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a b s t r a c t

Syntaxial quartz veins were synthesized by hydrothermal flow-through experiments using rock blocks
(metachert, sandstone, and granite) containing slits. Based on analyses of vein textures using birefrin-
gence imaging microscopy, we identified two stages of crystal growth. During stage 1, quartz grain
growth occurs without an increase in grain width. During stage 2, quartz grains develop facets and grow
preferentially parallel to the c-axis orientation, and the aspect ratio of quartz grains shifts toward w2.9.
Competitive growth occurs significantly at stage 2, and the transition from stage 1e2 occurs at a critical
distance from the vein wall, being approximately equal to the host-rock grain size. Crystal growth in the
slits produce various textures controlled by the ratio of slit aperture (H) to host-rock grain size (d). In
high H/d cracks, elongateeblocky texture develops by grain impingement during stage 2, whereas in low
H/d cracks, crystals that bridge the crack form without competitive growth by grain impingement at
stage 1. Heterogeneous structures of fracture porosity are produced during syntaxial vein formation, due
to the anisotropy in the growth rate of quartz. Such “incompletely sealed” cracks may act as important
fluid pathways and as weak planes in the upper crust.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Quartz veins occur ubiquitously inmid- and upper-crustal rocks,
suggesting that silica precipitation in cracks and faults influences
spatial and temporal variations in the hydrological and mechanical
properties of crustal rocks. Quartz veins show a variety of textures
defined by the shape, size, and crystallographic orientation of
grains in veins and their relation to the wall rock (e.g. Cox and
Etheridge, 1983; Fisher and Brantley, 1992; Bons, 2000; Oliver
and Bons, 2001; Hilgers and Urai, 2002a; Passchier and Trouw,
2005; Okamoto et al., 2008; Van Noten et al., 2011).

Bons (2000) identified four types of vein textures: fibrous,
elongateeblocky, stretched crystal, and blocky. Fibrous veins are
filled by extremely elongate grains that are commonly oriented
perpendicular to the vein wall, and fiber width is constant in the
growth direction (Hilgers and Urai, 2002a). Elongateeblocky veins
are also filled by elongate grains, but with a moderate length/width
ratio, usually less than 10 (Fisher and Brantley, 1992). The grain
width increases in the growth direction. The growth of fibrous and
elongateeblocky veins occurs at localized sites in veins in the
following twoways: syntaxial vein growth that occurs inward from
ac.jp (A. Okamoto), sekine-
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vein surfaces, and antitaxial vein growth that occurs outward from
both sides of the vein (Bons, 2000).

Stretched crystal veins, which also contain elongate grains, form
by repeated crackesealing, with subsequent cracks cutting grains
of the host rock and earlier vein-fillings at various sites (Bons, 2000;
Okamoto et al., 2008; Becker et al., 2011). This type of vein growth is
termed “ataxial”, and is distinct from syntaxial and antitaxial
growth. As a result of ataxial vein growth, grains in the wall rock
bridge over the veins. These veins are characterized by serrated
grain boundaries (e.g. Ramsay and Huber,1987; Stowell et al., 1999).
Blocky veins are filled by equant grains that are interpreted to form
by continuous nucleation plus growth or secondary recrystalliza-
tion in the veins (Oliver and Bons, 2001; Okamoto et al., 2008;
Okamoto and Tsuchiya, 2009). In addition to the four textures
described above, there exist composite veins, in which two or more
of these textures occur together (e.g. Bons, 2000; Passchier and
Trouw, 2005). Vein textures are expected to provide valuable
clues to the nature of the earlier fluid-filled cracks, including
information on fluid chemistry, fluid flow, material transport, and
crack aperture during sealing. However, the interpretation and
analysis of vein texture remains qualitative owing to the compli-
cated mechanisms of vein formation, including fracturing, fluid
transport, and mineral deposition.

An important phenomenon that distinguishes different vein
types is competitive growth, by which grains with favorable
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Fig. 1. Schematic illustrations of (a) the experimental apparatus used in flow-through
experiments, and (b) the rock blocks within the R1 vessel.

A. Okamoto, K. Sekine / Journal of Structural Geology 33 (2011) 1764e1775 1765
orientations and positions survive. Competitive growth occurs
significantly during the formation of elongateeblocky veins, but not
for fibrous and stretched crystal veins. The nature of competitive
growth during vein formation has been studied with numerical
simulations that use kinematic models of two-dimensional poly-
crystalline crystal growth (Urai et al.,1991; Bons, 2001; Hilgers et al.,
2001; Zhang and Adams, 2002; Nollet et al., 2005; Gale et al., 2010).
Hilgers et al. (2001) showed that antitaxial fibrous veins that lack
competitive growth evolvewhen the ratio of crack-opening velocity
to growth rate is low, and when vein wall roughness is high.
Experimental studies of polycrystal growth from an advecting fluid
onto a substrate have been carried out on calcite (Lee et al.,1996; Lee
and Morse, 1999) and alum (Hilgers and Urai, 2002b; Hilgers et al.,
2004; Nollet et al., 2006). In these experiments, distinct competi-
tive growth occurred with the development of crystal facets.

However, it remains unclear whether the insights from
numerical simulations and growth experiments of analog materials
can be directly applied to the development of quartz veins. There
have been few experimental studies on the formation of quartz
veins, with some exceptions (Hilgers and Tenthorey, 2004;
Okamoto et al., 2010). Based on hydrothermal flow-through
experiments, Okamoto et al. (2010) showed that mineralogy in
silica precipitates varies according to the degree of supersaturation
and the presence of minor components in the solutions: metastable
opal-A and opal-C formed predominantly from pure Si solutions,
whereas quartz is the dominant precipitate from Si-supersaturated
solutions with additional Al, Na, and K. Okamoto et al. (2010) re-
ported that epitaxial growth occurred on pre-existing quartz
grains; however, they did not observe competitive growth among
adjacent grains because granite was used as the rock substrate.

