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Abstract

In-situ observations of transmitted-light experiments of syntaxial vein growth during lateral fluid flow in a simulated fracture show a
decrease in growth rate towards the downstream end. As a consequence, the fracture is sealed at the inlet. Our observations show the rapid,
non-linear growth competition of grains, which is a result of anisotropic growth kinetics and the complex fluid flow around the individual

crystals.

We compared our results with simulations based on a simplified numerical model, which builds on existing simulation techniques of this
system. The model incorporates plug flow and a fluid-flow velocity dependent crystal growth rate law based on literature data. Simulations
are in reasonable agreement with experimental results. A sensitivity analysis shows that a high fluid flow velocity and a low supersaturation
increase the potential to seal a vein homogeneously, in agreement with previous work. Additionally, the effect of the initial crack shape is

explored. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Veins are common structures in the Earth’s crust, formed
by crystal growth from supersaturated fluids in dilation sites.
They play a key role in the accumulation of both ore and
hydrocarbon deposits and are therefore of economic inter-
est. Geologists use veins for analyses of crustal fluid
systems and deformation processes (Ramsay and Huber,
1983; Cox, 1999). However, understanding of the processes
during vein formation is limited. This is due to the complex
interplay of different processes related to:

e Transport (advection vs. diffusion; permeability evolu-
tion under changing fluid pressure; Wiltschko et al.,
1998).

e Crystal growth dynamics (supersaturation vs. precipita-
tion rate; maintenance of supersaturation by parameters
such as additives, fluid salinity, complexing, clay
coating, pore size, partial pressure of CO,, redox or pH
conditions; Ellis and Mahon, 1977; Nicholson, 1993;
Whitworth and Fritz, 1994; Ortoleva et al., 1995; Putnis
et al., 1995; Gutjahr et al., 1996; Deleuze and Brantley,
1997; Kharaka et al., 1999; Whitworth et al., 1999;
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Herrmann, 2000; Hilgers, 2000; Wiltschko and Morse,
2001).

e Microstructural evolution (growth competition and the
development of crystallographic preferred orientation;
the effects of complex boundary conditions for crystal
growth such as dilation vs. growth rate, the formation
of fibrous veins and possible feedback by the force of
crystallisation; the effects of dislocation densities of the
seed crystals; Miigge, 1928; Schmidegg, 1928; Urai et
al., 1991; Thijssen et al., 1992; Ristic et al., 1997; Bons,
2000; Koehn et al., 2000; Hilgers et al., 2001).

Such a complex system can be expected to evolve in many
different directions, and the literature accordingly contains a
large number of vein formation scenarios.

1.1. Advective transport models

In seismic pumping (Sibson et al., 1975) the fluid
migrates down a potential gradient into a dilation site,
opened by accumulating differential stress or increasing
fluid pressure. While quartz precipitates in the dilation site
mainly due to the decrease in fluid pressure, other minerals
like calcite show more complex behaviour. A collapse of the
dilation site expels the fluid upwards through a fault or
adjacent fractures, also leading to mineral precipitation as
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Fig. 1. Sketch of the experimental set-up. Fluid is pumped through a tube into a small, transparent reaction cell (a, b). Due to a temperature decrease (c) material
precipitates in the reaction cell on the seed crystals. The seed crystals are made of two porous blocks of alum crystals, separated by a small channel. Lateral
fluid flow and supersaturation due to a temperature decrease results in syntaxial growth in this channel.

a result of decreasing fluid pressure. This collapse is driven
by a gradient in fluid pressure in the wall rock being tran-
siently less than fluid pressure in the dilation site, and partly
by stress distributions around the dilation site which cause
spalling.

The active role of the dilation site is described by the
suction pumping model (Sibson, 1990a), where opening
rates of the dilation site are faster than the fluid can flow.
Thus a temporary underpressure in the void develops, work-
ing against the opening of the void and driving fluid into the
dilation site. Quartz precipitates due to decreasing fluid
pressure.

Etheridge et al. (1984) presented a matrix-to-crack pump-
ing model, where vein opening takes place in regions with
local fluid pressure significantly over hydrostatic (over-
pressure cells; Bradley and Powley, 1994; Ortoleva, 1994;
Burrus, 1998). The resulting local potential gradient also
drives precipitation of material in the vein.

The fault-valve mechanism of Sibson (1990b, 1995)
needs a low permeable barrier, which caps a zone with
near-lithostatic fluid pressure in the footwall. Fluid pressure
build-up results in extensional failure and fluid discharge
once the minimum effective stress exceeds the tensile
strength of the low permeable barrier. During this chan-
nelled flow the fluid may re-seal the path across the low

permeable barrier and produce a cyclically self-sealing
system. Yardley (1983) proposed a similar model on a
smaller scale, with cyclic hydraulic fracturing due to self-
sealing and rapid flow of non-equilibrated fluid along a
pressure gradient.

