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MODELING METAMORPHIC FLUID FLOW
WITH REACTION—COMPACTION—PERMEABILITY FEEDBACKS

VICTOR N. BALASHOV* and BRUCE W. D. YARDLEY**

ABSTRACT. Existing models of metasomatic flow do not allow for the effect
that reaction has on the flow patterns. Instead, it is assumed that the volatiles
produced are negligible in volume compared to those infiltrated and that reac-
tion does not modify permeability. This is clearly unlikely to be true for infiltration-
driven decarbonation reactions.

The rates of porosity creation by reaction and porosity loss by creep have
been calculated for a representative volume of calcite-quartz—wollastonite marble,
and it is found that, even for a weak calcite matrix, the rate of porosity generation
by reaction is likely to outstrip the collapse of porosity, as long as the system is out
0%, equilibrium.

e have applied a self-consistent 1D finite-difference model to the reaction
of calcite + quartz to wollastonite in a 10 m thick marble, in response to influx of
H, 0 rich fluid, with fixed boundary conditions. The model allows us to evaluate
the effect of reaction on the porosity structure and fluid pressure variation across
the layer, from which locaﬁ) Darcy fluxes can be evaguated. The progress of
reaction that we model is constrained by hydrological considerations, with the
requisite parameters recalculated as reaction progresses, assuming creep compac-
tion of rock under the stress difference between lithostatic and fluid pressures.

We find that the volume of fluid released by decarbonation, driven by influx
of H,0, is sufficient to create a back-flow, so that further advancement of the
reaction front is only possible as a result of diffusion of water against the Darcy
flux. The effect of creep driven by differences between fluid pressure and
lithostatic pressure is to reduce the permeability of the layer and especially
reduce the secondary porosity developed in the zone at and gehind the advanc-
ing reaction front. We predict that in a 3D situation, the porous zone of reacted
marble becomes a conduit for layer-parallel flow, and the secondary porosity is
infilled by calc-silicate minerals due to silica metasomatism.

LIST OF SYMBOLS

A(d) porosity function in densification law, eq (24)
aP constant in the permeability eq (27)
Cy molar concentration of kth component of fluid, k = 1, 2 (for CO; k = 1 and
for H Ok = 2)
DY mutual diffusion coefficient in binary mixture COo-H,O
D¢, diffusion coefficient of calcium component in fluid
Defl effective diffusivity of silica through wollastonite layer
Dgg grain-boundary diffusion coefficient
D¢} effective diffusivity of silica accordingly to grain-boundary diffusion
d, mean size of calcite grains
d¥° mean size of wollastonite grains
F diffusion factor of the porous medium
f general kinetic function, eq (11)
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fer general creep function, eq (12)
H energy of activation in ‘densification law, eq (24)
unit vector for vertical direction.
g acceleration due to gravity.
j* rate of chemical reaction
k* kinetic constant in eq (20)
kP permeability of porous rock medium
L width of marble layer
Ly diffusion length
M, molecular mass of kth component, k = 1, 2
/% the mth mineral from paragenesis Q;
mg molality of silica in equilibrium with quartz
m§"Y molality of silica in equilibrium with calcite and wollastonite
m grain-size exponent in eq (24)
n stress exponent in eq (24
F; fluid pressure
P? fixed fluid pressure at inlet of marble layer
PE fluid pressure at the reaction front
Py fixed fluid pressure at outlet of marble layer
Pl lithostatic pressure
Q energy activation for grain-boundary diffusion
Q, paragenesis of mineral products in reaction (1)
Q, paragenesis of mineral reagents in reaction (1)
q- Darcy Velomty on left of reaction front
q+ Darcy velocity on right of reaction front
q Darcy velocity
R gas constant, 8.314 J/°K/mol
S&tz specific surface area of quartz in marble
concentration of mth mineral per unit volume of porous rock medium
S,- concentration of kth component per unit volume of porous rock medium
behind (to the left) of reaction front
Sy+ concentration of kth component per unit volume of porous rock medium
ahead (to the right) of reaction front
T temperature in °K
t,t* time and the initial time of process
V2 molar volume of mth mineral
V¢, molar volume of calcite

Vi partial molar volume of kth pure component
V| partial molar volume of kth component in CO;-HyO mixture
vt velocity of reaction front
Wr deviation from equilibrium for chemical reaction
Xx mole fraction of kth component in mixture, k = 1, 2.
X0027
Xi,0 mole fractions of CO, and of HyO in mixture ,
x space distance coordinate in the horizontal direction
x" the position of reaction front
AV? solid volume effect of chemical reaction
8 grain-boundary width
3Dy pre-exponential term in eq (22)
¢ porosity volume fraction
¢m volume fraction of mth mineral

-ty
~
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¢ the rate of porosity loss due to creep

¢ the rate of mth mineral volume fraction change due to creep
V gradient of variable
V- divergence of flux
v, stoichiometrical coefficient of kth component in chemical reaction
v3 stoichiometrical coefficient of mth mineral of Q; paragenesis in chemical
reaction
p fluid density
pr,0 water density in fluid CO,-HyO mixture
o stress, MPa.
oo effective stress or effective pressure, o = P-F;
1 fluid viscosity

INTRODUCTION

The significance of calc-silicate rocks and skarns as markers of fluid flow during
metamorphism has been recognized for many years. While the general nature of the
metasomatic processes involved has been understood for a long time (Korzhinskii, 1936,
1970; Thompson, 1959) and has been investigated experimentally (Zaraisky and others,
1986), sophisticated estimation of the quantities of fluid involved have been attempted
only recently. Attempts to quantify fluid fluxes across lithologies in the metamorphic
column have developed from simple analysis of stable isotope exchange between fluid
and rock in a 1-D system, with local equilibrium and kinetic isotope exchange between
fluid and rock along a flow path in which properties such as permeability are not affected
by any metasomatic processes taking place (Bickle and McKenzie, 1987; Lassey and
Blattner, 1988; Baumgartner and Rumble, 1988; Baumgartner and Ferry, 1991). How-
ever the development of experimental and theoretical investigations of mineral dissolu-
tion and precipitation rates and transport properties of rocks and fluids (Lasaga, 1981;
Aagaard and Helgeson, 1982; Balashov and others, 1983; Lasaga, 1986; Murphy and
Helgeson, 1987; Oelkers, 1988; Balashov, 1995; Zaraisky and Balashov, 1995; Qelkers,
1996) has provided a basis for a quantitative approach to chemical transport modeling,
taking into account reaction kinetics (Lichtner, 1985, 1988; Lasaga and Rye, 1993) and
feedback between reaction and porosity (Balashov and Lebedeva, 1991; Steefel and
Lasaga, 1994; Steefel and Lichtner, 1994; Lichtner, 1996).