Quartz veins with elongateeblocky and stretched crystal
textures are commonly found within a single outcrop, and
a composite texture, involving both texture types, is often found
even in a single vein (Okamoto et al., 2008). The occurrence of such
veins suggests that the difference between these textures is not
controlled by temperature or the type of host rock; indeed, the
controlling factor remains unknown.

In this study, we focus on the syntaxial growth of quartz from
both walls in a crack (bitaxial growth). Bitaxial growth commonly
occurs in the development of elongateeblocky veins. When the
crystals on both sides of the vein wall have the same crystallo-
graphic orientation, growth from both walls can produce a crystal
that bridges the vein and is optically continuous with crystals of the
host rock (Laubach et al., 2004). In this paper, such a crystal is
termed a “crystal bridge”. Stretched crystal veins are considered to
develop via the repeated formation of crystal bridges at different
sites in the vein (Bons, 2000). Therefore, an understanding of the
nature of competitive growth and the formation of crystal bridges
in a crack would aid in the interpretation of spatial variations in
vein textures.

In this study, we synthesized syntaxial quartz veins by hydro-
thermal flow-through experiments. We observed the textures of
polycrystal quartz growth in an open cavity, with a variety of host
rocks (metachert, sandstone, granite). The grain size, aspect ratio, c-
axis fabric, and shape preferred orientation of quartz grains in the
veins were analyzed using a birefringence imaging microscope. The
host rocks used in the experiments contain a slit, as an analog to an
open crack. Based on the observations of polycrystal growth from
both sides of the slit in the host rock and the results of a 2D crystal
growth model, we describe the sealing processes with and without
competitive growth and the formation of crystal bridges, and we
discuss the implications of the findings in terms of the resulting
vein textures. We also discuss the implications of the results
regarding polycrystal growth in a slit for the evolution of fracture
porosity during sealing of an open crack.
2. Synthesis of quartz veins

Syntaxial quartz veins were synthesized at 430 � 1 �C and
31 � 1 MPa by hydrothermal flow-through experiments. The
experimental apparatus was the same as that used in Okamoto
et al. (2010), except for the length of reaction vessels. To create
a horizontal flow path, the system was composed of two stainless-
steel (SUS316) tube-type reaction vessels with inner diameters of
10.8 mm. One vessel was used for the preparation of input solutions
(R0), and the second for precipitation (R1) (Fig. 1a). The lengths of
the R0 and R1 vessels were 510 and 320 mm, respectively. The fluid
pressure (31 MPa) was regulated by a back-pressure valve. The
respective temperatures of the R0 and R1 vessels were 360 � 1 �C
and 430 � 1 �C. High-Si solutions were created in the R0 vessel by
dissolving mixtures of quartz sand (30 g, w1 mm in diameter) and
granite sand (Iidate granite from Japan, 30 g, w1 mm in diameter).
The input solutions were supersaturated with respect to quartz
when reaching the R1 vessel, because the solubility of quartz,
CSi,Qtz,eq, is much higher at 360 �C (450 ppm) than at 430 �C
(98 ppm) (Fournier and Potter, 1982). The Iidate granite is
composed of quartz, plagioclase, alkali feldspar, and biotite. The
input solutions contained minor amounts of Al, Na, and K derived
from feldspars in granite, which enhanced the precipitation of
quartz and prevented the formation of metastable polymorphs,
including opal-A and opal-C (Okamoto et al., 2010).

In the R1 vessel, we set rock blocks with dimensions of
approximately 5 � 5 � 20 mm as substrates. Five kinds of rock
(three metacherts, one sandstone, and one granite) were used
(Table 1). The host rocks had grain sizes ranging between 23 mm
and 798 mm, and modal abundances of quartz, MQtz, were 0.98 in
the metacherts, 0.52 and 0.32 in the sandstone and the granite,
respectively. Each rock block had a slit with a 304e353 mmaperture
that was 10e15 mm in length (Fig. 1b), made using a micro-cutter.



Table 1
Summary of condition for synthetizing quartz veins.

No. Substrate rock type da mm MQtz Other mineral Slit width mm Flow rate g/min Duration h Si ppm

JU3-2CH Metachert from Mino-Tanba metamorphic belt 23 0.98 Ms 304 0.8 188 222e297
JU4-4IK Metachert from the Ryoke metamorphic belt, Japan 140 0.98 Ms 340 1.2 336 147e205
JU4-5IH Metachert from the Ryoke metamorphic belt, Japan 65 0.98 Ms 311 1.2 336 115e147
JU3-6SS Sandstone from the Shimanto accretionary complex, Japan 80 0.52 Clay minerals 353 0.8 188 127e176
JU4-7Gr Iidate granite from Japan 798 0.32 Pl, Kfs, Bt, Oq 348 1.2 336 100e103

a Average grain size of quartz of the host rock.
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Rock blocks were set with the slit oriented horizontally, opening
toward the upstream side.

Two runs were carried out, with a flow rate and duration of
0.8 g/min and 188 h for run 1, and 1.2 g/min and 320 h for run 2,
respectively. In each run, we set five blocks in the downstream half
of the R1 vessel. During the experiments, input and output solutions
were periodically sampled from the capillary tubes. The concen-
trations of Si and Al were determined using an inductively coupled
plasmaeatomic emission spectrometer (ICPeAES; Hitachi P-4000),
while Na and K were determined by atomic absorption spectrom-
etry (Varian AA240FS), both at Tohoku University, Japan. Following
the experiments, the R0 vessel was cut into several segments, and
the reaction products and rock blocks were removed.