Lee et al. (1996) and Lee and Morse (1999) experi-
mentally investigated crystallisation from a supersaturated
solution of calcite flowing along a channel bounded by
calcite grains, in an attempt to model a single step of the
cyclic models outlined above. Based on measurements of
the fluid properties (concentration, pH, alkalinity) at the
inlet and the outlet in combination with photomicrographs
of the crystals, the authors give a quantitative discussion of
the process, which agrees well with their measurements.
Using this model, the authors then make predictions of the
sealing of natural fractures. They conclude that uniform
precipitation along the vein wall can be obtained either
by low supersaturation or high fluid flow velocity, but
note that such a low degree of supersaturation requires
unreasonably high fluid volumes to fill natural veins in
geologic time.

In the last five years significant advances have been
achieved in numerical modelling of precipitation and dis-
solution of reactive solutes in fractures. A review of recent
developments is given by Lasaga (1998) and Dijk and
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Berkowitz (1998). They present a range of simulations
where the relative importance of advection, diffusion and
reaction kinetics is varied. The importance of these
processes can be characterised by the local values of two
dimensionless numbers. The Peclet number, defined as
Pe = vyowy/Dy, Where vy, is the fluid flow velocity, y is
the fracture aperture and D,, the molecular diffusion coef-
ficient, describes the relative importance of advection and
diffusion on solute transport. Above the critical value of
Pe = 10 advection becomes dominant. The Damkohler
number, defined as Dazkyz/Dm, where k is the first
order kinetic reaction rate coefficient, describes the rela-
tive importance of diffusion and reaction kinetics. Above
the critical value of Da =~ 3 reaction kinetics become
dominant.

1.2. Diffusive transport models

The second end-member transport mechanism during
vein growth is by diffusion in a static fluid. As is the case
for the advective transport models, several scenarios have
been presented.

It has long been known that fibrous crystals form when
solvent evaporates from a porous substrate filled with satu-
rated solution. For example, Kenngott (1855) wrote: “/
noticed that the lime painting peeled off and that it was
lifted... Bricks and roughcast are more porous than the
lime painting, and this [painting] forms a coherent
layer... The little amount of water, which penetrated the
bricks became rigid, crystallised, and forced an opening
of the gap between roughcast and painting... The ice...
was in its mass parallel fibrous, similar to veins composed
of salt, gypsum or calcite... The linear crystals received
their continuous growth at their base.” (translation by the
authors). Another early example is Schmidt (1911):
“Correctly here he [a publication by Kuhlmann from
1860] points to the importance of capillarity, slow evapora-
tion and the porosity of the clay for the formation of such
[halite] fibres” (translation by the authors). Taber (1916)
presented a series of experiments on fibrous growth. This
system seems to require a two-phase pore-fill (liquid and
air) with capillary forces having an important controlling
role.

At depths where unsaturated pore fill is not possible,
crystal growth from a stationary supersaturated solution
was proposed by Durney and Ramsay (1973). This process
is envisaged to be related to solution transfer creep
processes (Gratier et al., 1994; Hickman and Evans,
1995), where material dissolved in sites of high normal
stress diffuses through the pore fluid and precipitates in
the dilation site.

Fisher and Brantley (1992) extended the cyclic flow
model by incorporating matrix-to-crack diffusion on a
small scale, this concentration gradient being driven
by the pressure gradient between vein fluid and pore
fluid.

Crystals grown from a supersaturated solution are able to
lift a weight, and this force of crystallisation is believed in
some situations to cause vein opening. As far as we know,
the first account of this is given by Bunsen (1847): “Alone
the low solubility of this salt [gypsum], combined with the
large ability of crystallisation, causes its continuous pre-
cipitation, and this under odd conditions... This gypsum is
exposed in continuous layers... and is in its appearance
completely identical with gypsum layers often found in
marl and clay of the Triassic formation... The formation
of crystals thus enters the field of mechanical forces,
because forming gypsum intercalations lift the fluid-satu-
rated clay” (translation by the authors); further work in
this field was presented by Taber (1918), Correns and
Steinborn (1939), Correns (1949) and Means and Li (2001).

It is thus clear that epitaxial growth of crystals on the wall
of a fracture during lateral flow of a supersaturated fluid is
one of the important processes during vein accumulation. At
present our understanding of this system is limited,
especially in the field of microstructural evolution. Our
study attempts to contribute here.

In this paper we present the first results of an experi-
mental study of syntaxial vein growth in an apparatus that
allows real time in-situ observation of the growing crys-
tals in transmitted light microscopy. Quantitative analysis
of the syntaxial vein growth of a cubic model material
(KAI(SOy), X 12H,0) during lateral fluid flow shows the
details of the growth competition process, superimposed
on the previously documented decrease of growth rate
along the fracture due to depletion of the fluid.

We further present a simple model of crystal growth
from a fluid flowing along a fracture, together with finite
difference numerical solutions of this model for the con-
ditions of our experiment. In this numerical model, which
is a variation of the general solution presented by Lasaga
(1998) and Dijk and Berkowitz (1998) (see also Lee et al.,
1996), we quantify the effects of the parameters fluid flow
velocity, supersaturation and growth rate on the resulting
microstructure. Finally we discuss the implications of our
results to vein sealing in nature.

