[AMERICAN JOURNAL OF SCIENCE, VOL. 293, May, 1993, P. 361-404]

American Journal of Science

MAY 1993

FLUID FLOW AND CHEMICAL REACTION KINETICS
IN METAMORPHIC SYSTEMS

ANTONIO C. LASAGA and DANNY M. RYE

Department of Geology and Geophysics, Yale University,
New Haven, Connecticut 06511

ABSTRACT. The treatment and effects of chemical reaction kinetics
during metamorphism are developed along with the incorporation of
fluid flow, diffusion, and thermal evolution. The interplay of fluid flow
and surface reaction rates, the distinction between steady state and
equilibrium, and the possible overstepping of metamorphic reactions
are discussed using a simple analytic model. This model serves as an
introduction to the second part of the paper, which develops a reaction
model that solves the couplre):d temperature-fluid flow-chemical compo-
sition differential equations relevant to metamorphic processes. Consid-
eration of stable isotopic evidence requires that we consider such a
kinetic model for the chemical evolution of a metamorphic aureole. A
general numerical scheme is discussed to handle the solution of the
model. The results of this kinetic model allow us to reach several
important conclusions regarding the factors controlling the chemical
evolution of mineral assemblages during a metamorphic event.

INTRODUCGTION

The role of fluids in determining the physical and chemical charac-
teristics as well as the evolution of both the crust and upper mantle has
been brought to center stage in recent years. Numerous approaches have
been developed that involve analysis of fluid inclusions, changes in
mineral assemblages, isotopic signatures, and deformation histories,
among others. Some of these approaches have made extensive use of the
thermodynamic theory and the thermodynamic experimental data avail-
able for some minerals and for a variety of fluid compositions. However,
because the chemical properties of the rocks and the fluids in mutual
contact have to be determined by the coupling of the fluid transport and
the kinetics of heterogeneous chemical reactions, it is imperative that
some of the salient features of such a coupling be analyzed and discussed
in relation to our current models of fluid-rock interaction. This paper will
address several fundamental concepts the authors feel have not been
adequately treated in previous petrologic papers.

The paper may be summarized in the following way. In general,
because many laboratory experiments reach equilibrium relatively fast,
metamorphic rocks and fluids have been modeled assuming essentially
instantaneous local equilibrium between rocks and fluids. If this assump-
tion is valid, then the large body of thermodynamic data available can be

361



362 Antonio C. Lasaga and Danny M. Rye—Fluid flow and

used with little modification to model water/rock ratios or estimate
metasomatic mass fluxes. A major flaw in such models is that the time
required to achieve equilibrium in a laboratory experiment is not the
only relevant parameter in models of open system petrologic processes.
Rather, from an open process point of view, the important concerns are
(A) whether a kinetic steady state is at all possible, given the geological
boundary conditions, (B) if a steady state is possible, how long it will take
the system to achieve steady state, and (C) having achieved a steady state,
how much of the system is in a “permanent” far from equilibrium
condition?

It is clear that, at the outset, a clear definition of steady state and its
role in petrologic processes must be given. In the petrologic system
comprising a set of reacting minerals and a coexisting fluid, the time
constants for the variation of the fluid composition will be much shorter
than the time required to change significantly the abundance of any one
reacting mineral. In this case, the composition of the fluid can be treated
as the concentration of a reactive intermediate in the classical kinetic
sense (Lasaga, 1981). At any particular position in space, many rates may
affect the local composition of the fluid including advection, diffusion,
dispersion, and reactions with the surfaces of all minerals present. The
behavior of a reactive intermediate is such that in a “short” time its
concentration achieves a steady state balance between all the production
and all the consumption rates. In the same manner, the composition of
the fluid will, in many cases, achieve a steady state (mathematically
dc;/ot = 0 for all components, 7, in the fluid), which, for each chemical
component, balances the input and the output from all the various
processes discussed above.

