another situation against which the model can
be tested. For example, fibrous quartz is frequently
found in pressure fringes around euhedral pyrite crystals
(Spry 1969, White & Wilson 1978, Ramsay & Huber
1983, p. 265). Here it is commonly inferred that accre-
tion occurs at the quartz—pyrite interface, and fibres
grow perpendicular to the pyrite faces, producing ‘face
controlled’ fibres (fig. 14.10 in Ramsay & Huber, 1983).
Using our model to simulate this situation (Fig. 10) it can
be seen that depending on the presence of a rotational
component in the motion of the wall rock with respect to
the pyrite crystal, it predicts either straight or curved
fibres growing perpendicular to the growth surface (see
also Cox & Etheridge 1983). The model also predicts
that the difference between ‘face-controlled’ and
‘displacement-controlled’ fibre morphologies (Ramsay
& Huber 1983, p. 268) will be determined by the pyrite
surface morphology.

At this stage we examine the assumptions of the
model in more detail.

Assumption (1): cracks are filled completely before the
next cracking event. In the absence of second-phase
inclusion trails (see Ramsay 1980) we do not have any
direct evidence for a crack-seal mechanism of accretion
in the veins studied. Assumption (1) is certainly not
alwaysvalidinnature, for example Fisher & Byrne (1990)
described veins in which only part of the fibres grew fast
enough to seal the crack in each event, and the space
between these crystals was filled later by slower growing
crystals. When assumption (1) is relaxed, the model can
still generate fibrous morphologies with straight, non-
parallel grain boundaries, but with fibres growing inde-
pendently of the opening trajectory. Note however thata
crack-seal process is thought to be essential in maintain-
ing assumption (2), as explained below.

Assumption (2): crystal growth rates are isotropic.
If a single crystal with smooth but arbitrarily cut
(irrational), surfaces is placed in a slightly supersatur-
ated solution, growth of this crystal can occur in two
different ways (Bennema 1974, Sunagawa 1982, Ben-
nema & van der Eerden 1987. (a) The initially smooth
surface is gradually coarsened, and becomes covered by
slow growing F faces (Hartman 1973). This anisotropic
growth will result in F faces gradually determining
crystal morphology: this is the commonly observed pro-
cess by which euhedral crystals grow from solution.
Growth mechanisms on these F faces are spiral growth at
screw dislocation terminations or two-dimensional nu-
cleation. (b) Above some critical value of temperature
the flat faces undergo the so-called roughening tran-
sition (Bennema 1974). Under these conditions the
formation of flat faces is not possible, and growth rates
become a linear function of supersaturation (Nielsen &
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Toft 1984), the rate-limiting step being diffusion through
the boundary layer at the crystal-fluid interface. Growth
rates above the roughening transition tend to be isotro-
pic, producing subspherical crystals.

In terms of crystal growth mechanisms, the funda-
mental difference between a crack-seal process and
growth from a free fluid is that at the end of each crack-
seal increment the crystals are forced to assume the
(irrational) shape of the wall rock. As a consequence,
growth in each seal event starts along these surfaces.
These can in general be considered crystallographically
rough, that is with a large density of atomic scale kinks
on the surface.

Under the hydrothermal growth conditions con-
sidered, quartz and calcite growing in a free fluid tend to
become euhedral. However, the fresh fracture surfaces
after each cracking event can be considered rough until
the first segments with F faces are formed on them. As
shown by inclusion band separations, typical increment
lengths in crack—seal veins are between 0.01 and 0.1 mm
(Ramsay 1980, Cox 1987). Unfortunately no experimen-
tal or theoretical data are available on the rate at which
rough faces become segmented, but it is reasonable to
assume that for opening increments of up to a few tenths
of microns the roughness of the growth surface will be
maintained by the crack—seal mechanism. This will re-
sult in isotropic growth kinetics under conditions where
this would not be predicted from conventional crystal
growth considerations.

On the other hand, if the growth surface is not
growing fast enough to seal the crack after each crack
event, due to small differences in vein opening vs crystal
growth rates, this may result in the switch between
fibrous and euhedral, blocky veins (cf. Mawer 1987).

Assumption (3): the model is two-dimensional.
Three-dimensional simulations using assumptions (1)
and (2) are beyond the scope of the present study.
However in the case of a symmetrical egg-box shaped
wall rock—vein contact it can be quite easily verified that
the same principles as derived in Fig. 10 will hold in
general. In addition, the three-dimensional morphology
of the growth surface has one essential property which is
missing in our two-dimensional model. For crystal
growth from a solution one has to assume fluid transport
along the growth surface in order to deposit enough vein
material to seal the crack. In Fig. 5 it can be seen that
when the growth surface reaches the vein wall, no more
transport along the growth surface is possible. In the
three-dimensional situation however, fluid transport is
expected to occur at a much later stage with transport
along a complex tortuous path.

CONCLUSIONS

Evidence for fibres having tracked the opening trajec-
tory is provided by:

—optically undeformed primary fibres connecting
markers across the vein;

—intermediate positions of the wall rock marked by
CL or inclusion bands;
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—mucrostructural evidence for localized cracking and
accretion

The absence of any of these lines of evidence may lead
to large errors of interpretation. We suggest that fibrous
veins should be studied carefully before attempts are
made to deduce progressive deformation histories from
fibre shapes.

A simple model, assuming crack-seal accretion and
isotropic growth kinetics 1s capable of explaining the
range of presently documented fibrous vein microstruc-
tures.
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