2. Experimental techniques

The apparatus consists of a micro-pump containing a few
millilitres of saturated solution and crystals of alum
(KAI(SOy), X 12H,0, Carl Roth GmbH & Co., =97.5%
quality). Saturation was ensured by stirring the solution
and crystals for 2 days, before filling the micro-pump. The
pump is driven by a synchronous motor at constant
speed (1/3 RPH), producing controlled rate fluid flow via
a small tube into a thin, transparent reaction cell. The
discharge is collected in a second fluid container. Typical
parameters in our experiments are 0.2 mm/s initial fluid
velocity in the cell at a fluid flux of about 0.032 mm?s.



1032 C. Hilgers, J.L. Urai / Journal of Structural Geology 24 (2002) 1029-1043

Fig. 2. (a) Microstructural evolution of the experimental run, with a 1 h time gap between the images until complete vein closure after 5.5 h. Seed crystals at
the top and the bottom continue outside the field of view. Fluid flows from left to right. After 2.5 h, two facing crystals at the inlet touch each other, but fluid
flow and growth continues until the vein is completely sealed (after 5.5 h). Then, the crystals have sealed all pores and the vein—glass interface, and further
flow is blocked. Scale bar: 0.5 mm. (b) Time series of the same experiment, with each grey tone representing the grown area after 30 min. The grown material
was calculated in three sub-areas (A: inlet, B; centre, and C: outlet) for a calculation of the growth rate (see Figs. 3 and 4). Scale bar: 0.5 mm.
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Fig. 3. (a) Growth rate of facets measured as grown distance normal to the orientation of the grain’s facet. Although there is a large variation in growth rate of
the individual facet over time, a decrease towards the downstream end is visible. The distance between the centre of each individual facet and the inlet was
measured along a horizontal line between the inlet and outlet. Data from different time intervals are shown by different shades of grey. The uncertainty in
growth rate measurement is +2.8 X 10~? m/s, corresponding to 2 pixels in the digital image. (b) Growth rate measured as grown area in three sub-areas along
the crack (compare with sub-areas in Fig. 2b) over time, normalised by the length of the growth front. Similar to individual facet growth rates, the trend shows
a decrease towards the downstream end. The growth behaviour changes after 150 min, when the growth rate in the central sub-area increases. The uncertainty
of these measurements is estimated to be about =3.5 X 107 mm/s, caused by uncertainties in locating the boundary in the digital images and by 3D effects.

Temperature of each of the four units is controlled to
+0.5°C. The temperature of the reaction cell is lower than
that of the pump, producing a controlled supersaturation.
Typical values are AT=3°C. This is achieved using

carefully calibrated type K thermocouples, and a calibration
cell with a thin built-in thermocouple. The system is closed,
that is fluctuations of air humidity and evaporation do not
influence the experiments.
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Table 1
Experimental parameters

T3 fluid reservoir 31.0°C
T2 cell 27.9°C
T3 inlet, tube between 29.4°C

reservoir 1 and cell
T4 outlet, tube between
cell and reservoir 2
Relative supersaturation o 0.14

=~ 24.0°C (room temperature)

Flow velocity 0.16 mm/s
Vein aperture y 0.5 mm
Vein length x 1.5 mm
Peclet number Pe 160
Damkéhler number Da 4

The reaction cell itself consists of two glass plates
(1.5%x48 x28 mm3) with an inlet and an outlet tube
(0.3 mm ID), connecting the system with the fluid
containers. It is sealed with adhesive, leaving a space
between the plates of 0.35 mm. Further details on the
apparatus are given in Hilgers et al. (2000). An artificial
substrate ("wall rock‘) consists of two parallel porous
bands of granular alum, reduced in grain size by crushing
crystals in saturated solution with a mortar. The vein
accretion takes place by syntaxial growth on the walls of
this simulated fracture.

The reaction cell is initially assembled dry, and the
adhesive is cured at about 70°C. Then the cell is rapidly
filled (manually) with fluid from the reservoir, taking care
to avoid trapping air bubbles. This is done with the reservoir
and cell already at their experimental temperature. Then the
motor drive is engaged and the fluid is pumped through the
cell, for periods of up to several days.

As described above, the experimental set-up allows the
control of supersaturation and flow flux. The supersaturation
can be calculated from the temperature difference between
reservoir and cell, the flow velocity from the constant fluid
flux and the dimensions of the model. During the experi-
mental run the flow system is laminar, with a Reynolds
number of about 0.07, well below the critical value of
about 2300 (Giles, 1976, p. 96; Czichos, 1996, p. E-136)
for tubular flow and even below the limit of turbulence in
granular porous material (Ingebritsen and Sanford, 1999,
p. 4). Observations of the movement of microscopic marker
particles flowing with the fluid indicate the complexity of
local velocity distribution in the channel.

The experiments were run in a transmitted light micro-
scope, in plane polarised light. An image of 748 X
576 pixels was grabbed every 30 min with a Hitachi
HV20C video camera, and stored on a computer hard
disk. This image corresponds to a field of view of
1.9 X 1.4 mm? (Fig. 1).

