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ABSTRACT. The shape and displacement of isotopic or tracer concen-
tration profiles perturbed by advective transport of a fluid phase reflect
both the fluid volumes and the kinetics of solid-fluid exchange in
addition to diffusion and hydrodynamic dispersion. Transport charac-
teristics for flow with local solid-fluid equilibrium, linear kinetic ex-
change, and diffusive exchange are reviewed, and it is shown for most
tracers in metamorphic environments that (1) characteristic transport
distances are functions only of fluid:solid partition and the time-
integrated fluid flux; (2) transport with diffusion-controlled exchange
and transport with linear-kinetic exchange can be described by the
same dimensionless parameter (the Damkohler-I number) allowing
delineation of parameter spaces within which their transport character-
istics are similar; and (3) transport by flow down parallel cracks with
diffusion of tracer into the wall-rock can be approximated by linear-
kinetic exchange at high values of the exchange parameter or by
diffusion into a semi-infinite medium at low values of the exchange
constant. These approximations admit relatively simple analytical solu-
tions to the transport equations. Where diffusion through a pore fluid is
the rate-limiting control on fluid-solid exchange, the very different
concentrations of isotopic tracers in metamorphic fluids may lead to
their apparent complete decoupling during advective transport. This is
because the dimensionless constant, the Damkéhler-I number, which
describes the relative rates of fluid-solid exchange to the rate of advec-
tive transport, is a furiction of fluid-solid partition. A tracer more
strongly partitioned into the fluid may show substantial alteration on a
regional scale, whereas a tracer more strongly partitioned into the solid
is only slightly perturbed over a much smaller length scale. Study of
two or more tracers with differing fluid/solid partitions offers a power-
ful way of constraining fluid-flow regimes. This is illustrated by a study
of oxygen and strontium isotope transi)ort in the Hercynian Trois
Seigneurs Massif, Pyrenees. The regional alteration of oxygen isotopic
compositions may have been accomplished by flow along cracks spaced
between 0.3 and 6 m if solid-fluid exchange was limited by diffusion
through the wall-rock porosity. Such a fluid flow mechanism would
have resulted in shifts of less than 15 percent in *’Sr/**Sr composition,
apparent over =10 m and possibly recorded as a small assymetric shift
in the ¥Sr/*Sr profile across a 15 m carbonate band.
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INTRODUCTION

The volume, nature, and mechanisms of fluid-flow in metamorphic
rocks are often inferred from indirect evidence, because the continuing
nature of deformation, recrystallization, and compaction in metamor-
phic belts removes the fluid phase and obliterates textural evidence. The
displacement of geochemical, and especially isotopic, profiles provides a
more enduring record of fluid flow. The shape and relative displace-
ments of individual isotopic or concentration profiles reflect the total
volume of fluid, or time-integrated fluid flux, as well as the mechanism of
fluid transport, in as much as the shape of advectively displaced profiles
reflects both diffusive broadening and the kinetics of fluid-mineral ex-
change. In this paper the relevant transport equations are reviewed to
establish the fundamental controls on advective tracer transport in
metamorphic environments. Equations are reduced to dimensionless
forms o establish the minimum number of dimensionless constants that
control the characteristics of the tracer transport. This is important
because it is only this minimum number of parameters that can be
recovered from studies of advectively displaced tracers. Interpretation of
fluid-flow regimes from the inferred dimensionless constants is model
dependent but may be used to make testable predictions about the
nature of the hydrothermal environment.