Steady state will be achieved if the “short” time needed to balance the
input and output from all the various processes involved is less than the
time variation of any outside process. If a steady state composition is
reached it may not be.and in general will not be the same as the
equilibrium composition. The equilibrium composition is reached as a
special case of steady state where for each mineral present in the system
the input rate to the fluid from the reacting mineral surface is balanced
by an equal output rate from the fluid to the mineral surface. For closed
systems, equilibrium may be reached, given sufficient time (for example,
see fig. 1A). On the other hand, for open systems (fig. 1B) the flux of
material in and out of any rock volume element will prevent the system
from achieving equilibrium. Instead, a steady state may be reached, and
the system will be maintained out of equilibrium for geologically long
times. In cases where the outside process varies rapidly, steady state may
never be achieved. For example, if one experimentally increases the
temperature of a system at a fast pace, the system may never reach a
steady state. Non-equilibrium steady states are very common in kinetics
and as shall be shown in this paper can play a considerable role in
petrologic processes.

Metasomatism results generally from the dissolution, transport, and
precipitation of chemical components during the flow of fluids through a
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Fig. 1(A) Fluid reacting with mineral assemblage in a closed system. The fluid will
eventually reach equilibrium with each mineral. (B) Mineral assemblage reacting with fluid
in an open system. The fluid will approach a non-equilibrium steady state.

series of rock units. The understanding of metasomatism, accordingly,
must be based on knowing the transport properties of the fluid, for
example diffusion/dispersion and/or convective flow, as well as the
complex heterogeneous kinetics taking place at every mineral surface in
contact with the fluid. Much of the early work on the theory of metasoma-
tsm focused on diffusive transport models, which were the most amena-
ble to a thermodynamic treatment because of the assumption of local
equilibrium (Korzhinski, 1959; Thompson, 1959). These studies did not
consider fluid flow, nor did they consider the kinetics taking place at
mineral surfaces in contact with the fluid.

In recent years, research has begun to tackle the other three aspects
of the problem: fluid flow (Bickle and McKenzie, 1987; Chamberlain and
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Rumble, 1988; Connolly and Thompson, 1989; Crawford and Hollister,
1986; Ferry, 1986, 1987; Helgeson and Lichtner, 1987; Lasaga, 1984;
Lichtner, 1985, 1988; Rumble and others, 1982; Steefel and Lasaga,
1990; Wood and Walther, 1986; Baumgartner and Ferry, 1991) disper-
sion (Steefel and Lasaga, 1992), and the rates of surface reactions (Dachs
and Metz, 1988; Heinrich, Metz, and Bayh, 1986; Heinrich, Metz, and
Gottschalk, 1989; Lasaga, 1986; Schramke, Kerrick, and Lasaga, 1987).
This paper will combine these three processes and explore some of the
implications for the normal “modus operandi” of petrologists in interpreta-
tion of field data.

BASIC EQUATIONS
The three differential equations that must be solved in a full treat-
ment of metamorphic reactions are the differential equations governing
the temperature, T, the fluid composition, and the fluid flow rate, v. In
the case of heat producing (or consuming) chemical reactions and of fluid
flow, v (in m/yr), the equation governing the change in temperature in
one spatial direction, x, is given by:

oT  8*T  o(yvT)
at - o2 ax

+ Ax) (1

where k is the thermal diﬂ‘usivityy(m 2/yr), v is the true velocity of the fluid
(m/yr), and the factor vy is given by

Y= (pﬂu,id/pr()(:k) (CP,ﬂui(l/CP,mz'k)d) (2)

where p is density (g/cm®), Cp is the specific heat capacity (cal/g/K), and &
is the porosity of the rock. y corrects for the difference in density and heat
capacity between fluid and rock and for the porosity of the rock. This can
be seen by calculating the convective heat flow which is

. Jt'nm/ = d)pﬂui/vaP,ﬂui(lT' (3)

Division of both sides of the energy continuity equation by p,,Cp o t0
yield eq (1) will also lead to the vy coeflicient. Fluid flow may affect the
thermal profile in nature (Bickle and McKenzie, 1987; Brady, 1988;
Chamberlain and Rumble, 1988). The velocity field in this study is taken
as constant (although the size will vary). Other studies solve for the
variation of the flow rate with space and time by use of Darcy’s equation
along with the other terms discussed here (for example, Cathles, 1977;
Steefel and Lasaga, 1990).