After the experiments the image sequences were
assembled into quicktime movies using Graphic Converter
(www.lemkesoft.de) and analysed using routines available
in Adobe Photoshop. Copies of the movies are available
from the authors on request.

8.0E-05
sector A
sector B
sector C
i —e— average
== sum
Q
~
£
E
Q
o
£ 4.0e-05
s
H 1}
o
o
o e
! O
0 |
30 60 90 120 150 180 210

time (min)

Fig. 4. Graph showing the growth rate measured from the grown area, as a
function of time. Note the decrease after 150 min at which the first crystals
touch each other across the channel. This decrease in growth rate is consis-
tent with the observation of precipitation of solute on the seed crystals
within the wall rock at a later stage of the experiment.

3. Experimental results

Here we present results of an experiment with relative
supersaturation o (see Appendix A for definition) of around
0.14 and fluid velocities of 0.16 mm/s, using a model
material with a grain size of around 0.05 mm, where a
0.5-mm-wide opening is closed within a few hours
(Table 1). The wall consists of the same material as the
solute, allowing syntaxial vein growth. The values of Pe
and Da for this experiment suggest that the process is
dominated by advection and growth kinetics. A time series
of the experiment is illustrated in Fig. 2.

The following observations can be made:

e Crystals at the upstream end grow faster than at the
downstream end, resulting in the final sealing of the
vein at the upstream end (Fig. 2a, number 6). Once two
facing grains touch each other, the contact develops into

40
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Qo 20
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>
S 15
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Fig. 5. Graph presenting the number of growing facets and the number of
growing grains over time. This growth competition of neighbouring grains
has a non-linear relationship.
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Fig. 6. (a) Plot of the average facet growth rate along the horizontal distance (x) of the vein. The seed crystals at the channel interface were subdivided in
crystals near the channel centre and further away, that is in the vertical direction (y). Using the grain reaching furthest into the channel on the upper and lower
interface at the initial setting, a zone of 0.21 mm width was chosen for a subdivision. Grains initially located within this zone are filled, grains further away
from the channel centre are marked with open symbols. The graph suggests that grains further away from the centre (y-direction) grow slower, and indicates
that the grains near the inlet grow faster than at the downstream end (x-direction). (b) Sketch illustrating the principles of growth competition in a polycrystal.
Crystal facets of each individual grain move with two different velocities. Note that grains 1 to 4 have the same orthogonal growth rates. Similar to
observations from single crystals, the slow growing facet of an individual grain will outgrow the faster growing facets (grain 1). An elevated grain will
outgrow its neighbour, if it is in the same crystallographic orientation (grain 1/grain 2). From two neighbouring grains, the one with the faster relative facet
growth rate will survive (grain 2/grain 3) Note that the orthogonal growth rates are the same for grains 2 and 3. Neighbouring grains with the same
crystallographic orientation and the same elevation will develop a straight grain boundary (grain 3/grain 4). Additionally, shadowing effects are expected
to cause lower growth rates during lateral fluid flow (grain 5).

a planar, optically void free grain boundary. Growth and e Crystal growth activity is not restricted to the growth

fluid flow continue for some time after the first crystals
from both sides touch, as indicated by fluid flowing into
the discharge reservoir. Before flow and crystallisation
stop completely, a 1-mm-long section is more or less
completely filled.

We measured the crystal growth rate by two different meth-
ods: (i) as orthogonal propagation rate of selected facets;
and (ii) averaged over three sectors along the vein (here we
somewhat loosely use area crystallised over time as a
measure of average growth rate). It is clear from both
plots (Fig. 3a and b) that the growth rate decreases along
the crack, but the individual facets show a large variation in
growth rate, as expected. At the point in the experiment
when the two sides touch (at 150 min) there is a clear
change in growth rate along the crack (Fig. 3b).

front at the main fluid—crystal interface. Detailed
observation of the movies assembled from a series of
micrographs shows that the microstructure of the
porous ‘wall rock’ also undergoes changes, showing
evidence for precipitation in both the pores of the wall
and the channel (Fig. 4). Detailed analysis of this process
was not possible due to the wall being several grains
thick.

The development of the microstructure of the vein fill is
dominated by the process of growth competition. Faster
growing crystals outgrow slower neighbours and produce
a progressively coarser polycrystal (Fig. 2b).

The rate of growth competition was quantified by
counting the number of growing facets and grains over
time, along both sides of the vein. Initially, the rate of
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growth competition is high and non-linear, as shown in
Fig. 5.

Similar to observations from single crystals, grains
become faceted with the slowest facet surviving. However,
this is not always so in our experiments where, in a number
of cases, facets that first have disappeared appear again at a
later stage. Polycrystal growth competition introduces
additional complexity. Here, two additional processes
were identified. Both are based on the principle that the
grain boundary between two simultaneously growing
crystals propagates in a direction determined by the orienta-
tion of the facets and the velocities of both facets. The first
of these is the interference of two neighbouring crystals,
where the growth competition between two facets growing
with the same velocity is decided by their orientation with
respect to the wall. Additionally, elevated grains may
outgrow faster growing crystals, if their facets cover up
the fast growing crystal (Fig. 6a). These effects are
illustrated in Fig. 6b.