The importance of the deformation of rocks for the modification of fluid flow has
been discussed by Knipe and McCaig (1994). One of the most fundamental ways in
which deformation can influence fluid flow is through the modification of pore volume in
response to changes in effective pressure: oy = 03-P;. The relative simplicity of this
physical basis does not imply simplicity in its general treatment when coupled with
chemical reaction and mass transfer. Some aspects of this problem with extension to
negative effective pressure in a viscous rock matrix have been addressed recently by
Connolly (1997). The problem addressed here is, however, distinct: we are studying the
potential of a specific lithological boundary for creating heterogeneities in permeability
as a result of reaction that may then dominate fluid loss from surrounding rocks on a
scale of hundreds of meters to kilometers, rather than the overall behavior of average
crust.

In this paper, we model metasomatic processes in marbles, making specific allow-
ance for the effect of fluid produced by decarbonation, enhancement of porosity by
reaction and reduction of porosity by creep. Our ultimate aim is to evaluate the
conditions under which impure marbles may become a focus for metamorphic fluid
flow, which is a prerequisite for the development of calc-silicate skarns. In this paper we
first evaluate the complex effects of reaction and stress on the porosity of a marble in
which calcite and quartz are reacting to form wollastonite. The equations are then
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incorporated into a 1-D flow model to evaluate the effect of decarbonation on transport
and feedback. The results of the analysis are used to provide constraints on possible flow
behavior and Si-metasomatism in a 2D and 3D environment without explicitly model-
ling Si-transport.

THE MODEL FOR REACTION AND FLOW

In this section we develop a general model for the flow of fluid into or out of a rock
as a direct consequence of a reaction that releases volatiles. Contributions from both
diffusive and advective mass transport are considered. The analysis is developed for a
barycentric reference frame (de Groot and Mazur, 1984), that is one for which the net
mass diffusive fluxes are zero, and which may therefore migrate relative to geological
boundaries.

The master equations.—Consider an isothermal-isobaric system in which a generalized
metamorphic devolatilization reaction takes place, leading to the replacement of the
initial paragenesis (), by paragenesis ;. We can write the reaction as:

. k*
Sv@ . #2QL = 30U 4D + v, CO, + v,H,0, (1)

where mineral .# & belongs to paragenesis Q;, i = 1, 2. The resulting changes in the
amount and composition of fluid present in the rock (assuming complete miscibility)
depend on the rate of movement of each fluid component into or out of the rock as a
result of both advection and diffusion. This movement can be calculated using the
independent component transport equations for a barycentric reference system, which
define the balance between diffusive and advective flow and which have the form for a
two-component system (Balashov and Lebedeva, 1996; see app.)

€y =V- DOI\:/I—%EVCI) -V (Clq) + v
ot V, p

G o [po &Evcz) — V- (Cyq) + vy 2)
ot V. p

Where the symbols are defined above in the List of Symbols, and the Darcy velocity, q, is
given by

kP
=" (VP; + iypg), (3)

The bulk fluid transport equation results from multiplying the component transport
eqs (2) by the component masses, M; and Ms, and summing

dbp ,
ot =V (pg} + j (oMy + v M,). (4)
This equation is valid for a barycentric reference system, defined as one for which
2 M ]k = 0, where M, is the mass, and ]y is the diffusive flux of the k-th component.
Porosity evolution—For a full descr1pt1on of the system it is necessary to include
equations for mineral concentrations, taking into account the change in the total volume
of each phase as reaction proceeds and the change in mineral mode as a fraction of the
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total rock volume that results from elimination of porosity by compaction due to creep:

adbm - . 5)
—— = Vo, +
7 mVm "+ by
Assuming deformation of the rock is dominated by homogeneous creep of the single
most ductile matrix phase, with the relative proportions of minerals remaining constant,
we obtain

fer b o — b cr
making use of the relation between porosity and mineral volume fractions,
Sbntd=L 7)

Overall, the change of porosity with time in a rock undergoing reaction and compaction
is given by:

ad .
o= AV + b, ®)

where:

AV = D v, VO, )

The first term of eq (8) defines the change in porosity due to reaction, and the second
term, &, is the rate of porosity loss due to creep:

6 = =2 ¢ (10)

The source function j* in eqs (2), (4), and (5} is defined by a kinetic law that relates the
rate of reaction to the degree of deviation from equilibrium (Wr)

i = f(Wr). (11)

The rate of compaction with time, ¢, is defined by a deformation law and for the
purposes of our analysis is simply a function of the difference between lithostatic pressure
(P)) and pore fluid pressure (Py)

b = £ (P~ Py). (12)

In general, f should include a deviatoric stress component, but we assume that this is
negligible relative to the effective pressure o4 = Py — P This is equivalent to the
assumption: o = 0, = g3 = P,

Density-composition relations for binary CO,—H;0 mixtures—For the PT-conditions of
the problem addressed here, we have ignored the volume of mixing term for CO,-H,O
fluids and treated the partial molar volumes of fluid mixture components as equal to the
molar volumes of the pure components (that is, V, = V}, k = 1, 2), taken from Shmulov-
ich and Shmonov (1978).

The bulk fluid density is related to the volume concentration (mol/cc) of CO; in an
Hy;0-CO, fluid by the relation:

pz(Ml—:MQ C+t=, (13)
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likewise, the mole fraction of CO, in the mixture is related to volume by:

X, = C —— Vs . (14)
Ci(Va— V) +1
The molar volume of a CO3-H,O mixture is defined as
V =XV, + X,V,, (15)
while the water density in the fluid grams cm =3 is
Xy
PH,0 = M,Cy = M, $ (16)

Because we consider only small variations in a fluid pressure relative to the 200 MPa
mean pressure, we treat the fluid as incompressible.