The methodology is illustrated by application to the problems of
fluid circulation in the Hercynian Trois Seigneurs Massif, in the Pyrenees,
from the relative displacements of oxygen and strontium isotopic signa-
tures. The Trois Seigneurs Massif is of particular interest because it
exhibits the systematic shifts of oxygen isotopic compositions with meta-
morphic grade characteristic of a-number of metamorphic terrains
(Garlick and Epstein, 1967). Wickham and Taylor (1985, 1987) sug-
gested, on the basis of their oxygen and hydrogen isotopic profiles, that
the shifts in isotopic composition resulted from circulation of surface-
derived fluids to depths of =12 km' at high temperatures and that the
supply of fluid facilitated the substantial in-situ water-saturated melting
observed in the highest grade part of the section. A subsequent Sr-isotope
study (Bickle and Chapman, 1990) revealed that the strontium transport
distance was orders of magnitude less than that of the supposed oxygen
isotopic transport. It was speculated that the fluid circulation took place
along cracks in a lower temperature environment in which kinetic
dispersion facilitated the apparent decoupling of the oxygen and stron-
tium isotopic signatures. It is these data that are modelled below.

THEORY: TRACER TRANSPORT
The equations governing advective and diffusive transport by fluid
flow in porous media are well known and have been applied to geological
situations in numerous studies (Ogata, 1964; Hoflman, 1972; Fletcher
and Hoffman, 1974; Tang, Frind, and Sudicky, 1981; Sudicky and Frind,
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1982; Lichtner, 1985; Bickle and McKenzie, 1987; Navon and Stolper,
1987; Lassey and Blattner, 1988; Blattner and Lassey, 1989; and Baum-
gartner and Ferry, 1991; among others). The displacement of any
advectively transported geochemical anomaly depends on the time-
integrated fluid flux or total fluid volume (per unit area), the relative
concentration of the tracer in fluid and solid phases, diffusion and
dispersion in the fluid phase, and the nature of the exchange process
between fluid and solid. Diffusion, hydrodynamic dispersion, and kinetic
dispersion may have a fundamental influence on the shape of advectively
displaced profiles. Hydrodynamic dispersion arises from velocity differ-
ences within and between flow conduits, and kinetic dispersion arises
from the rate of exchange between fluid and solid. Kinetic dispersion is
likely to be strongly influenced by the mechanism of fluid transport (fig.
1). For example, fluid flow along a grain edge porosity would be rela-
tively slow which would facilitate relatively rapid diffusive exchange over
the small length scales of minerals (0.1-1 mm) and tend to local fluid:
solid equilibrium. Flow along cracks, for which preservation of mineral
filled veins provides ample evidence in all metamorphic environments,
will tend to lead to more rapid fluid transport and correspondingly more
sluggish exchange between fluid and solid.

The complete equations governing geochemical transport in porous
media are complex (for example, Lichtner, 1985), and it is most instruc-
tive to consider simple limiting cases that span the plausible geological

Fig. 1. Alternative flow mechanisms in metamorphic rocks: (A) flow along spaced
cracks (regular spacing 2B and crack-width 2b as used in analysis below), and (B) How along
grain boundaries. Note grain boundary flow at “textural equilibrium” will be along a grain
edge porosity with a shape governed by the fluid-solid dihedral angle, 8 as shown n lower
diagram in (B). Grain edge flow will in general result in closer spaced flow paths with more
rapid fluid-solid exchange than flow along cracks.
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processes. Two cases of tracer transport are considered: (1) advective-
diffusive transport with local solid-fluid equilibrium; and (2) advective
transport with a diffusive term controlling fluid:solid exchange. The
differential equations governing movement of tracers under conditions
appropriate to these two limiting cases are presented below. The equa-
tions contain numerous variables, some well known such as densities and
chemical composition, and some unknown or poorly known such as
porosity and fluid composition. The problem is how much information
on the fluid flow regime can be recovered by measurements on geochem-
ical tracer concentrations in metamorphic rocks.

In the literature, fluid volume estimates are frequently made with
the zero-dimensional water:rock ratio equations (see Taylor, 1977; Na-
belek, 1987, for example), but for most geological settings it is clear that
neither the physical assumptions on which these equations are based are
appropriate, nor that use of these equations recovers all the information
available on the characteristics of the fluid-flow regime (compare Blatt-
ner and Lassey, 1990; Baumgartner and Ferry, 1991). To determine
what information is available on the fluid-flow regime responsible for
tracer-transport it is necessary to rearrange the differential equations
governing tracer transport into a form with the minimum number of
independent constants. This is facilitated by transformations to dimension-
less variables. The equations for advective-diffusive transport with local
solid-fluid equilibrium have been discussed in detail by Bickle and
McKenzie (1987), among others, but because these equations illustrate
aspects of the transport important for understanding the more complex
solutions for transport with kinetic limitations on fluid-solid exchange,
these will be reviewed briefly first.