4. Numerical modelling

One of the important observations of the experiment is
that growth at the upstream end of the channel is faster than
at the downstream end. This can be explained by the
progressive depletion of solute in the moving fluid, so
that supersaturation (and the associated growth rate)
decreases with distance. This process should occur in all
settings where transport is from an external source, and
cause the system to evolve towards self-sealing, although
the length scale over which this occurs may be very differ-
ent (Fig. 7). To allow comparison of our measurements
with theory, we attempted to quantify this process using
a simple 1D model of crystal growth from a moving fluid.
In Table 1 we included the values of Pe and Da for our
experiment. These indicate that advection and reaction

Vgrowth

3
>

X

Fig. 7. Schematic diagram showing the characteristic accretion behaviour
of a fracture in which solute precipitates form an advecting fluid. In such a
system the growth rate always decreases along the fracture. Whether this
behaviour is observed depends on the length scale available for observation
(see the inset which shows a small part of this curve at a much magnified
horizontal scale; in this plot the change in growth rate is not clear).

kinetics are the important processes, and these are included
in the model.

The model is similar to the one presented by Lee et
al. (1996), and shows the same basic behaviour. It is
based on the following assumptions, which limit its
applicability to the ranges of Da and Pe relevant to
our experiments:

1. Dissolved matter is transported in the x-direction
(parallel to the flow direction) by advection alone
(constant fluid flux, negligible diffusion in the
x-direction).

2. No gradient in concentration in the fluid in the y-direction
(perfect mixing perpendicular to the flow direction at the
time scale considered).

. No gradient in vg,, in the y-direction (plug flow).

4. No changes in temperature in the cell (either due to the
heat of crystallisation or to fluid temperature being
different from that of the wall).

5. Crystal growth rate vy is a function of supersaturation
and vg,,, only, and is described by a rate law which can be
derived from data of crystal growth experiments in free
fluid.

6. Growth is calculated in the y-direction only.

7. The changes in volume, viscosity and density of fluid due
to precipitation of dissolved matter are negligible.

8. We neglect the anisotropy in growth rates due to
facetting and grain boundaries.

9N}

The model incorporates a growth rate law, which depends
non-linearly on supersaturation and fluid velocity. Para-
meters used for this growth rate law were determined
based on published crystal growth data for alum (Garside,
1977; Mullin, 1993). In these papers, the semi-empirical
equation relating growth velocity with flow velocity and
supersaturation is of the form:

Verowth = Avﬁnwo-m (1)

with A being a constant, vy,,, the flow velocity of the fluid, o
the relative supersaturation and the exponents n and m
constants.

The equation used in our simulation was calculated by
fitting this equation to published crystal growth data of alum
(Garside, 1977) using a non-linear regression analysis with
the least-square method (Sachs, 1997, pp. 502, 560). The
data clearly show the dependence of vy On o and vey,.
Data published by Mullin (1993) show a similar trend but
slightly higher absolute values. To honour the observed
finite growth rate in a quasi-static fluid, Eq. (1) was
extended with a non-zero constant as shown below.

The resulting equation for alum from the given dataset is:

Vgrowth = (6.00"5)(6.5 + 13v2§w) x 1078 )

where Vo, and Veown are both in m/s. Fig. 8 presents a
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Fig. 8. Graph presenting a comparison of published data (dots) and our
equation derived from the data by Garside (1977) (lines). In order to
allow growth in static fluid, a dataset was introduced for vg,,, = 0 following
figure 5 in Garside (thin black line). Filled dots — data from Garside
(1977); open dots — data from Mullin (1993); dashed lines — conditions
calculated for Garside’s experimental results; thin black line — conditions
calculated for static fluid; thick black line — conditions calculated for the
experiment; large circle — experimental set-up.

comparison of the data used and Eq. (2). Typical conditions
of our experiment are indicated also.

The differential equations describing this system were
numerically solved using an explicit finite difference
scheme (Lasaga, 1998). Details of the calculations are
given in Appendix A.

Results are in agreement with previous work on this
system (Lee et al., 1996; Dijk and Berkowitz, 1998; Lasaga,
1998; Lee and Morse, 1999; Herrmann, 2000) and show that
for all simulated cases there is a characteristic length X* at
which the supersaturation and the associated growth rate
decreases significantly. This characteristic length is, in this
paper, defined as the distance along x, where the super-
saturation ¢ reaches 10% of the initial value. The system
shows similar behaviour for all combinations of input
parameters. We illustrate the sensitivity to the different
parameters in the following, and compare results of
simulation and experiment later.

Fig. 9a shows a rapid decrease of supersaturation and
corresponding growth velocity, in this case the characteris-
tic length X is reached at about 25 mm from the inlet. This
trend remains stable while the vein is closed. Note that the
final sealing of the vein cannot be simulated by our model.
The influence of an initial wall irregularity does not
introduce an instability to the system (Fig. 9b). For initially
non-parallel sided veins in some cases the wall morphology
allows sealing of longer sections of the vein, as shown in
Fig. 9c.