APPLICATION TO A NATURAL METAMORPHIC REACTION
In this study we have taken the example of the well known metamorphic reaction

k+
Cal + Qtz~ Wo + CO, (17}

occurring in a marble at 600°C and 200 MPa. This reaction was chosen because relevant
data are available to evaluate both the reaction rate and the creep rate (Tanner, Kerrick,
and Lasaga, 1985; Walker, Rutter, and Brodie, 1990; Zhang, Paterson, and Cox, 1994;
Paterson, 1995), and also because it provides an extreme case of a very ductile rock due
to the softness of calcite at such high temperatures.

The rate of generation of poresity—The kinetics of reaction (17) were investigated by
Tanner, Kerrick, and Lasaga (1985). We reinterpreted their experimental data on the
basis of the extended kinetic-diffusion model of Lasaga (1986). The model includes two
principal steps: diffusion of dissolved silica through the new-formed thin porous wollas-
tonite layer to the calcite surface and formation of wollastonite on the calcite surface.
Hence for any given X, we consider two principal chemical reactions:

Qtz—SiO}, (18)
k+
Cal + Si0) .= Wo + CO,. (19)

We assume that reaction (18) is at local equilibrium and the concentration of dissolved
silica at the outer wollastonite surface is in equilibrium with quartz; the second reaction,
(19}, takes place on the calcite surface. Another simplification, valid for marble when the
amount of calcite is much greater than that of quartz, is that the interface area between
calcite and wollastonite is considered equal to the initial surface area of quartz in the
rock. Accordingly, the model rate equation is formulated as

0 =~ W
. SQtszQO(mgli mg;")

i + (bWo ’
k s&tZDeH

(20)
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where s, is the initial specific surface of quartz cm? cm™~3 in the rock; PH,0 = PHyo/1000;
mg and m§" are silica equilibrium molalities for reactions (18) and (19) respectively, at
given X¢o,; k™ is the kinetic constant for reaction (19), [s~!]; D*Tis the effective diffusivity
of dissolved silica through the wollastonite layer, cm? s 1.

On the basis of experimental data at 800° to 850°C and 100 MPa from Tanner,
Kerrick, and Lasaga (1985), we used eq (20) to determine the activation energy of
reaction (19} to be 100.4 k] mole!, and the effective silica diffusivity to be 107% cm?/s.
The estimated value of k* for 800°C and 200 MPais 3.3 - 107551

We can compare the estimated value of silica diffusivity with data of Joesten (1991)
on grain-boundary diffusivity of silica in wollastonite rims. Accordingly to the grain-
boundary diffusion mechanism the effective diffusivity D§i; can be expressed as

2
Derf = dW° ~=8Dgg, (21)

where 8 is the grain-boundary width, d¥° is the grain-size of wollastonite, and D is the
grain-boundary diffusion coefficient. We can fit 3Dgp to Arehnius law:

8Dgp = 8Dy exp | —

=, 22
where 8Dy = 1.6 - 1071 m? 57!, and Q = 220 kJ mole~! (Joesten and Fisher, 1988).

Taking d;*° = 1 pm (Tanner, Kemck and Lasaga, 1985) and making use of egs. (21, 22)
we found for D¢l values of 6 - 10711 to 2 - 10719 cm?/s in the temperature range 800° to
850°C. These values of diffusivity are too low in comparison to the experimental
diffusivity (108 cm? s~!) which confirms that the reaction (19) is operated by diffusion of
silica in an intergranular fluid rather than by grain-boundary diffusion.

Taking the calculated activation energy for reaction and the activation energy for
diffusion of silica from Balashov (1995) we arrive at values of k* and D¢ at 600°C, 200
MPa of 2.5 - 1065 'and 6 - 1079 cm? s™! respectively. These values were used in eq (20)
during the further calculations of this study. The low silica diffusivity relative to diffusion
in pore fluid (Balashov, 1995) corresponds to a diffusion factor across the wollastonite
layer ~ 107°. This arises because silica diffusivity is for diffusion through a compact
wollastonite layer around a quartz grain, not for diffusion through the porous bulk rock
as a whole.

The variable Wr of eq (11) is represented in eq (20) by (m& — m§"). The rate of
porosity generation as a function of j* can be written accordingly from (8)

adr
Jt

= —"AVcows (23)

where AVgCQW is the AV? for reaction (17). The rate of porosity generation at the zero
moment of time t = 0, when reaction first starts, is presented as a function of Xc0, in
figure 1. The calculations were made using egs (20) and (23). The initial abundance of
quartz was taken as 9 volume percent. The equilibrium values for reactions (17, 19) are
calculated from the SUPCRT92 data base and the Gibbs free energy of CO, (Shmulov-
ich and Shmonov, 1978), assuming ideal mixing between carbon dioxide and water. The
equilibrium value of X¢(, at the chosen P-T conditions is 0.184. From figure 1 it is
evident that the log rate of porosity generation (s™!) varies rapidly with X¢o, close to
equilibrium, increasing to —7.7 at X¢o, = 0.16, which is within one order of magnitude
of the maximum value possible: —6.7 at X¢, = 0.



448 Victor N. Balashov and Bruce W. D. Yardley—Modeling metamorphic fluid

¥ N i v 1 v { v 1
0.2} : - 0
0.1}
o 4 -50
(& -
> <
-4 -100
0.03 |
N 1 . | A 1 . L . 1 N -150
-12 -11 -10 -9 -8 -7 -6

* -1
log rate of porosity generation ( sec )

Fig. 1. Plot of the rate of porosity generation accompanying wollastonite growth through reaction (17), as
a function of degree of overstepping at time t = 0. Overstepping is measured in terms of Xco, on the left hand
axis and in terms of temperature on the right hand axis.

This calculation uses X, as a convenient measure of deviation from equilibrium.
An alternative measure is the deviation of temperature from the equilibrium value for a
given Xco,. The right hand side of figure 1 provides a calibration of the y axis in
temperature terms, where AT is the deviation of the equilibrium temperature from
600°C corresponding to the overstepping indicated by the X0, values shown on the left
hand side. This shows that the major change in the rate of porosity generation is within
10° of equilibrium.

Marble compaction.—The rate at which marble compacts to eliminate porosity under
the influence of an effective stress depends on the P-T conditions and the magnitude of
the stress. Different deformation mechanisms dominate under different conditions and
can be identified on a deformation mechanism map (Rutter, 1976). The general

expression for a thermally activated deformation process is (Walker, Rutter, and Brodie,
1990): .

RT

& = A(d) exp ondy, (24)
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where the energy of activation, H, the stress exponent, n, and grain-size exponent, m,
vary between different deformation mechanisms.