Transport with local fluid-solid equilibrium.—The one-dimensional dif-
ferential equation governing movement of a tracer where fluid:solid
exchange for that tracer is fast compared with the transport velocity for
the tracer (that is, effective local fluid-solid equilibrium) is given by
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where ¢ is porosity, K; = C,/C, is the solid/fluid partition coefficient by
mass, C,is the concentration by mass in the fluid phase, C, the concentra-
tion in the solid phase, and w, the fluid pore velocity (symbols defined in
table 1). Eq (1) takes advective and diffusive transport into account but
ignores dispersion arising from hydrodynamic effects. D is the bulk
diffusion coefhicient given by

¢ = DeT (2)
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TABLE 1
Symbols, constants, and units

Crack half-width

Crack half-spacing

Tracer concentration by mass, f in fluid phase, s in solid phase, ppm
av average concentration in wall rock of crack at z.

Diffusion coefficient in fluid phase

ot Bulk diffusion coefficient in porous solid = D7

Error function, erfc(x) = 1 — erf(x)

Length scale, for kinetic and diffusive exchange h = ot m

Modified Bessel function order 0

solid/fluid partition coefficient by mass

0o
o

e oD owo
g ok

Pt

o

~
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K Fluid/solid partition coefficient by volume [ K, = oK.
s d

Pr
N, Damkéhler number (exchange time constant to advective time
constant) eq 18
Ny Equivalent to Damkdshler number for transverse diffusive ex-
change (eqs 30 and 32)
K(x,y) K-function (eq 22)
e Peclet number, ratio of diffusive time constant to advective
time constant in z (eq 5)
t Time s
X Distance into wall rock away from crack m
w Geochemical front velocity m-s
z Distance along crack in direction of flow m
Zer Distance to geochemical front m
l("lO/IGOmrk
o Isotopic fractionation factor, that is, a = m
K Exchange rate for linear kinetic exchange s
p Density (f fluid, s solid) Kg'-m™
T Tortuosity coefficient in eq 2
'] Ratio of fraction of tracer in fluid to fraction of tracer in solid
in volume of rock (¢’ ~ K, ¢)
O Fraction of tracer in fluid (& = ®'/(1 + ®))
v Fraction of isotope tracer (for example, 8"O) in fluid per unit
volume (¥ = ®'/(a + ®') where a is isotopic fractionation;
Lassey and Blattner, 1988)
Porosity, volume fraction occupied by fluid
Fluid velocity in pore-space or crack m-s

£6

where D; s the diffusivity in the fluid phase (diffusion in the solid phase is
negligible for metamorphic length-scale transport), and 7 a tortuosity
coefficient in the range 0.1 to 1.0 (Dullien, 1979). Note that for many
isotopic tracers for which the tracer isotope is dilute (for example, 3'*O)
or changes in ratio are small (for example, *’Sr/*Sr) it is valid to treat the
abundance of the isotope or isotope ratio as a tracer concentration with
the solid:fluid partition coefhcient given by that of the carrier element
(compare Lassey and Blattner, 1988).
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Eq (1) may be simplified and non-dimensionalized by the following
transformations (compare Bickle and McKenzie, 1987, who approxi-
mated (1 — ¢)as 1).

z = hz'
Ky
h? (ua‘— 9) + cp) v
(= Pr
Deﬂ
C=(C, - C)C’ (3)

where h is a suitable length scale, and C, — C, an appropriate shift in
concentration. Egs (3) reduce eq (1) to
oC’ P aC"  8’C’ 4
at/ + Pe azl - 32’2 ( )

where the Peclet number, Pe, is equal to the ratio of the diffusive time
constant over the advective time constant for the tracer and is a measure
of the significance of advective transport relative to diffusive transport.
Pe is given by

wyoh
Pe = D, (5)