Changes of the input parameters flow velocity, super-
saturation and aperture all have a significant effect (Fig.
9d-f). An increase of vg,, results in an increase of X'.

This is because the vy, dependence of Vg is relatively
small, and thus the dominant effect is that of a faster flowing
fluid, which moves a larger distance while losing the same
amount of solute. The change of relative supersaturation has
a similar but stronger effect as suggested by Eq. (2). An
increase in o results in an increase of Vgoun (Fig. 9e).
Thus a lower supersaturation allows homogeneous sealing
over a longer distance. For parallel-sided fractures, when the
aperture is large, X" is also large. Therefore the initial stages
of precipitation are distributed over a larger distance, while
a much narrower fracture cannot be sealed over a very large
distance (Fig. 9f).

5. Discussion
5.1. Application to 3D

Both experiments and simulations indicate more rapid
growth at the inlet of the vein. Nevertheless, veins will
only be sealed at the inlet region if the scale of observation
is larger than X". In order to test lateral advection from
microstructures in a natural outcrop, the length of the
exposed vein must be in the range of X".

Typical of all simulations is that once the growth fronts
touch, flow stops. In natural veins flow does not stop when
the vein is sealed in one spot, because of the more tortuous
flow paths available around the sealed spots. Hints to these
processes were observed during our experiments, with
central grains growing although the grains at the inlet
touched. The principle of decreasing supersaturation and
consequent reduction in growth rate should also hold for
3D when we consider a system over a length scale that is
much larger than X* and in which the fracture system can be
considered to have homogeneous transport properties over
this length scale.

5.2. Application to systems in nature

As shown by the experiments of Lee et al. (1996), flow-
through laboratory experiments on polycrystal growth are
useful tools for the understanding of natural veins. Because
laboratory experiments are necessarily done at much
shorter timescales than natural systems, a discussion of
the extrapolation of laboratory simulations to nature is
required.

As discussed by Lee et al. (1996), for calcite under low
temperature conditions the major paradox of precipitation
from channelled flow lies in the unrealistically high fluid
flow velocity of tens to thousands of centimetres per hour
required to seal a vein over length scales of 10 cm, for
geologically reasonable supersaturations. The authors
point out that a low supersaturation needs very large fluid
volumes to produce a given amount of precipitated material.
However, it has to be kept in mind that several mechanisms
have been proposed that may allow much higher super-
saturations, for example clay-coating of matrix grains
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Fig. 9. (a) Numerical simulation for the conditions of the experiment (aperture = 0.5 mm, supersaturation = 0.14, vg,,, = 0.16 mm/s). Abscissa represents the
lower vein—wall interface, the black parallel line the upper vein—wall interface at time # = 0 s. Over time, precipitation of material takes place on the upper
vein—wall interface only, causing sealing of the inlet (grey lines). Each line represents a time increment of 1 h. (b) Simulation showing that wall instabilities,
introduced at x = 3 and 33 mm, have no positive feedback on the sealing potential of a vein. Grey lines: time increments of 1 h. (c) A wedge-shaped initial wall
morphology has a potential to seal the vein homogeneously, if the aperture decreases towards the downstream end. Note that the final sealing cannot be
simulated with the numerical model. Grey lines: time increments of 1 h. (d) Change of the flow velocity. An increase leads to homogeneous sealing at the scale
of observation, while a decrease will seal the inlet. Black line — experimental setting (0.16 mm/s). (e) Change of the supersaturation. A decrease results in
quasi-homogeneous precipitation at the scale of observation, but the rate of precipitation is low. Black line — experimental setting (0.14). (f) At constant flow
velocity, an increase of the aperture will cause an increase of the rate in sealing. Black line — experimental setting (0.5 mm).

In our experiments we used a fast-growing highly solu-
ble model material. One has therefore to ask the question
of how far experiments with alum are useful as models for
natural systems. Different authors use similar growth rate

(Ortoleva et al., 1995), organic complexing (Surdam and
MacGowan, 1987; Bennett et al., 1988) or silica releasing
reaction from decomposition of feldspar, mica or smectite
breakdown (Ross et al., 1994).
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laws to describe precipitation of crystals (Garside, 1977;
Rimstidt and Barnes, 1980; Mullin, 1993; Lee et al.,
1996; Lee and Morse, 1999). In these equations the rate
of mass accumulation is proportional to the flow velocity
and to the supersaturation raised to a power m, where m is
an indicator of the reaction order. The growth law for
alum is of the same form. Therefore, if the results are
scaled with respect to the different times, supersaturations
and flow rates, our results should be comparable with
natural systems evolving under isothermal conditions.
For the study of systems with a large temperature gradient
one has to include the temperature dependence to the
growth rate and supersaturation (e.g. Rimstidt and Barnes,
1980).