The chemistries of the input and output solutions were similar
among the runs, and did not change significantly during individual
runs. The Si content of the input solution, CSi, was 330e367 ppm,
corresponding to a supersaturation ratio, CSi/CSi,eq,Qtz, of w3.5,
which decreased to 101e112 ppm after passing through the R1
vessel. The respective Al, Na, and K contents were 2.6, 3.8 and
1.8 ppm in the input solution, and <0.1, 1.5, and 0.2 ppm in the
output solution. The time-averaged Si concentrations at interme-
diate vessel positions were obtained from CSi values in the input
and output solutions, and by the amount of precipitate at each
vessel segment, following Okamoto et al. (2010).

Some rock blocks were broken when removed from the vessel
because the precipitates caused them to stick tightly to the vessel
wall. We selected five rock blocks (three metacherts, sandstone,
and granite) for detailed observation (Table 1), preparing thin
sections cut normal to the slit and parallel to the long axis of the
blocks. For one metachert sample (JU4-5IH), only the outer surface
of the block was observed in thin section cut parallel to the slit,
because the slit was broken.

3. Method of texture analyses

The quantitative petrological observation of mineral spatial
distribution and crystallographic orientation is known as AVA
(Achsenverteilungsanalyse or axial distribution analysis; Sander,
1950). AVA images are commonly obtained with a computer-
aided optical microscope by taking a series of thin section images
while progressively rotating the polarizer and with a retardation
plate inserted (Heilbronner and Pauli, 1993; Fueten and Goodchild,
2001; Wilson et al., 2007). This method has been applied to the
textural analysis of quartz aggregates in deformed rocks
(Heilbronner and Tullis, 2006) and in veins (Wilson et al., 2009).
Based on the intensity variation observed in a quartz grain during
rotation (e.g. the maximum intensity method suggested by Fueten
and Goodchild, 2001), the c-axis orientation of a quartz grain in
section is determined.

In the present study, textures of synthetic quartz veins were
examined with an AVA imaging system: the Abrio� birefringence
imaging microscope manufactured by Cambridge Research &
Instrumentation. For a detailed explanation of this system, see
Shribak and Oldenbourg (2003). The Abrio imaging system
captures between two and five thin-section images under various
conditions of circular polarized illumination. Liquid-crystal
universal compensators are used for the illumination instead of
the mechanical polarization controllers used in other AVA imaging
systems. In subsequent image processing, the intensity of trans-
mitted light through the optical train, including the thin section, is
derived using Jones calculus. The system performs high-precision
imaging in less than 10 s with unique algorithms, providing the
two-dimensional distribution of retardance and the slow-axis
orientation of birefringent materials. Retardance values range
from 0 to 255, and the slow-axis orientation is given as the angle
between the slow axis and a fixed reference direction, ranging from
0 to 180� in 1� increments. This imaging system has also been
applied to photoelasticity analysis (Sekine et al., 2011).

For quartz, the azimuth of the c-axis, q, is equal to the projection
of the slow-axis orientation onto the thin section plane (Fig. 2a). In
the present study, q ¼ 90� when the projection of the c-axis on the
thin section plane is oriented normal to the vein wall. When the
section thickness, h, is given, the plunge of the c-axis, f (in radians),
defined as the angle between the c-axis and the thin section normal
(Fig. 2a), is derived from retardance as follows:

f ¼ cos�1
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where no and ne are the refractive indices of ordinary and
extraordinary light, which for quartz have respective values of
1.546 and 1.555.

The size of each image pixel was 2.47 mm, and each image
comprised 1392 � 1024 pixels. We combined several images for
vein analysis. It is difficult to know the exact thickness of the thin
section. We assumed the c-axis of quartz grains with maximal
retardation values was oriented normal to the plane of the thin
section. This assumption is reasonable for the analyzed samples
because the c-axis fabric of the host rocks shows a nearly random
distribution, as shown below. Fig. 2b and c show the two-
dimensional distributions of the azimuth (i.e., the projection of
the slow-axis orientation onto the thin section plane), q, and the
plunge (i.e., the angle between the c-axis and the thin section
normal), f, of quartz grains in a metachert block used in a hydro-
thermal experiment (JU3-2CH). This metachert sample was
collected from the low-grade zone of the Ryoke metamorphic belt
in Japan. Color indices indicate a range of q and f values for this
rock. It should be noted that we cannot distinguish the real azi-
muth, q, from q þ 180�. To obtain the unique c-axis orientation, an
additional operation such as section tilting (Heilbronner and Pauli,
1993) or oblique light illumination (Wilson et al., 2007) is required.
However, the data obtained by the Abrio imaging system alone are
sufficient to determine crystal morphology and the angle between
the c-axis and the vein wall (Fig. 2a). The angle between the c-axis
and the plane of the vein wall (0e90�), g (Fig. 2d), is a function of



Fig. 2. (a) Schematic illustration of the system. The thin section was prepared normal to the vein wall. The c-axis orientation of quartz is defined by its azimuth, q, and plunge, f. The
angle between the c-axis orientation and the vein wall plane, a, is a function of q and f. (bed) Orientation images of a quartz aggregate in metachert (sample JU3-2CH) taken with
the birefringence imaging system, showing the (b) plunge, f (0e90�), (c) azimuth, q (0e180�), and (d) c-axis orientation with respect to the vein wall, g (0e90�). The images are
370.5 mm wide (150 pixels). The azimuth is the angle from the horizontal line in the images. (e) Histogram plot of g. The black curve indicates the theoretical random distribution.
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the azimuth, q, and plunge, f, because we prepared thin sections
cut normal to the vein wall. We have derived the strength of the c-
axis fabric intensity of quartz in a vein (V-index) relative to
a random distribution, as follows:

V ¼
Z

jRrndðgÞ � RobsðgÞjdg (2)

A practical calculation is made for individual bins of
a histogram:

V ¼
Xn
i¼1

jRrnd;i � Robs;ij $
p
n
; (3)

where n is the number of bins, Rrnd,i is the theoretical distribution of
g for a random fabric, and Robs,i is the observed distribution of g
(normalized using a number of data points). In the theoretical
distribution of g for a random fabric, the probability between the
angles g1 and g2 (g1 < g2) is calculated as follows (Bloss, 1957):

Rrnd ¼ cosð90+ � g1Þ � cosð90+ � g2Þ (4)

In this study, the bin size is set to 10� (n ¼ 9), where the V-index
ranges from 0 (random fabric) to 1.67 (all c-axis orientations are
normal to the vein wall).