1f the Peclet number is large, with advection predominating, transport of
a tracer will take place with a relatively sharp front, “the geochemical
front,” separating unaltered from altered regions of rocks (fig. 2). At
lower Peclet numbers the diffusive broadening of the front becomes
more pronounced. In metamorphic rocks and even for metamorphic
time scales this diffusive broadening is unlikely to exceed tens of meters
for all but the most incompatible components (Bickle and McKenzie,
1987, fig. 6). Dispersion of geochemical fronts in excess of this is likely to
be a due to the additional effects of hydrodynamic or kinetic dispersion.
Kinetic dispersion is discussed further below.

Eq (4) may be further reduced by the transformation to a moving
frame of reference

2 =7 — Pet’ (6)

which reduces (4) to
C’  aC ;
o’ 9z )

and eq (7) is the diffusion equation. The important implication ofeq(7)is
that any geochemical anomaly, for example a step in abundance of a
tracer, will be transported as a “geochemical front” at a velocity, Pe, in the
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1.0+ :
i Geochemical Front
Fluid Flow
Pe =
0 1 T }
0 1 2 distance z° 3

Fig. 2. Examples of advective-diffusive transport with local fluid-solid equilibrium for
Peclet numbers between 1 and 100. Rock, initial tracer concentration = 0, infiltrated by
fluid in equilibrium with rock concentration = 1. Boundary at z = 0 maintained at C = 1 for
t > 0. Dimensionless distance z’ scaled to geochemical front displacement. Calculated using
analytical solution to eq 1 by Blattner and Lassey (1990, eq 4).

dimensionless system or W in dimensional space, given by

_ WP
Ps K(l )
Tfﬂ*@+@

¢

w (8)

and will broaden about this front irrespective of the advective transport
velocity (fig. 2).

The transport velocity of the geochemical front is proportional to a
term equal to the fraction of the tracer in the fluid per unit volume of the
porous medium given by

P = = ¢K, 9

(> ®
p.K

40 - p.Kq
—pf—( —ote p, ¢ < K,and ¢ small

® is the reciprocal of the retardation factor of the ion exchange literature.
For most tracers in metamorphic rocks ¢ < K;and ® = ¢K, where K is
the fluid/solid partition coefhicient by volume. Since this partition coefh-
cient is frequently known or can be estimated and because the volume
flow rate per unit area (w,¢) is the other parameter of interest, whereas ¢
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is generally unknown, it is often convenient to write equations in terms of
K, rather than ®. This approximation holds for transport of an isotopic
signal where isotopic ratios fractionate between fluid and solid provided
the fractionation factor is small as it is for 3'°0 where a ~ 1. Lassey and
Blattner (1988) show that the constant for transport of an isotopic signal
is given by ¥ where :

(bl

XS (10

and a is the fractionation factor.

The important implications of eqs (8, 9, and 10) are that the charac-
teristic velocity with which tracers are transported through a porous
medium with local fluid:solid equilibrium is proportional to the fluid flux
and to the fluid/solid partition for that tracer. If the tracer transport
distance, d, is known, the time-integrated fluid flux, (w,¢t), which is the
volume of fluid that has entered the system through unit area of rock is
given by

d
Wt = K (11)

It should be noted that the (time) integrated fluid flux has dimen-
sions of length (that is length® per unit area), whereas water:rock ratios
are dimensionless. If a tracer is transported with local fluid:solid equilib-
rium then the length of fluid (volume of fluid per unit area) necessary to
alter unit length of rock is 1/K, from eq (11), and for altered rock the
calculated “water:rock ratio” is constant at this value. This illustrates the
acknowledged limitations of water:rock ratio calculations (Taylor, 1977)
which do not reflect the total fluid volume passing through the rock but
only that responsible for the shift in composition. To deduce total fluid
volumes, it is necessary to look for the characteristic tracer transport
distances by identifying displaced geochemical fronts (Bickle and McKen-
zie, 1987; Blattner and Lassey, 1989; Bickle and Baker, 1990; and
Baumgartner and Ferry, 1991).