Ignoring contributions from radioactive decay, the A(x) term stands
for the local heat production due to chemical reactions and is given by

AHRd
Alx) = D __1‘7_
( ) 2 prﬂck(JP,mrk

(4)

The summation in eq (4) is over all the chemical reactions taking
place, and AHj, R; are the enthalpy (cal/mole) and the reaction rage
(moles/cm?® fluid/yr) of reaction j, respectively.
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Although fluid compositions may vary a great deal, for most metamor-
phic systems, the fluid composition is assumed to be dominantly H,0 and
CO,. The concentrations of these species, ¢; (in moles/cm? fluid), are
governed by the following equations:

8( 5 Chy0
8((!)(]”20) _ d) H30 0x a(d)vCHQ()) R
Y o T T Hy0P )
3Cco,
(DCeyp.) 9\ $Dco, ox dueco,)
097 _ - 4 Roo.d (6)
m P o €Oy

The D’s refer to the combined molecular diffusion (including tortu-
osity effects) and dispersion coefhicient in the fluid (m?/yr), and R is the
net production rate of H,0 or CO, from all local chemical reactions in
units of'moles/cm? fluid/yr.

The kinetic modeling requires that the composition of the fluid
expressed, as the mole fraction of CO,, X¢o,» be converted to concentra-
tion, ¢y, and ¢co,» In units of moles/cm? fluid. In general, we have the exact
relation:

CHy 0 = ~ =7 (M

Ceo, = = (8)

where V is the molar volume of the fluid. V can be obtained from a
modified Redlich-Kwong equation of state or other similar equations of
state:

a —
——————=| (V- b)=RT
(P+“ (V2+bV)ﬁ)( ) ©)
where V is the molar volume, and «, b depend on temperature and the
composition of the fluid (Kerrick and Jacobs, 1981).

In this paper, ¢, v, D are treated as constants to simplify the
understanding of the results and to establish the importance of the
kinetic concepts introduced. Future papers will deal with both two
dimensional and fully coupled hydrologic-chemical-thermal equations as
in Steefel and Lasaga (1990). If ¢, v, D are constants then the dynamic
equations reduce to:

N 9 -
9Ch,0 . *Ci10 Ch0
= . -
% Hy0 o3 o Hy0

(10)
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dCco, #*Ceoy 9Cco,
o = Do, e U ox + Reo, (11

The next section considers some simple models that elucidate the
significance of the coupling of the transport terms to the reaction terms,
RH‘ZO’ and RC()( , in €qs (10) and (1 1)

A simple flow and reaction model. —The chemical differences between
open and closed systems are major. These differences have been stressed
in Lichtner (1985, 1988), Lassey and Blattner (1988), Ague and Brimhall
(1989), Steefel and Lasaga (1990), and Lasaga (1989). An important
illustration of the fundamental differences is immediately derived from
consideration of the kinetic equation for the concentration, ¢, of a
component in a moving fluid. If there is little diffusion and dispersion,
constant porosity and constant ﬂuld flow rate, v, then ¢ obeys the
equation,

dc ac

. g_ _U8_+Rchem (12)
where the constant direction of flow has been taken as the x-axis, and
where R, (in moles/cm® fluid/yr) refers to the sum of all the chemical
reactions involving the component. Normally a fluid would percolate and
enter a region of active chemical reaction. For example, a fluid undersat-
urated with respect to calcite or dolomite could penetrate a region of
impure cabonates (fig. 2). Let us label the beginning of the chemically
active region x = 0. Supplose that the chemical reaction rate is such that a
simple linear term adequately describes it. Such is the case for the
dissolution/precipitation of quartz for which the R, is given by:

Rchem = keﬁj(ceq - C) (13)

The label k15 being;used because this rate constant incorporates the
effect of a variety of factors such as surface area (see below). Using eq (13)

X=0

Fig. 2. Sketch of the simple chemical reaction-fluid flow-thermal model. The reaction®
zone begins at x = 0. A non-equilibrium fluid flows from the left at some rate v.
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the differential eq (12) becomes

ac dc
7= U thg(c, — ¢) (14)
In eq (14), k5 is the net rate coeflicient and has units of time~/; Ceq 1
the equilibrium concentration of the chemical species with the solids
present (for example X, / 7(;02), and it is taken as uniquely fixed here
(for example, no variation in ¢,, due to temperature changes is consid-
ered). Laboratory measurements far from equilibrium (very undersatu-
rated so that ¢ ~ 0) provide an overall rate according to eq (13) of ke,
(in moles/cm?/yr). This rate can also be obtained from the surface reaction
rate constant for dissolution, k4, discussed in Lasaga (1984). k,,, refers to
the surface reaction rate, and it has units of moles/cm? mineral surface/yr.
However, the rate R,,,, in eq (14) requires units of concentration/unit
time or moles/cm® fluid/yr. Therefore, to convert kg, to the appropriate
units it is necessary to incorporate the surface area to volume of fluid
ratio, that is Ry, = (A/V) ks, where A/V represents the area of mineral
per unit volume of fluid (cm?2 mineral surface/cm? fluid) (see Lasaga, 1984).
As aresult, Ry = kygc.y = (A/V) kyiss, and the constant ko (in yr~') can be
evaluated from,

A kdis:s

k”ﬁ - % Coq

(15)

Note that if A is the mineral surface area per unit volume of rock
then A/V = A/, where ¢ is the porosity of the rock. The concentration, ¢,
varies only as a function of time. Eq (14) can be rewritten using the
relation '

dc  dc ac

dt "o Vox
as

de

EI; = ke/f(ceq —c)

this last equation can be solved for ¢(¢) which, if ks is constant, has the
solution,

() = Coy + (¢, = cop)et" (16)

The value of ¢ in the incoming solution at x = 0 is taken to be c,.
Because movement is only due to fluid flow, a packet of fluid moves a
distance of x = vt in time ¢, if v is constant. As a result, the last equation,
which now represents steady state, can be rewritten replacing t by x/v,

ke ) (17

Ca(X) = ¢y + (¢, — €g) €XP (— 2 X
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Fig. 3. Steady state curves showing the variation in the concentration ratio ¢/¢,, as a
function of the distance from the beginning of the reaction zone. Distance is given in units of
v/k (see text). Both linear and non-linear steady states are given. Note the much slower
approach to equilibrium in the’ non-linear case.

a solution used in many other kinetic analyses. Figure 3 shows the
solution concentration as a function of distance; obviously, over long
enough distances, the fluid reaches equilibrium with the medium. The
minimum distance required for ¢, to be within 5 percent of equilibrium,
that is, for ¢,/c,, = 0.95, is calculated dividing eq (17) by c,, as

k,
(1 — &) exp (— —jfx) = 0.05
Coq v

If ¢,/¢,, is rather small so that the term in parentheses is essentially
unity then x,,;, is given by
= 3.0 — (18)
ke

Consequently, the ratio v/k,s becomes a characteristic distance. Note
that this distance is a steady state distance and that the non-equilibrium
condition within this distance remains fixed for long times, a point
discussed further below. :

This characteristic distance can.be contrasted with that obtained in
the case where the chemical kinétics are non-linear. Suppose that the
rate law is given by