Fig. 2e shows a histogram of c-axis orientations, g, in a quartz
aggregate in the host rock (sample JU3-2CH). The c-axis orienta-
tions in this sample are close to the theoretical random distribution,
and the V-index is 0.147. The random c-axis fabric in this rock is
consistent with the results of analyses of quartz fabric in low-grade
metachert of the Ryoke metamorphic belt, as reported by Okudaira
et al. (2010) based on backscatter electron analyses.
4. Textures of synthetic quartz veins

In the synthetic veins, the epitaxial growth of quartz grains
occurred on pre-existing quartz grain surfaces on outer surfaces
and in the slits (Fig. 3a). Generally, the growth increment in the slit
is less than the growth that occurred on outer surfaces. Most of the
fluid flow was in the outer vessel space, which likely accounts for
the difference in growth rates. The boundaries between veins and
host rocks are clearly observed from fluid inclusion trails (Fig. 3b).
No silica polymorphs other than quartz are observed on rock
blocks, except for minor chalcedony and opal-C in the high-Si
region. Maximum grain height is about 1 mm, found in sample
JU3-5SS (Fig. 3a and c). Sandstone (JU3-6SS, MQtz ¼ 0.52) and
granite (JU4-7GR, MQtz ¼ 0.32) blocks are partially composed of
minerals other than quartz (Fig. 3c and d). A small number of quartz
grains that nucleated in fluid were deposited on other mineral
surfaces in the sandstone sample (JU3-6SS), whereas no precipi-
tates are found in the granite sample (JU4-7GR). The lack of
nucleated quartz grains in the granite sample (JU4-7GR) is
a consequence of the low-Si content of the solution (100e103 ppm;
Table 1), as quartz nucleation is difficult in such low-Si solutions
(Okamoto et al., 2010). In the slit, quartz grain growth occurred
from bothwalls, and some large grains impinged on others growing
from the opposite wall (Fig. 3a and e).

Fluid inclusions are aligned along host rock/vein boundaries in
all samples (Fig. 3b, d and e). In samples JU4-4IK, JU4-5IH, and JU4-
7Gr, abundant fluid inclusions occur within quartz grains in the
veins. Euhedral quartz grains in these samples are commonly
zoned, with a fluid-inclusion-rich core and a fluid-inclusion-poor
rim (Fig. 3f); the outline of the core is similar to the outline of the
euhedral crystal. Most of the fluid inclusions in the veins are
spherical and are <10 mm in size, although some elongate inclu-
sions are greater than 100 mm long (Fig. 3b). These elongate
inclusions are oriented parallel to the long axis of the quartz grain.

4.1. Shape and c-axis orientation of individual quartz grains
growing from the wall

Fig. 4 shows c-axis orientation images of quartz grains growing
from the outer block surfaces into free space. In samples JU3-2CH
(Fig. 4a, metachert), JU4-5IH (Fig. 4b, metachert), and JU3-6SS
(Fig. 4c, sandstone), the lengths of the long axes of most vein
quartz grains are 3e10 times greater than those in the host rock.
Quartz grains are elongate and columnar in shape, commonly
developing hexagonal prism faces m ¼ f1010g, and two rhombo-
hedron faces r ¼ f1011g and z ¼ f0111g, where m, r, and z are
shown in Fig. 4b. In contrast, quartz grains growing from granite
(JU4-7Gr) do not develop columnar shapes (Fig. 4d), but instead
develop hill-like forms. This is a consequence of host-rock grain
size (798 mm) exceeding the size of the vein increment
(300e350 mm).

The long axis and c-axis (azimuth) orientations in the thin
section plane (with respect to the vein wall) were measured for
“well-grown” grains with axial lengths more than three times
greater than the host-rock grain size (Fig. 5a). Well-grown grains
are commonly oriented subnormal to the vein wall. Although grain



Fig. 3. (aee) Photomicrographs, taken with a conventional optical microscope under crossed polarized light, of quartz crystals growing from the substrate surfaces. (a) An entire
view of the sample JU3-6SS (sandstone). (b) JU4-4IK (metachert), (c) JU3-6SS (sandstone) and (d) JU4-7Gr (granite). (e) Photomicrograph of quartz crystals growing in a slit in
sample JU4-4IK (metachert). (f) Photomicrograph (plane-polarized light) of quartz growing from the outer substrate surface of the sample JU4-5IH (metachert). Euhedral quartz
crystals contain a fluid-inclusion-rich core and a fluid-inclusion-poor rim.
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shape observed in thin section is also affected by the plunge of the
grains (the angle with respect to the thin section plane), the
orientation of the long axis is consistent with the c-axis orientation
(Fig. 5a). This finding indicates that quartz grains preferred to grow
parallel to the c-axis. For well-grown grains, the short axis increases
in length from 20 to 400 mm as the long axis increases in length
from 40 to 930 mm (Fig. 5b). The length of the short axis of a well-
grown grain is defined as the maximum length in the direction
normal to the long axis of the grain. In spite of variations in grain
size among veins in different samples, the aspect ratio (long axis
length/short axis length) of well-grown grains is similar in each
case, ranging from almost 2 to 4 (average, w2.9).