On the length scale of individual crystals, comparison
of our results depends on the growth morphology of the
model system as compared with the natural prototype.
Although the general principles of growth competition
and microstructural evolution discussed above should
hold for most phases, direct comparison of the model
with, for example, quartz would require a model material
that crystallises in the same crystal system with the same
dominant habit.

On the other hand, our results point the way to the need
for much more complex models before we can fully under-
stand this system. It is clear that the large local variability
and anisotropic growth (Bons, 2000; Koehn et al., 2000;
Hilgers et al., 2001) due to the presence of evolving crystal
faces in contact with a moving fluid is not included in any of
the models published so far.

5.3. The final sealing of a vein

Because open cavities are infrequent in many natural
veins, one must suppose that additional processes com-
pletely seal a vein. These processes can be: (i) collapse
of the fracture after a drop in fluid pressure, e.g. a
discharge of fluid along a hydraulic gradient, followed
by pressure solution and compaction, or (ii) a different
transport mechanism such as diffusion through grain
boundaries (Fisher and Brantley, 1992; Fisher, 1996;
the dependence of boundary diffusion on fluid pressure
was discussed by Ortoleva et al. (1995); or interfacial
energy driven healing of microcracks by Lemmleyn and
Kliya (1960), Smith and Evans (1984) and Brantley et
al. (1990)).

5.4. Validity of assumptions

Our basic numerical modelling does not take into account
various parameters, which are:

1. The evolution of microstructures: grain-scale hetero-
geneity in growth velocity resulting in facetting and
growth competition is not modelled. For horizontal
segment widths of the numerical model larger than the
individual size of an experimentally grown crystal, an

averaged growth rate is assumed to be a reasonable
approximation. Under such conditions the natural aniso-
tropy in facet growth rates of individual crystals will be
averaged.

. The dependence of growth rate on additional parameters:

Although many of the parameters outlined in the
introduction influence absolute growth rates, the relative
trend will be similar to the one shown above (Fig. 3). A
correlation of our numerical simulation (based on experi-
mental work by Garside (1977) and Mullin (1993)) and
our experimental results give the same absolute value of
the growth rate without incorporating the factors
mentioned above. This indicates that our simulation is
a valid first order approximation of the experiment. Ristic
et al. (1997) pointed out the decrease in growth rate of
deformed crystals. This might be an important effect
during the initial stages vein growth, where (in the case
of syntaxial accretion) epitaxial growth on the wall rock
may be strongly heterogeneous, due to different disloca-
tion densities in the grains. Note, however, that the
presence of screw dislocations can facilitate crystal
growth (Sherwood and Shripathi, 1993).

. The change of growth rate of a single crystal at constant

boundary conditions over time: in general, growth
competition results in the survival of slower growing
facets, with all other parameters constant. Therefore in
real systems growth velocity should decrease with the
progress of growth competition.

. Diffusion in the fluid in the y-direction: The model

assumes a perfectly mixed fluid in the y-direction. This
implies that diffusion in that direction is rapid, otherwise
a concentration gradient within the fluid will develop.
This in turn results in far higher distances of X" due to
fluid highly supersaturated in the centre, but at equi-
librium at the outer sides. The rough interface between
channel and seed crystals causes additional mixing,
observed during the experiments.

Simple calculations of 1D diffusion in a saturated
solution of alum suggest that for the parameters con-
sidered in our models, i.e. fractures up to a few
millimetres wide, and fluid flow rates of our experi-
ments, diffusion is sufficiently rapid to satisfy this
assumption.

. Diffusion in the fluid in the x-direction: this process

is expected to be relatively slow, due to the already
existing concentration gradient along the crack
caused by advective fluid flow. This will drive diffu-
sion along the crack, but will not result in a large
change in concentration profile.

. Plug flow: in a fracture with reasonably smooth walls

a parabolic flow profile is more appropriate (Dijk and
Berkowitz, 1998). The complex, rough surface
developed during the experiment makes the flow
pattern complex, with more effective mixing in the
y-direction. For this reason plug flow may be a
reasonable approximation.
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5.5. Comparison of experiment and model calculations

The data (Fig. 3) suggest a trend of decreasing growth
velocity over the length of the experiment. The large
variation in growth rate of each individual facet makes it
difficult to substantiate this trend. Therefore we analysed the
results, by individual facet growth rates and by averaging in
several ways (cf. Fig. 3b). All analyses give comparable
results, and therefore a decrease of growth rate along vein
length is accepted.

Model calculations using the experimental parameters
show a slightly less strong trend (Fig. 10a and b). Thus
either the model is incomplete or the values of input para-
meters are incorrect. As mentioned above, we observed
fluid flow through the porosity of the wall rock during
the experiment, increasing when the facing crystals at the
inlet almost touched. While discrete channelled flow was
active at the beginning with material grown at the vein-
opening interface, more solute precipitated inside the wall
rock and the vein-opening interface at a later stage. This is
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Fig. 10. (a) Comparison of experimental growth rates (dots) and numerical
results (grey line). At the experimental field of view (1.5 mm), the numer-
ical model predicts growth rates similar to those measured in the experi-
ment from individual facets (filled dots), although the slope of the curve is
too flat. Growth rates estimated from area measurements (open circles)
agree well with numerical results. (b) At a larger scale (field of view
45 mm) the vein seals faster in the experiment (dots) than predicted with
the model (grey line). A reduction of the flow velocity results in a steeper
slope of the modelled curve (black line), comparable with experimental
results (see text for discussion).

indicated in Fig. 4, showing the amount of precipitation in
the channel over time. It implies that either the fluid flux
decreased when the vein was partially sealed, or material
precipitated on the wall rock. This means that part of the
fluid flow was through matrix porosity, and thus calcula-
tion of flow velocity from the flux overestimated the real
flow velocity.