For the P-T conditions considered here (200 MPa and 600°C), there are two relevant
sets of experimental deformation data: hot isostatic pressing (HIP) of calcite aggregates
(Zhang, Paterson, and Cox, 1994) and the grain-size sensitive flow of synthetic calcite
rock (Walker, Rutter, and Brodie, 1990). In the first case argon was used as the pore fluid,
and in the second case the samples were open to air.

The HIP data of calcite aggregates correspond to an activation energy, H = 390 k],
stress exponent, n = 5, and grain-size exponent, m = 0. On the basis of the HIP data of
Zhang, Paterson, and Cox (1994) we estimate the dependence of the function A(¢) on
porosity over the range 0 to 0.08 to be:

A(d) = exp (144 + 15). (25)

Zhang, Paterson, and Cox (1994) found that the values of H and stress exponent n
correspond roughly to the deformation of calcite aggregates by dislocation creep within

0 —————

1 T T T —

Hot isostatic

pressing (eq 25)

-1
log compaction rate ( sec )

Lower limit from grain boundary sliding
(Walker, IRutter and Brodie,I 1990)

a4 0 1 o 2
log 6 (MPa)

Fig. 2. Plot of the rate of porosity loss accompanying cree? for coarse calcite marble, as a function of
stress (Oog = P; — Py) at different Eorosity values. The different deformation laws, dominating in different parts
of the diagram, are discussed in the text.
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the grains and are higher than those found for diffusion controlled creep. These data
apply to effective pressures o > 10 MPa (Rutter, 1983) and were used to construct the
high effective pressure part of the log d= — log o diagram (fig. 2). This diagram should be
considered as an isothermal cross section of a mechanical deformation map (Rutter,
1976).

The data on grain-size sensitive flow of synthetic calcite rock (Walker, Rutter, and
Brodie, 1990) provide a limiting deformation rate for low porosity (¢ = 0.1 percent) and
yield the limiting lower line on the left part of diagram. The line corresponds to the
following parameters in eq (24): A =3 - 1079, H = 190 kJ,n = 1.7, and m = — 1.9,
where o is in MPa and grain-size, d, is in pm. These parameters are for aggregate
deformation by grain-boundary sliding at low stresses (¢ << 25 MPa). The multiplyer 3 in
the pre-exponential term A represents transformation from uniaxial compression flow
data to a volume compaction process. In our calculations the calcite grain size was set to
0.1 cm. For such a grain size the compression flow law with these parameters is only valid
up to a rate of deformation of 1079 s~!. Hence the line we have shown is only
approximate for the higher strain rate indicated here.

The presence of water-rich fluid must enhance grain-boundary sliding (Rehbinder
and Shchukin, 1973), but nevertheless it is more important to take into account the
influence of pressure solution on deformation of wet marble (Paterson, 1995; Rutter,
1983, 1976; Weyl, 1959). This mechanism of porosity reduction consists of three steps:
dissolution of stressed material, transport through the pore fluid, and precipitation.
Zaraisky and Balashov (1995) have shown that the interface term in the pressure solution
equation can be ignored at high temperatures. Instead, the process is controlled by the
diffusion step, for which we can write:

i cFD Cav%al

2 Oeff> (26)
RTd?

where ¢ = (py,o/1000) W, fic, being the calcium molality in the fluid in equilibrium
with calcite, taken to be 0.05, and o5 = P, — Py. The diffusion coefficient was taken from
Balashov (1995), (D¢, =4 -107*cm?s 7). V¢, and d, are the molar volume, cm?®
mole~!, and the calcite grain size, cm, respectively. The term F is the factor for
intergranular pore diffusion and is given here as: F = ¢? (Paterson, 1995). Results from eq
(26) show that, for the left hand region in figure 2, the pressure solution‘process is the
predominant deformation process during compaction of marble.

Bulk creep model—rate of porosity generation versus rate of porosity loss—An important
consideration in evaluating how a reaction will develop in carbonate rocks, is the balance
between porosity creation and porosity loss. Generation of metamorphic secondary
porosity can lead to enhanced permeability, lowering of fluid pressure, and hence
increased influx of non-chemically equilibrated fluid. This promotes further reaction,
which thus becomes self-accelerating. On the other hand, if creep is sufficiently rapid to
close pores faster than they grow, infiltration-driven reactions will slow down and stop.

Consider a bulk system at an initial time t® with a rate of porosity generation shown
in figure 1. For a given initial porosity, any degree of reaction overstepping will lead to a
rate of porosity generation that may be compensated by a stress value, o, leading to an
equal rate of porosity loss.

On this basis, the effects of both chemical reaction and compaction have been
combined in figure 3, which shows fields of predominance of porosity generation and
porosity loss at an initial time t°. They are separated by a line we term here the Critical
Initial Stress (CIS) Curve. The position of this curve is itself a function of porosity (hence
the cluster of curves in fig. 3), and it marks the threshold between a field in which
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net porosity loss
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Fig. 3. Boundaries separating a field of net Forosity increase from a field of net porosity loss, at various
initial porosities, for a reacting calcite-quartz-wollastonite marble. Each curve is a Critical Initial Stress Curve
for a specific initial porosity.

infiltration-driven reactions are likely to be self-accelerating and a field in which they will
come to a halt.

Although figure 3 is calculated for t’, the time at which reaction starts at any point in
amarble, it is indicative of the behavior at subsequent times provided reaction (17) is still
in progress. In detail, the rate of the metamorphic reaction will be slowed by the
development of a rim of wollastonite armoring quartz grains, while the rate of porosity
collapse will also decrease as the proportion of wollastonite to calcite increases. We have
not attempted to quantify this effect.

The results shown in figure 3 are remarkable in that they show that appreciable
porosities (several percent) may be maintained during reaction even when stresses are of
the order of several hundred bars. This is in good accord with textural studies of
calc-silicate rocks that illustrate growth into open porosity (Yardley and Lloyd, 1989).

COUPLED CREEP AND REACTION FLOW MODEL
The results presented in figure 3 are for a bulk system, and are of value in
demonstrating the likely importance of porosity-generating reactions in calc-silicate
rocks. However calc-silicate zones often develop at the edges of marble units, due to
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Fig. 4. Diagram to illustrate the 1-D marble layer modelled in the text, showing the composition and
boundary conditions.

diffusion or infiltration of aqueous fluid components from adjacent siliceous rocks into
the marble. As a next step to understanding this process, we evaluate here a 1-D model
for infiltration-driven reaction, which takes into account the total fluid transport,
including the effects of reaction and creep (fig. 4).