4.2. Textures of quartz aggregates growing from the outer surfaces
of the rock blocks

During growth, quartz grains impinge on adjacent grains that
havegrownepitaxiallyon the adjacent host rock grains. Competitive



Fig. 4. c-axis orientation (the angle between the c-axis and the vein wall, g) images of quartz crystals growing from the outer surface of the rock block in (a) JU3-2CH (metachert),
(b) JU4-5IH (metachert), (c) JU3-6SS (sandstone), and (d) JU4-7Gr (granite). Minerals other than quartz in host rocks have a color index of g ¼ 0. The direction of fluid flow is from
left to right, and the initial slit-wall surfaces are shown by dashed lines.
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growth occurred reflecting the quartz c-axis orientations of the host
rock grains. The degree of competitive growth was evaluated using
the number of surviving grains (Fig. 6a) and the V-index (Fig. 6b),
bothwith respect to the normalized distance from the veinwall, L/d,
where L and d are the distance from the vein wall and the average
crystal size in the host rock (d values are given in Table 1), respec-
tively. The number of surviving grains was normalized using the
number of quartz grains at the boundary between the vein and host
rock (L/d ¼ 0). In the normalized plot, the grain number profiles
show a similar trend in four samples (Fig. 6a). The normalized grain
number ranges from 0.8 to 1.2 in host rocks (L/d < 0). In veins, the
grain number is similar to that of the host rock at sites near thewall,
where L/d values are 0e1.6 for JU3-CH (metachert), 0e0.4 for JU4-
5IH (metachert), 0e0.8 for JU4-4IK (metachert), and 0e1.2 for
JU3-6SS (sandstone). In the sandstone sample (JU3-6SS), the
number of grains increases slightly at L/d ¼ 0.6, due to the incor-
porationof nucleatedgrains andgrains growing into the thin section
(Fig. 4c). In contrast, at distances from the wall with L/d > w1, the
number of grains clearly decreases with increasing distance. At the
normalized distance of five, the normalized grain number reaches
w0.2. These results indicate that competitive growth did not occur
at the initial stages of growth: it only became significant when the
growth increments normal to the vein wall reached dimensions
similar to the host-rock grain size (L/d > w1). Hereafter, growth
stages both without (1) and with (2) competitive growth are
referred to as stages 1 and 2, respectively (Fig. 6a).

The V-index was obtained from pixels in individual lines
oriented parallel to the vein wall. The V-index changes systemati-
cally with distance fromveinwall (Fig. 6b). In the host rock, V-index
values are less than 0.5 (Figs. 2e and 6b), indicating that the c-axis
orientation of quartz in the host rock has a nearly random distri-
bution. For veins close to the wall (stage 1, L/d ¼ 0e1) in samples
JU3-2Ch (metachert), JU4-5IH (metachert), and JU3-6SS (sand-
stone), values of the V-index are nearly constant. Although the V-
index shows an immediate increase from the vein wall in sample
JU4-4IK (metachert), the V-index value at a site located close to the
vein wall (L/d ¼ 0.3) is within the range of values in the host rock
(V-index ¼ 0.2e0.5). In stage 2, the V-index increases with
increasing L/d from 1 to 4. This result suggests that a concentration
of the c-axis fabric (i.e., the deviation from the random distribution)
occurred during competitive growth. The trend in the V-index is
most evident for the fine-grained metachert sample (JU3-2CH),



Fig. 6. Features of competitive growth in relation to distance from the vein wall (for
growth into an open cavity). The distance from the vein wall, L, is normalized by the
average crystal size in the host rock, d (Table 1). The vein/host rock boundary is set to
zero. (a) Number of surviving crystals normalized by the number of crystals at the
vein/host rock boundary, n0. (b) V-index, obtained from pixels in lines oriented parallel
to the vein wall. Competitive growth is absent near the wall (L/d ¼ 0e1; stage 1),
whereas it is significant at sites further from the wall (L/d > w1; stage 2).

Fig. 5. (a) Orientation of the long axis in the thin-section plane versus the azimuth of
the c-axis for well-grown quartz crystals. (b) Length of the long axis versus length of
the short axis for well-grown quartz crystals.
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which contains many grains in the analyzed area (Fig. 6a). This
concentration of quartz aggregate c-axis fabrics is similar to that
found in natural elongateeblocky veins (Cox and Etheridge, 1983;
Nüchter and Stöckhert, 2007).

The change in individual crystal morphology from hill-like to
columnar (as described above) corresponds to the change from
stage 1e2.We emphasize that the critical factor for this transition is
not the absolute height of the crystal growth increment, but the
ratio of growth increment to host-rock grain size. Fig. 6 does not
show data for the granite sample JU4-7Gr (Figs. 3c and 5d) because
of the very small number of grains. In sample JU4-7Gr, the
maximum height of grains is 499 mm (L/d ¼ 0.6). Grains show
evidence of stage 1 growth and competitive growth did not occur
for L/d values from 0 to 0.6, which is consistent with the results
obtained for the other samples (Fig. 6).
4.3. Textures of quartz aggregates growing in the slit

The nature of polycrystal growth from adjacent walls is similar
to growth on the outer surfaces until grain impingement occurs
(Fig. 7). A systematic decrease in growth in the direction of flow is
not observed. Instead, heterogeneity of crystal sizes was produced
in the slit, which is dependent on the c-axis orientation and the
presence of quartz grains on the slit wall.

The slit aperture, H, is similar among samples
(H ¼ 304e353 mm), whereas host-rock grain size is highly variable
(d ¼ 23e798 mm) (Table 1). Vein textures change depending on the
normalized slit aperture value, H/d. In fine-grained metachert (JU3-
2CH, H/d ¼ 13.8), the slit aperture is large enough for quartz
aggregates to have reached the stage of competitive growth (stage
2) (Fig. 7a). In contrast, quartz grains in the slit of granite blocks
(JU4-7Gr, H/d ¼ 0.4) grew in a direction normal to the slit wall,
without significant thickening (white arrows in Fig. 7b). These
crystals would impinge on one other while still at stage 1. In
samples JU4-6SS (sandstone; H/d ¼ 4.8; Fig. 7c) and JU4-4IK
(metachert; H/d ¼ 2.4; Fig. 7d), some crystals impinge on one
other yet do not produce crystals that bridge the vein. This occurs
because grains on both sides have different crystallographic
orientations, due to the slit being larger than the grain size in the
host rock (Table 1). Concavo-convex grain boundaries develop at
sites of grain impingements (Figs. 3e and 7d).