Sensitivity plots for a lower flow velocity (Fig. 9d)
show that the gradient of growth rate along length
increases rapidly for a decreasing flow rate. This results
in a numerical trend fitting more closely with our experi-
mental results (Fig. 10b). Therefore we propose that this
is a possible explanation of the discrepancy between our
measurements and simulation. Further work will involve
direct measurement of the flow velocity in the experimental
set-up.

The present experiments have shown that a model
system is useful to study the dynamics of vein accretion
at high resolution. Ongoing work is aimed at exploring
the changes at longer veins, different supersaturations and
flow rates. Results of these will be published in a follow-

up paper.

6. Conclusions

1. Syntaxial growth experiments result in plugging of the
inlet during lateral channelled flow with initially parallel
walls.

2. Although the channel is blocked by a few large crystals at
the inlet, further growth takes place, caused by transport
through wall rock porosity.

3. In our experiment and simulations the vein remains open
at the outlet, thus additional processes have to be taken
into account in order to explain natural systems of
completely sealed veins.

4. Grain shapes evolve due to a complicated process of
growth competition, with the resulting microstructure
being a result of initial crystallographic orientation and
elevation of initial seed crystals.

5. Numerical simulations explain the first order trends in
our experimental results, using the flow velocity and
supersaturation as parameters.
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S10 Appendix A. Numerical calculation scheme

For the 1D finite difference simulation, fluid packets of
equal size were moved through a rectangular tube with
mass given flow velocity and relative supersaturation (Fig. Al).
deposited 620 The growth velocity was calculated at each node point over
- - segment length x, with growth on the xz-plane calculated in

the y-direction only.
i—o 1 2 T The calculation gives a profile of supersaturation o, flow
velocity and aperture y as functions of horizontal distance x.

Fig. Al. Sketch of the growth process as simulated with the model. Once We repeat the routine for a large number of cycles, to track
the first fluid pocket has flown through the tube, the following fluid volume ’

will be inserted. The decrease in aperture causes an increase of the flow the time eVOh.lthIl of the SyStem.(FIg' AZ?.
velocity. At the inlet, the relative supersaturation o equals o, The following table shows a list of variables and values

used in the finite difference calculations. Indices i and j refer
to the segment number and the relative time of the process,
respectively.

[1i=0]

input: 6, V, v, X, ¥4, 2, Q
set: V/V_ .. <02

seg. i.j
|

calculate
tij i Mij V
I

VAN
seg.ijr Vij

calculate move fluid pocket i=0
Vgrowth s Vlcry. ip Moy 1] | to next segment =i+

calculate dy;; no
and new y;; for
this segment

uid reached es| insert new

es ube end (i=n)2 fluid pocket

no

calculate ¢;;and m;;
for next segment

Fig. A2. Flow chart of the finite difference routine.



1042

Table Al

C. Hilgers, J.L. Urai / Journal of Structural Geology 24 (2002) 1029-1043

List of variables and values used in the finite difference calculations. Indices i,j refer to the segment number and the relative time of the process, respectively

Variable Parameter Value

Ceq Equilibrium concentration alum (g/100 g solvent)

Cij Concentration ¢ij=(0; + D)ceq (g/100 g solvent)
lij Fluid pocket length in x = V/(z X y;;) (mm)

m;; New mass dissolved in V =My~ My, i

Mery. ij Mass crystallised =Very. ijXp (g/mm3)

Meq. Equilibrium mass of solute Constant (g)

1] Initial fluid flux =y X y; Xz (mm?s)

v Initial fluid flow velocity 0.16 mm/s

Vij Local fluid flow velocity = Q/(y;; X z) (mm/s)

Verowth ij Local growth velocity Eq. (2) (mm/s)

v Fluid packet volume 0.0006 mm*

Very. ij Volume crystallised = Vgrowth ij X lij X 2 X i (mm?)
Vg ij Segment volume =XyiZ (mm?)

ViV, ij Calculation stop criterion >0.2

lij Time of fluid pocket in segment = x/vij (s)

X; Horizontal grid size 0.4 mm

Vi Channel aperture 0.5 mm

Vij New channel aperture =yi-1j — dy;; (mm)

dy;; Change in aperture = V. i/(z X x) (mm)

z Channel height 0.35 mm

o Initial relative supersaturation 0.14

oij Relative supersaturation =m;jimeg, — 1

p Density of alum 0.00172 g/mm®
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