Rock permeability and porosity—The permeability constant in Darcy’s law (3) is
defined by the geometrical structure of pore space and, hence, reflects the history of
deformation, recrystallization, and pore fluid interactions. Although permeability is
classically considered to be a rock property independent of fluid characteristics, this is no
longer true for low porosity metamorphic rocks. The surface energy between mineral
surfaces and pore fluid can dictate the manner and degree to which pores connect
(Rehbinder and Shchukin, 1973) and hence controls the distribution of fluid along grain
boundaries and the rock permeability (Holness and Graham, 1995). Experimental
measurements of permeability as a function of temperature and effective pressure report
a complex functional behavior with hysteresis phenomena (Shmonov, Vitovtova, and
Zarubina, 1995).

To a first approximation, a cubic power law relationship between porosity and
permeability:

kP = aP¢?, (27)

has been found to be widely applicable to consolidated rocks (Brace, Walsh; and
Frangos, 1968; David and others, 1994). This relationship is also incorporated into the
Kozeny-Carman equation for porous media (Dullien, 1979).

Heating of rocks leads to thermal decompaction (dilation) as a result of the uneven
expansion of the constituent mineral grains. Experimental studies of the increase in
permeability due to thermal decompaction of rocks are in a good agreement with the
relation kP o« ¢fj,, where « is slightly less than 3, and ¢y, is the thermally induced porosity.
Theoretical analysis on the basis of the percolation theory utilizing measured distribution
of microcrack widths reveals that this relationship is due to the permeable pore network
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being dominated by plane microcracks along grain-boundaries (Balashov, 1995; Zara-
isky and Balashov, 1995). In contrast, the use of a capillary tube model would lead to a
square power law for the permeability-porosity function which is not in agreement with
experimental data.

Zhang, Paterson, and Cox (1994) found that the permeability of hot-pressed porous
calcite aggregates follows the &* law for ¢ > 7 percent of porosity but at low values of
porosity kP o ¢!%. This was the result of the loss of connectivity between pores, and kp
remained proportional to the cube of the connected porosity at low values of .

For the specific reaction considered here (Tanner, Kerrick, and Lasaga, 1985;
Liittge and Metz, 1993) there are three possible effects of newly created porosity. If the
grain size of both quartz and calcite grains is similar, and the modal percentage of quartz
exceeds 15 percent (corresponding to the critical percolation threshold in a continuum
model, Shklovski and Efros, 1975), the quartz grains become continuously connected
giving rise to very high permeabilities as the porosity increases as a result of reaction. In
this case, the exponent (o) in the power law relationship between ¢ and kP is increased,
o > 3. On the other hand, if grain sizes are similar but there is <<15 percent quartz, new
pores tend to remain isolated giving rise to a < 3, although the net volume increase
resulting from the reaction eq (17), when the CO, is taken into account, means that
porosity must connect at least transiently as fluid escapes. Finally, if quartz grains are
significantly smaller than calcite grains, the newly created porosity will serve to enlarge
the pores along the existing grain boundary structure, so that « = 3.

The situation we have modelled corresponds most closely to the third case, and we
therefore took the relationship eq (27) with a value of a? of 1072 m2 Calculated
permeabilities for marbles with porosities of 0.2 and 0.6 percent are 8- 102! and
2.2- 1071 m? These compare very closely with measured permeabilities of marbles
having these porosities, measured by Zaraisky and Balashov (1995), which were 1.3 - 1072
and 4.8-1071 m?, respectively. We would emphasize however that the porosity-
permeability relationships calculated here are intended to be illustrative rather than
definitive. One of our main conclusions is that it is possible for porosity-creating
reactions to generate zones of high permeability: if « is significantly greater than 3, the
contrast in permeability between more porous and less porous rocks will be even more
marked than we have assumed.

Formulation of the problem.—Consider a quartz-bearing marble in a vertical layer 10m
wide undergoing formation of wollastonite by reaction (17) due to horizontal infiltration
of CO, + H,yO fluid through the layer under isothermal conditions of 600°C at 200 MPa.
The boundary conditions are (t = 0)

80X,
XIZX(l) =O
x=0in gy >  x=Ljox (28)
S P; = P¢

The initial mole fraction of CO, in the pore solution of the marble is the equilibrium
value for reaction (17): X¢o, = 0.184. The initial profile of fluid pressure through the
layer is taken to be linear with boundary fluid pressures defined to support a pressure
difference of 0.2 MPa, that is, P} = 200.2 MPa, and P}' = 200 MPa. This gives a fluid
pressure gradient of 0.02 MPa/m which is set up to be comparable to a vertical lithostatic
gradient in P;.

The problem was solved for three possible regimes in the marble layer during
decarbonation. The first case assumes that there is no compaction of pores in response to
fluid pressure, we will refer to this case conventionally as to an absence of stress (o4 = 0).
Note that this approach is normally adopted in reactive transport phenomena computa-
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tions (Lichtner, Steefel, and Oelkers, 1996). In the second and the third cases we assume
lithostatic pressure exceeds fluid pressure: o4 = P, — P* = 1 MPa and 0,4 = 2.5 MPa
respectively. This assumption is crucial from a mathematical point of view because
solutions of eqs (4), (12) that include negative effective pressures can give rise to the
‘porosity waves’ of Connolly (1997).

The calculations were made for two values of initial porosity: 1 and 0.1 percent. The
initial calcite mode (volume fraction) was always 90 percent; the quartz mode was thus 9
or 9.9 percent according to the porosity value. The sizes of calcite and quartz grains were
0.1 and 0.01 cm respectively. The mutual diffusion coefficient in an HyO-CO, fluid D?,
eq (2), and viscosity v, eq (3), were treated as constants equal to 7.1 - 10~* cm? s~! and
7.3 - 1075 Pass, respectively. These values were based on the data of Labotka (1991).