5. Discussion

5.1. Morphological evolution of a single crystal growing from a wall

A two-dimensional crystal growth model is useful in terms of
understanding the morphological changes of individual grains and



Fig. 7. c-axis orientation (the angle between the c-axis and the vein wall, g) images of quartz crystals growing in the slit in (a) JU3-2CH (metachert), (b) JU4-7Gr (granite), (c) JU3-
6SS (sandstone), and (d) JU4-4IK (metachert). Fig. 7d includes a high-magnification view to show the concavo-convex grain boundary. The direction of fluid flow is from left to right.
The vein/host rock boundaries are shown by dashed lines, and the pore spaces in the slits are shaded gray. Minerals other than quartz in host rocks have a color index of g ¼ 0. In
Fig. 7b, white arrows indicate crystals with the same crystallographic orientation, located adjacent to one another on opposing walls.
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the development of textures of syntaxial quartz veins that were
observed in the synthetic quartz veins. The fundamental algorithm
used in our study is after the Vein Growth program developed by
Bons (2001), Hilgers et al. (2001), and Nollet et al. (2005). In the
model, grains are defined by nodes that are linked by short straight
lines, and grain growth into the open fracture is simulated by the
movement of these nodes in many small increments. The time from
the beginning of grain growth is defined by the number of growth
steps, which is the number of repeated operations with small
increments. The morphology of individual quartz crystals is
controlled by the anisotropic growth rate of crystal faces, which is
in the following order: c face (basal) > r, and z face
(rhombohedron) > m face (prism) (e.g. Ostapenko and Mitsyuk,
2006). For simplicity, quartz morphology is assumed to be pris-
matic, with m and r faces. The relative growth rate is a function of
the angle between the c-axis and the pole normal to the quartz
surface (Bons, 2001), as shown in Fig. 8a; growth is fastest in the c-
axis direction, and is slowest normal to the c-axis. The growth rate
has a local minimum at an angle of 30� relative to c-axis direction.
Growth produces a columnar crystal with an aspect ratio of w5.4,
and when halved, is similar to the aspect ratio of quartz grains in
synthetic veins (w2.9; Fig. 5b).

In this section, we consider the growth of a single crystal from
a substrate crystal (Fig. 8b and c). The substrate crystal has a flat
surface, with the c-axis oriented normal to the veinwall. The aspect
ratio of a crystal is defined as height/width, where height andwidth
are the maximum lengths of the crystal in directions normal and
parallel to the wall, respectively (Fig. 8d). Using this definition, the
aspect ratio is less than 1.0 initially, when the crystal height is
significantly less than the width of the substrate quartz. The
morphological change from growth stage 1e2 is reproduced by this
model. At a growth step of less than w1000 in the model (Fig. 8c),
crystal growth is normal to the vein wall, without significant
widening, resulting in a considerable increase in the aspect ratio to
2.2. At this stage, crystal facets do not fully develop. Grain
morphology at this stage corresponds to stage 1 growth in
synthetic veins, where crystal height is less than the host-rock grain
size (Figs. 3d, 4d and 7b). When the growth step exceeds w1000,
crystal growth continues with a similar morphology, and width
increases with increasing height (Fig. 8c). The morphology of grains
at this stage corresponds to the euhedral grain morphology in
synthetic veins at stage 2, where grain height is greater than the
grain size in the host rock (Figs 3b, 4aec). The growth of euhedral
crystals in the model (Fig. 8c) is supported by the euhedral outline
of the fluid-inclusion-rich core in quartz crystals within the veins
(Fig. 3f). The transition from stage 1e2 occurs gradually, with the
aspect ratio shifting toward a steady state value of 2.7 (Fig. 8c). The
steady state value of the aspect ratio in the 2D crystal growthmodel



Fig. 8. Two-dimensional crystal growth model using the algorithm from Vein Growth
(Bons, 2001). (a) Growth rate function for the prismatic mineral used in the numerical
simulation of two-dimensional growth. (b, c) The evolution of morphology during
single-crystal growth (the c-axis is normal to the vein wall) at (b) 100 time steps and
(c) 5000 time steps. (d) Evolution of the aspect ratio (¼ height/width) with time for
single-crystal growth.

Fig. 9. Quartz vein textures in samples from the Shimanto accretionary complex,
Japan. (a, b) c-axis orientation (g) image and V-index profile of (a) a thick elonga-
teeblocky vein (4.6 mm in width) and (b) a thin vein composed of elongate crystals
that bridge the vein (0.8 mm in width). Minerals other than quartz are shown with
a color index of g ¼ 0. Cal ¼ calcite. (c) Optical microphotograph of elongate crystals
that bridge the vein. Crystal fibers show serrated grain boundaries and contain
multiple trails of fluid and host-rock inclusions, indicating the occurrence of
crackeseal events.
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(2.7, Fig. 8c) is slightly different from that observed in the synthetic
veins (w2.9, Fig. 5b); however, the 2D crystal growth model well
reproduces the morphological evolution of quartz crystals in the
synthetic veins. Although we did not perform the numerical
simulation of polycrystal growth, it is clear that the grain widening
at stage 2 causes the impingement of adjacent crystals and
competitive growth. Nollet et al. (2005) showed that the hybrid 2D-
growth algorithm for irrational growth (Vein Growth, Bons, 2001)
and faceted growth (Facet, Zhang and Adams, 2002) is important to
effectively model the nature of the competitive growth in a free
space. The two growth stages observed in our synthetic veins are
qualitatively similar to those in the simulation. More detailed
comparison between synthetic veins and numerical simulations
will provide a quantitative basis on the model of vein formation.
Based on a two-dimensional simulation (using Vein Growth),
Hilgers et al. (2001) reported the critical distance for the onset of
competitive growth to be 10 mm. This value is true for most crustal
rocks, because grain size is commonly larger than several tens of
microns. However, the results of the present study suggest that the
critical distance is not unique, and should instead be defined as the
ratio of normalized distance to host-rock grain size, L/d. The critical
value of this ratio, for the onset of competitive growth, is L/d ¼ w1
(Fig. 6).
5.2. Comparison with natural veins