X min

Rchem = k,(ceq - C)n (19)
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where 7 is not necessarily equal to 1. First, to compare the two rate laws
we must assume that far from equilibrium, the mineral governing the
reaction dissolves at a given fixed measured rate, that is, the mineral
reaction rate that was measured lies in what is termed the “dissolution
plateau” (Nagy, Blum, and Lasaga, 1991). We will then make both rate
laws conform to this experimental datum. The two rate laws (eqs 13 and
19) should converge on this rate as ¢ approaches 0:

Rthem = keﬁceq = k/c:Lq (20)

Using this last equation to eliminate k’(=kg[f/c;‘q’l yin eq (19) and inserting

this expression for R, into eq (12) yields a new non-linear differential
equation:

A 21
o= Vo T —ceq @1

Once more, this equation can be readily solved for ¢ as a function of time.
After replacing ¢ by x/v, the result is,

Co
l — —
Coy
C(X) = Cog T Ly 1
Cy nol ke[[ n—1
l+mn—-111-— —x (22)
Ceq v

Setting ¢,/c,, near zero, the minimum distance required to achieve 95
percent of equilibrium is given by,

1

k(’ 771_
14 m—1) fx} '~ 0.05
or,
20— 1 v
Xmin = n—1 keﬁ (23)

Figure 3 illustrates the much flatter approach to equilibrium for the
non-linear case. For example, if n = 3, then x,,, = 200 v/k,;. Such large
values for x,,;, suggest that non-linear rate laws will produce much more
extended regions of non-equilibrium. Non-linear rate laws may be quite
prevalent in mineral-fluid reactions (Lasaga, 1986). Table 1 gives the
calculation of x,,;, for a variety of values of fractional equilibration and =.

A fundamental result of this section is that no matter how large the
kinetic rate constant, k., there will always be a region of constant
deviation from equilibrium within a distance measured not by k£, alone
but by the ratio v/k,; and by the non-linearity of the rate law. Note that
this region will never reach equilibrium. As a result, the mineral reactions
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TaBLE 1
Equilibrium distances in units of v/k

n

Percent
Equilibrium 1 2 3 4 5 6
95 3.00 19.0 200 2670 40000 640000
90 2.30 9.0 50 333 2500 20000
80 1.61 4.0

12 41 156 625

will proceed at a non-negligible rate for long times. The only way to
change the steady state is to begin to remove reactants completely. As the
abundance of a reactant mineral decreases, its area, 4, will drop and so
will £, (see eq 15). This is our first introduction into the kinetic isograd
(Lasaga, 1989).

Within the zone where there is,constant and marked deviation from
equilibrium, there will be significant extent of reaction. Therefore, in this
zone, reactions will take place until one of the reactants is consumed
(Lasaga, 1986). As a result, the x = 0 boundary will progress into the
reaction zone, as a reactant phase is consumed (see fig. 4). This behavior
will produce mineral variations across a reaction zone that looks similar
to the variation predicted for equilibrium reactions. Such behavior will
produce a moving boundary separating reacted from non-reacted re-
gions. This boundary is a “kinetic isograd.” The sharpness of the reacting
region, or the minimum width separating regions with no reactant
present from regions with all the original reactant present, will depend
on the kinetics of the overall reactions as well as the rate of temperature
variations.

KINETIC MODEL» INCLUDING DIFFUSION AND DISPERSION

At this point it is very useful to introduce another simple kinetic
model that will aid greatly in framing the non-equilibrium aspects of
reacting fluids in metamorphic events. In the simplest linear kinetic casé,
the change in the concentration of a component in a fluid for a process
that allows for fluid flow, diffusion, dispersion, and chemical reaction
obeys the equation:

oc 9% c
5=D@—va—kgﬂ(c—cm) (24)
The composition of the fluid will be fixed at the beginning of
‘reaction (that is, x = 0) to some value, ¢,. Therefore, we introduce the
boundary condition: -

cx =00 =¢, (25) °