The important parameter that defines the diffusion or infiltration character for the
initial rock transformation is the diffusion length of system

(29)

where ¢ and q° are the initial porosity and the Darcy flux through the layer. The values
of diffusion length for our porosity cases of 0.1 and 1 percent are 259 and 2.59 m
respectively. It follows that for a fluid pressure difference 0.2MPa across rock layer 10m
in width, the reaction is essentially driven by diffusion of fluid components. The solving
of the general self-consistent model egs (2, 3, and 5) makes it possible to take account of
all these necessary factors' in calculating the progress of reaction and infiltration. The
system of differential equations with partial derivatives was solved using the finite
difference method (Balashov and Lebedeva, 1996). In this study, however, rock deforma-
tion has been taken into account using eq (26).

Local equilibrium calculations—For a better understanding of the space-time relations
and the general direction of the process (Lichtner, 1993), we consider first the simplified,
local chemical equilibrium solutions of the problem. For this, there are two limiting
cases: pure infiltration and pure diffusion. In both cases k* — « and the reaction is
concentrated at a sharp replacement front (Lichtner and Balashov, 1993). To find the
limiting solution for infiltration, we ignore diffusion, that is, set D = 0, and solve the
equations:

. ke P,fr - P
a_v- = n Xfr
k& P}‘ - PF
a,vi= — ﬁ L_ ") (30)

where v¥, P are the reaction front velocity and fluid pressure at the reaction front; the kP
and ki are permeabilities to the left and right side of the front respectively, and the
parameters a_ and a, relate the velocity of the fluid to that of the front on each side of it:

a =
- Vfr
ay =2 (31)

- ’
Vfr
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where q_ and q, are Darcy velocities on the left and right side of the front. The values of
a_ and a, can be found by solving linear mass balance equations for the front (the
Rankine-Hugoniot equations)

C(l)a— - C?qa.;_ = Sl— - Sl+
Cga_ - nga_'_ = SQ_ - SQ+, (32)

where S,_ and 8, are bulk concentrations of component k per unit volume of bulk
porous medium (that is solid and fluid phases) to the left and right of the reaction front
respectively. C° and C¢4 are initial and equilibrium concentrations respectively.

The solutions of eqs (30) for the position of the reaction front through time are
illustrated in figure 5. An important result of the pure infiltration model, which follows
directly from (32), is that the value of the local equilibrium ratio of Darcy fluxes across
the front: vP/vP, changes little with initial porosity, ranging from 1.0723 (4 percent
porosity) to 1.0742 (0.1 percent porosity).

In the other endmember case, by ignoring the Darcy flux {q = 0) we can find the
approximate diffusion solution by solving eq (33} for the first component (COy):

Cp-Cf dx

8- - Sl+)I, (33)

X

where ¢_ is the porosity of the newly forming layer. These results are also shown in
figure 5 and are much less dependent on porosity. Porosities in excess of 1 percent are
required for advection to predominate over diffusion over the 10 m thickness of the
model system.

Based on the diffusion length of the system, we can expect that in the absence of
rock compaction (at oz = 0) the full solution (eqs 2, 3 and 5) for the moving reaction
front will be near the pure diffusion case. At a5 > 0 the reaction front velocity will
decrease. It is clear from figure 5 that advance of a reaction front through a 10 m thick
layer will invariably be dominated by diffusion, unless large porosities (>1 percent)
occur throughout the layer. The Darcy flux and the fluid pressure through the marble
layer can be found only through solving the full equations system (eqs 2, 3, and 5). In
further sections we consider our main results.

Porosity evolution—Porosity increases markedly as wollastonite grows, tracking the
advance of the reaction front (fig. 7A), but is lost by creep. Figure 6 shows porosity as
function of distance in the direction normal to the marble layer at different times. Three
different regimes of reaction and replacement are shown: for o4 values of 0, 1, and 2.5
MPa. The initial porosity was 1 percent. Reaction in the presence of compaction
(oer > 0) is characterized by curves with maxima that are located near the instantaneous
reaction front and that decrease in magnitude with time. In this way the metasomatism of
the marble layer is damped out by progressive compaction. A qualitatively similar result
is obtained for an initial porosity of 0.1 percent.

Effect of stress on the advancing reaction front—The effect of stress on the rate of
advancement of the reaction front into the model marble is further illustrated in figure 7B
and C. Increasing stress slows the progress of the reaction front but only slightly distorts
the profiles of mineral modes (fig. 7B). Slowing the propagation of the reaction front
during compaction limits the rate of change of fluid composition with time and has a
significant effect on the profile of fluid composition (fig. 7C).

The position of the reaction front with time calculated from the solution of the full
system of eqs (2, 3, and 5) together with limiting local equilibrium curves for propagation
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Fig. 5. Curves to illustrate the rate of advancement of the reaction front into the model marble layer, as a
function of porosity, for the end member cases of pure diffusion and pure infiltration. Note that the advective
case is much more dependent on porosity, and tﬁat except for rather large porosities, the front is likely to
advance primarily by diffusion.

by pure diffusion or pure advection are depicted in figure 8. The calculations show a
large velocity for the propagation of the reaction front, for example 2 m after 30 yrs with
no compaction. The slowing of the front velocity with time reflects a diffusion dominated
reaction progress. Allowing for creep due to differences between lithostatic and fluid
pressures leads to significant slowing of the front (fig. 8) after the first few years,
irrespective of initial porosity values.
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Fluid pressure and flow—Reaction (17) yields CO, which, from the master eqs (2 and
4), contributes to the Darcy flux of fluid. Figure 9A illustrates the distribution of fluid
pressure inside the marble layer at ¢° = 1 percent, ¢ = 0 MPa. The corresponding fluid
fluxes across the marble for different times are depicted in figure 10A. The initial reaction
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Fig. 7(C) Variations in fluid composition between the initial value and the infiltrating composition, also for the
stressed case.

generates sufficient fluid for the fluid pressure at the reaction front to exceed the
maximum initial pressure at the boundary, P{, and as a result the flow is reversed behind
the front, due to a maximum in fluid pressure at the reaction front illustrated in the inset
to figure 9A. The reaction front continues to advance but is driven by diffusion: the
diffusive flux of water, less the Darcy flux of water behind the reaction front is equal to
Darcy flux of water ahead of the reaction front. With time the intensity of the back-flow
decreases, then disappears after 17.5a (fig. 10A).

The effect of reducing the initial porosity from 1 to 0.1 percent results in a circa
100-fold increase in the maximum of fluid pressure (fig. 9B). The low initial porosity
significantly decreases the fluid flux through the marble layer in the positive direction
(fig. IOA) and the marble is practically impermeable. For this reason, where the initial
porosity is very low, metamorphic reaction within the layer is dominated by reversed
fluid flow.