Fig. 9 shows veins from the Shimanto accretionary complex in
the Muroto area, Japan. These veins are hosted by sandstone that
forms part of sample JU4-6SS, and are composed mainly of quartz,
with minor calcite. Thick veins (width ¼ 4.6 mm) exhibit elonga-
teeblocky textures, characterized by quartz crystal growth on both
vein walls, and by large grains with c-axis orientations subnormal
to the vein wall (Fig. 9a). At the quartz/calcite interface, crystal
facets developed in quartz. The vein V-index increases symmetri-
cally from w0.25 to w1.0 with increasing the distance from the
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vein walls. These features are consistent with those observed in
synthetic veins that formed in open cavities (Figs. 4c and 6c). In
contrast, thin veins (width ¼ 0.8 mm) are composed of elongate
crystals that bridge the veins (Fig. 9b). The long axes of crystal
bridges are oriented normal to the vein wall, regardless of c-axis
orientation, and the vein V-index does not increase. These features
indicate the absence of competitive growth. Thin veins have
serrated grain boundaries and fluid inclusion bands at intervals of
5e50 mm (Fig. 9c), similar to commonly observed stretched crystal
veins (e.g. Stowell et al., 1999; Okamoto et al., 2008). However, it is
difficult to determine whether the texture of the thin vein was
produced by ataxial (stretched crystal texture) or syntaxial vein
growth (fibrous texture), based solely on optical observations. The
experiments performed in this study did not produce the texture
observed in the thin vein (elongate crystal bridges without
competitive growth; Fig. 9b). Therefore, the following question
remains: What controls the development of textures with and
without competitive growth and the formation of crystal bridges
during vein growth?

In a crack with no shear displacement, quartz fragments have
the same crystallographic orientation on both sides of the veinwall
(Fig. 10). We consider biaxial growth in thick (H/d¼ 10; Fig. 10a and
b) and thin (H/d ¼ 0.4; Fig. 10c and d) cracks. The growth model is
the same as that used for Fig. 8. In a thick crack, facet development
occurs during quartz growth (stage 2), and the long axis is oriented
parallel to the c-axis (Fig. 10a and b). Some grains, with their c-axis
oriented normal to the vein wall, readily impinge on each other,
producing crystals that bridge the crack (Fig. 10a). However, the c-
axis orientation usually deviates from being normal to the vein
wall. As a result, the main growth directions for grains on opposing
walls are inclined with respect to each other, making it difficult for
such grains to impinge on one another without significant
widening of the grain relative to the host rock grain size (Fig. 10b).
This results in the development of elongateeblocky textures, as
observed in synthetic veins hosted by fine-grained metachert (H/
d ¼ 13.2; Fig. 7a) and in natural veins (H/d ¼ 60; Fig. 9a).
Fig. 10. Two-dimensional crystal growth in a crack, simulated by the same model as
that described in Fig. 8. Substrate grains, labeled as S, on both sides of the vein wall
have the same c-axis orientation, indicated by arrows. Four cases were simulated with
different crack aperture, H, relative to host-rock grain size, d, and different c-axis
orientation from vein walls, q. t indicates the time steps. (a) H/d ¼ 10, q ¼ 90� , (b) H/
d ¼ 10, q ¼ 30� , (c) H/d ¼ 0.4, q ¼ 90� and (d) H/d ¼ 0.4, q ¼ 30� .
In a thin crack, grains from the opposing walls impinge on one
another at stage 1 (Fig. 10c and d), producing crystal bridges over
the crack. During impingement, grain width does not increase
significantly. In addition, grains in which the c-axis is oriented
normal to the vein wall (Fig. 10c) and those in which the c-axis is
oriented at 30� to the veinwall (Fig. 10d) impinge at approximately
same time (Fig. 10d). This result suggests that the growth rate is
isotropic at stage 1. Similar features are observed for grain growth
in the granite slit (JU4-7Gr; H/d ¼ 0.4; white arrows in Fig. 7b),
although grains have not yet impinged on one another.

We note that the width of the thin vein composed of crystal
bridges (H/d¼ 10; Fig. 9b) does not represent the width of the crack
aperture, but rather the integrated width of numerous crackeseal
events. When the spacing of fluid inclusion bands is taken as the
width of individual crack apertures (Fig. 9c), the value of H/d is
0.06e0.63, which is consistent with the scenario shown in Fig. 10c
and d. Serrated grain boundaries between adjacent crystal fibers
are interpreted to develop as cusps at the site of grain impingement
(Fig.10c and d). Such a cuspwill be filled by adjacent crystals, which
grow faster (Becker et al., 2011). When the formation and sealing of
such thin cracks occur repeatedly at different sites in a vein,
a stretched crystal texture is developed. Similarly, the veinwidth of
elongateeblocky veins does not always reflect the real crack aper-
ture from a single crackeseal event. When progressive widening
occurs during sealing, high-H/d cracks indicate that the rate of crack
opening exceeds the growth rate (Hilgers et al., 2001). Hilgers et al.
(2001) also suggested that the roughness of the vein wall is critical
for competitive growth. We cannot address this effect, because we
used a substrate with a flat surface. Additional experiments with
realistic fractures are required to fully understand the process of
vein formation.