Applying a stress so that marble compacts leads to more complex patterns of fluid
pressure in space and time (fig. 9C).

The Darcy velocity for fluid ahead of the reaction front (fig. 10) is a function of
porosity. In the case of a compacting system, progressive reduction in porosity with time
leads to a marked decrease in velocity with time compared to the unstressed case (fig.
10B). In general, the effect of compaction by creep is to cause an increase of fluid
pressure within the layer. This effect is a consequence of the power law used for
permeability (= ¢3), the amount of fluid leaving the marble is approximately linearly
dependent on porosity.

An important numerical result is our finding that back-flow of fluid occurs for all
initial conditions of stress with marble porosity <2 percent and has a very similar
velocity, about 0.01 to 0.1 m/a, for the first few years (figs. 10 and 11). This circumstance
is a consequence of the chemical reaction, which continues to be driven by diffusion
against the advective flux.
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‘Reactive’ values of X¢o,—For compacting systems the relationship between porosity
and X0, always exhibits a porosity maximum (fig. 12), and this occurs at a value of Xco,
which lies below the equilibrium value. We can consider the Xco, value at which this
maximum occurs as representing the average degree of overstepping of the reaction for a
given time. As time progresses, the porosity at the maximum decreases, while the
corresponding value of Xco, approaches the equilibrium value. From figure 12 it is
apparent that the curves of porosity maxima all lie under the stationary line of balanced
gain and loss of porosity. in the bulk model, defined in figure 3. Hence the porosity—Xco,
function in the chemical transport model always lies within the field of net porosity gain
defined in the simple bulk model.
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IMPLICATIONS FOR NATURAL FLOW AND SKARN FORMATION

A key feature of the results is the importance of diffusion rather than infiltration in
advancing the reaction front. The generation of carbon dioxide at the reaction front
effectively reverses the direction of fluid flow during the early stages of the reaction
history, (fig. 11) and prevents further fluid flow into the marble. Only where the initial
porosity in the marble is very large (>2 percent) is advective transport likely to dictate
the migration of the reaction front into it, at least over length scales of a few meters. In
practice, large porosities, and hence advective advancement of the reaction front, are
only likely to occur where a thermally-driven decarbonation reaction has created a
pervasive secondary porosity throughout the marble unit as a whole.

Because the movement of the front is normally diffusion controlled, it becomes
possible to extrapolate with more confidence to 2- or 3-dimensions. Assuming the
marble layer is not perfectly horizontal and uniform, then variations in hydraulic head
will arise along it, as a result of which fluid will flow through the outer, reacted part. Thus
layer parallel focussed flow through the high porosity zone will be accompanied by slow,
diffusion-controlled migration of the permeable zone further into the marble. In this way,
the reaction front, is a “metasomatic side” (Yardley and Lloyd, 1995), with respect to
advection, since it is parallel to fluid flow, but nevertheless propagates as a result of
diffusion at right angles to the front (Blattner and Lassey, 1990). The main constraint on
the fluid flux through the 1-D model considered here is the low permeability of the
unreacted marble; however, in a natural situation permeability of marbles is likely to be
even lower, resulting in even less advection through the marble.

Stlica metasomatism accompanying marble reactions—In a 3D situation, further produc-
tion of wollastonite from calcite may take place in the permeable zone behind the
reaction “front” through reaction (19), here driven by introduction of silica in solution
flowing along the porous zone, sourced from adjacent schists. Unlike reaction (17),
reaction (19) leads to an increase in solid volume and a reduction in porosity equivalent
to 7.5 percent of the volume of the calcite that is consumed. In calc-silicate skarn layers at
the edges of marbles, it is commonly the case that no carbonate remains, and hence the
porosity generated by quartz-based decarbonation reactions, such as (17), must have
been sufficient to accommodate the increase in solid volume accompanying complete
carbonate breakdown by metasomatic silica introduction, as in reaction (19).

For our model composition of marble, the amount of porosity that must be present
for total conversion of the remaining calcite to wollastonite by silica metasomatism is
6.14 percent. In the presence of an effective stress, which is inevitable in a high-flow
regime, it is clear from figure 6 that such a large porosity is most likely to be obtained
near the edge of the layer. We have plotted the locus of the maximum porosity attained
at any time as a function of distance, for stresses of 1 and 2.5 MPa, in figure 13, Assuming
that the layer parallel flow is sufficiently extensive for reaction not to be limited by silica
supply, it can be seen that pure wollastonite skarns will be restricted to the outermost tens
of centimeters of the reacting layer. In the higher stress case it is clear that only the
outermost metre of marble is likely to be metasomatized at all. Thus porosity-forming
reactions in the interior of a marble are unlikely to lead to large scale fluid influx, but
when they occur near the margins, extensive flow of fluid derived from adjacent
lithologies may be focussed through the zone of reaction causing silica metasomatism.
This helps explain the common development of calcsilicate rocks at the margins of
amphibolite facies marbles. In this study, we have investigated the consequences
of initiating a porosity-creating reaction in the outer part of a marble as a result of
infiltration of non-equilibrium fluid. Similar effects may also result if the creation of
porosity is the result of decarbonation due to increased temperature, rather than
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Fig. 9. Changes in fluid pressure across the reaction front in the model marble layer, at a series of times.
The pressure axis shows the amount by which the fluid pressure exceeds 200 MPa, the boundary pressure on
the right. The details of the initial build up of high fluid pressure at the reaction front, leading to back-flow
as well as forward-flow from the site of reaction, are shown as insets. These are labelled with the fluid pressure
in excess of 200.2 MPa, the boundary pressure on the left. (A) Initial porosity 1.0 percent, no compaction.
(B) Initial porosity 0.1 percert, no compaction.
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Fig. 9(C) Initial porosity 1.0 percent, compaction occurring in response to a stress of 1 MPa.

to infiltration, even though in this case the porosity will initially be distributed through
out the marble layer, rather than localized at the margins. As in the case modelled here,
the effect of a thermally activated increase in porosity and permeability will be to focus
flow of fluid into the reacting layer, and this is likely to introduce non-equilibrium fluid
into the reacted marble. This fluid, assuming it is relatively water-rich, will cause the
decarbonation reaction to be even more strongly overstepped as it enters the margins of
the marble, leading to an increase in the porosity and in the amount of infiltration. Such
effects will be diminished further into the marble, since the fluid will be progressively
equilibrated, so that extreme metasomatic changes (skarn formation) are likely to be
restricted to the outer part of the marble.

CONCLUSIONS

In this study we have attempted to model metamorphic fluid flow through marbles,
taking into account both their reactivity and their rheological properties under medium
to high grade metamorphic conditions. The modelling demonstrates that the progress
of infiltration- and diffusion-driven decarbonation reactions is influenced significantly
by the generation of fluid and porosity during the reaction. The volume of fluid released
by decarbonation is a significant part of the total fluid budget and results in an
appreciable flow against the overall infiltration direction during the early stages of
reaction, which nevertheless continues to advance because of diffusion of water against
this flow. Porosity is generated rapidly by decarbonation for quite small degrees
of overstepping, causing enhanced permeability behind the reaction front. In a
3-D situation, this zone of enhanced permeability will provide a channelway for
fluid advection parallel to the reaction front, even though the front itself advances by
diffusion.
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Fig. 11. Plot of the reversed flux obtained at inlet (x = 0) across a marble with initial porosity 1.0 percent
(fig. 10%) as a function of time. Note the rather ‘minor effect of stress.

The effect of enhancement of permeability due to decarbonation will be to lower
fluid pressure, creating an effective stress (the difference between fluid pressure and
lithostatic pressure). Relatively small values of stress of about 1 to 2.5 MPa have a
significant effect on the reaction progress, because porosity loss by creep dampens out
the infiltration-driven metamorphic process. Nevertheless, in the case of formation of
wollastonite from calcite and quartz in a marble, the chemical reaction rates are
sufficiently fast to maintain relatively large volumes of secondary porosity (several
percent) against creep while the reaction is proceeding (that is, over times of tens of years
at any point).

The reaction that we have analyzed will produce a wollastonite marble but not a
calc-silicate skarn, which requires metasomatic addition of silica via the fluid. In 2D or
3D, layer-parallel flow through the porous wollastonite-bearing layer will introduce
quartz-saturated fluid from adjacent schists (Yardley and Lloyd, 1995), and this can lead
to the formation of monomineralic wollastonite skarn. The formation of wollastonite
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Fig. 12. Variation in X, with porosity across the reaction front, for an initial porosity of 1.0 percent and
a stress of 2.5 MPa. The equilibrium value of Xco, is 0.184, and the curve labelled CIPC is the Critical Initial
Porosity Curve, defining the maximum porosity at any given Xco, for which the rate of porosity generation by
reaction will exceed the rate of porosity loss by compaction (fig. 3). Note that all the model porosity —Xco,
curves lie in the field of spontaneously increasing porosity.

from calcite by silica metasomatism infills porosity and so is only likely to go to
completion in the outermost parts of the original marble layer. As the reaction front
moves into the marble, the effect of creep is to reduce the maximum porosity attained.
Although our modelling is based on a metasomatic process triggered by infiltration,
qualitatively similar metasomatic effects are likely if decarbonation is initiated by
thermal overstepping, although in this case some reaction products will form throughout
the marble. .

The modelling carried out here shows that overstepped decarbonation reactions
proceed very rapidly relative to the overall duration of even a contact metamorphic
event and have the potential to focus fluid flow from a large volume of metamorphic
rocks through narrow skarn layers. It is, therefore, likely that skarn-forming processes
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Fig. 13. Plot of the maximum porosity obtained near the reaction front as a function of distance (and
hence time), extracted from figure 6, for stress values of 1 and 2.5 MPa. The horizontal line defines the
minimum porosity required for all the remaining calcite in the marble to be converted to wollastonite by
metasomatic introduction of silica, to accommodate the increase in volume of reaction (19). Note that if silica
availability is not the rate-limiting factor, the formation of a pure calc-silicate skarn as a result of layer-parallel
flow along the reacted porous margin of the marble, is still limited to the outermost few 10’s of cms.

around marbles play a much more important role in the release of fluid from medium to
high grade metamorphic belts than the volumetric abundance of skarns would suggest.
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APFENDIX
Derivation of the diffusion part of the system of equations

The general transformation of diffusion coefficients for different reference systems is given by de Groot
and Mazur (1984). To clarify eq (2) we give here the derivation of the relationship between the diffusion
coefficients in the barycentric reference system and in the Fickian reference system for two-component fluid. In
the barycentric reference system, the net diffusive mass flux of components is equal to zero

JM; +J7Me = 0, (34)
whereas in the Fickian reference system the net diffusive volume flux of components is equal to zero
IVi+ Ve = 0. (35)
In egs (34, 35) the diffusive fluxes are defined in a similar manner
J& = -DvC,, (36)

where RS refers to either reference systern. In general, the diffusion coefficients for each component in a
two-component fluid are different, but in the Fickian reference system we have the same value for each because
of the relation

-'?-9 = — z . (37)
aC, A
We can relate barycentric and Fickian diffusive fluxes through:
. J=J]r+ 7C,
L=+ 7G,, (38)

where 7is the relative velocity of the barycentric reference system in the Fickian one. Substituting the fluxes
from eq (38) into eq (35) and taking into account the thermodynamic relation

, VG +V,Cy=1, (39)
we arrive at an expression for 7
| 7=~V + J5V) (40)
Substituting this expression into (38), we have for the kth flux (k = 1, 2)
J=I - UV + BEVa)Ci. . (41)

Making use of eq (34) and eq (39) we can transform eq {41) into

v m V2
Ji=N ﬁ; P
v m v'
Ji=J% ‘M_l' ) (42)
where p is fluid density which is defined by
p=MC, + MyC,. (43)

From eq {42) it is evident that for diffusion coefficients in the barycentric system we have

_MQ o
Dl—ﬁD
P
D, = o 4
2 ﬁ ) (4)

where DY is the diffusion coefficient in the Fickian reference system.
Y
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For the barycentric systern we can write the component mass balance equations as:

aGC, .
0 =V.(FDLVC,) - V- (Cq) + v (45)

where k = 1, 2 and F is the diffusion factor for a porous medium (Balashov, 1995} and takes into account such
geometrical properties of pore network as the connectivity, the tortuosity, et cetera. Substituting the diffusion
coefficients from eq (44) into eq (45) we arrive at the component transport equations, egs (2) in the main text.
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