5.3. Evolution of fracture porosity during crackesealing

Common crustal rocks are not monomineralic and contain
quartz grains with variable c-axis orientations. The results of this
study suggest that during the formation of a syntaxial vein, grain-
scale heterogeneity in a crack is developed depending on the size
and the c-axis orientations of grains in the host rock. The evolution
of fracture porosity during sealing depends on the modal abun-
dance, spatial distribution, and c-axis orientation of quartz in the
vein wall.

The generation of heterogeneous structures of fracture porosity
plays an important role in the formation of lenticular veins. When
we consider crackesealing via mineral deposition from supersat-
urated solutions in a single flow path, mineral deposition occurs
preferentially near the inlet, because the degree of supersaturation
is decreased by precipitation (Lee et al., 1996; Lee and Morse, 1999;
Hilgers et al., 2004; Okamoto et al., 2010). This deposition can result
in plugging of the crack close to the fluid inlet, making it difficult to
form a mineral vein with a lenticular shape. Lee et al. (1996)
pointed out that for a lenticular crack to seal uniformly, either an
extremely high flow rate or low supersaturation is required.
Conversely, in the present study, quartz growth in the slit was fairly
uniform in the direction of flow (Figs. 3a and 8). Even when grains
had both favorable orientation and impingement at favorable sites,
fractures did not seal completely because some pore spaces are
surrounded by the slow-growing m faces of quartz. In addition,
sites in contact with host rock minerals other than quartz were not
sealed. The development of 3D connectivity between such sites
could create a flow path. Similar phenomena have been reported
for the in situ growth of polycrystalline alum (Hilgers and Urai,
2002b), in which growth was observed to have continued after
impingement of a few grains near the inlet. Heterogeneous struc-
tures of fracture porosity may potentially produce a tortuous
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channel flow in the crack plane (Watanabe et al., 2008), which
would affect the sites of subsequent crystallization. The detailed
pattern of grain growth can be used to understand the evolution of
the fluid pathway in a crack. The growth pattern can be determined
using cathodoluminescence and/or by examining lateral variations
in fluid inclusion compositions.

The sealing of cracks and faults is closely associated with the
evolution of fluid pressure and with the earthquake cycle (Sibson,
1990, 2009). After rupturing, mineral deposition in cracks lowers
the permeability and re-establishes rock strength (Tenthorey and
Cox, 2006). The mechanical and hydrological behavior of indi-
vidual cracks is dependent on the evolution of the fracture porosity
during sealing. An extensional crack is opened in response to a rise
in pore fluid pressure, and collapses when pore fluid pressure
decreases as fluid drains (e.g. Etheridge et al., 1984; Hilgers and
Urai, 2002a). The observations of synthetic quartz vein formation
indicate that rates of sealing in the direction of the crack opening
are highly variable due to the anisotropy in growth rate (Fig. 7).
Once the fastest-growing grains impinge on the opposite wall, they
can prop the crack open, even if fluid pressure decreases (e.g. Fisher
and Brantley, 1992; Gale et al., 2010; Laubach et al., 2004). In
contrast, a much longer time is needed to seal pore spaces between
fast-growing crystals; i.e., those spaces surrounded by host-rock
minerals other than quartz, or by quartz facets with slow-
growing orientations. In the Shimanto veins, spaces filled by
calcite (Fig. 9a) could reflect later-stage sealing of relict open pore
spaces. Such structures (incompletely sealed cracks) also have been
reported in sedimentary rocks (e.g. Laubach et al., 2004; Gale et al.,
2010), and may be abundant in the upper crust. As such, and on the
basis of our study, we suggest that incompletely sealed cracks with
spatially variable porosity may be important fluid pathways and
planes of weakness in the upper crust.

6. Conclusions

Syntaxial quartz veins were synthesized by hydrothermal flow-
through experiments at 430 �C and 31 MPa using rock substrates
(metachert, sandstone, and granite) containing slits. The textures
(grain shape, size, c-axis orientation, long axis orientation, etc.) of
the produced synthetic veins were analyzed by birefringence
imaging microscopy, providing information on the development of
natural vein textures and the evolution of fracture porosity during
crackesealing, as follows:

1. In terms of crystal morphology, the growth of quartz from the
wall into an open cavity was divided into two stages. During
stage 1, quartz grain growth was normal to the substrate, grain
width did not increase, and crystal facets did not develop.
During stage 2, quartz grains developed facets and grew pref-
erentially parallel to the c-axis. The aspect ratio of quartz grains
shifted toward a steady state value ofw2.9 in our experiments.
At this stage, the orientation of the long axis of the quartz grain
was consistent with its c-axis orientation.

2. Competitive growth among adjacent grains occurred during
the stage 2, which was characterized by a concentration of
quartz c-axes normal to the veinwall. The transition from stage
1 to stage 2, with respect to distance from the vein wall,
depends on the grain size of quartz in the substrate.

3. The textures of syntaxial veins with and without competitive
growth result from the impingement of grains from both sides
of the vein at stages 1 and 2, respectively. The nature of the
texture that develops depends on the size of the crack aperture,
H, relative to the grain size of quartz in the host rock, d. In
cracks with a high H/d value, quartz grains on both sides
impinge on one another during growth stage 2, producing
elongateeblocky veins. In cracks with a low H/d value, quartz
grains on both sides impinge on one another during growth
stage 1, producing crystals that bridge the crack without
competitive growth. When the formation and sealing of such
thin cracks occur repeatedly at different sites in a vein,
stretched crystal texture is developed.

4. Heterogeneous structures of fracture porosity develop during
syntaxial vein growth, depending on grain size, crystallo-
graphic orientation, and modal abundances of quartz in the
vein wall. When growing quartz grains impinge on grains
growing from the opposite vein wall, they form crystal bridges
and can prop open cracks. Such incompletely sealed cracks may
exist in abundance in the upper crust, acting as important fluid
pathways and planes of weakness.
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