Tracer transport with kinetic control on fluid:solid exchange—Where the
time constant for tracer exchange between fluid and solid is longer than
that for tracer transport through the porous medium the assumption of
local fluid:solid equilibrium is not applicable. This will be manifest by
dispersion of an initially sharp geochemical front in excess of that arising
from diffusion. The shape of geochemical profiles modified by kinetic
dispersion is controlled by the kinetic law governing the exchange, the
ratio of transport to exchange rates, as well as the geometry of the
porosity. The kinetic law will depend on the slowest mechanism in the
exchange process, and such mechanisms might include (1) diffusive
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transport of the tracer away from the fluid conduit by diffusion through
solid phases, (2) transport of the tracer away from the fluid conduit by
diffusion through the pore-fluid phase, or (3) the nature of the exchange
process between fluid and solid. The first two mechanisms are diffusion
controlled, and the time constants depend on the spacing (and geometry)
of the fluid conduits as well as on diffusion coefhicients. The third
mechanism depends on the fluid:solid exchange process which in meta-
morphic rocks might be controlled in a number of ways. For example, in
a deforming metamorphic rock solution-reprecipitation processes might
allow very rapid isotopic exchange between minerals and fluids (Holness,
Bickle, and Graham, 1991), and the exchange process may be concentra-
tion independent if recrystallization of minerals is controlled by processes
unrelated to the concentration of the tracer.

Here we will investigate transverse diffusive exchange between wall
rock and equally spaced cracks, because the solution has a relatively
straightforward analytical expression. It is shown that the solutions with
transverse diffusive exchange for parallel cracks are well approximated
by linear-kinetic exchange for larger values of the exchange parameter or
by solutions with diffusion into a semi-infinite medium (single-crack
approximation) for small values of the exchange parameter. In appropri-
ate parameter spaces these approximations are useful because of their
relatively simple analytical solutions for appropriate boundary condi-
tions. The equations for kinetic dispersion arising from linear-kinetic
exchange have been widely used (Ogata, 1964; Lassey and Blattner,
1988) and are reviewed first.

Linear kinetic exchange—The differential equations governing the
concentration of tracer in the fluid, where fluid-solid exchange obeys a
linear kinetic law and ignoring diffusion in the direction of fluid flow, are
given by Lassey and Blattner (1988) as

HP'C, + C) 9C;

TP, =0 (12)
aC,
o= K(C1=C) (19)

where eq (12) expresses mass-balance and eq (13) the kinetics of solid-
fluid exchange. C*is the concentration of the tracer that the solid would
have in equilibrium with the fluid concentration C;, , the fluid velocity in
the pore space, and k the exchange rate constant. ®' is the ratio of tracer
or tracer-carrier (for example, oxygen or strontium if '°O or *Sr/*Sr
values are transported) in the fluid and is given by

pCp
o = PP 14
oGl — ¢ (14)
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for a porous medium of porosity ¢. Lassey and Blattner (1988) suggest
the following transformations to dimensionless variables.

ht’
t =
)
z = hz'
C=(C,-C)C and C;=(C, - G)C; (15)

where C, and C, are bounding concentrations, and h is a suitable length
scale. These transformations reduce eqs (12) and (13) to

HP'Ci+ C) Y ?E} _o (16)
at’ oz’
and
oC!
a0 = No(C* = C)) (17)

where C* is the concentration the solid would have in equilibrium with
fluid. The dimensionless parameter N, the Damkoéhler number (strictly
Damkohler-I number, Boucher and Alves, 1959), is given by

Ny =— (18)

The kinetic dispersion of geochemical fronts increases with decreas-
ing Damkéhler number,sand the width of broadened fronts is unlimited,
unlike diffusive dispersion discussed above, which is limited to distances
of <100 m in most geological settings (Bickle and McKenzie, 1987).
Figure 3 illustrates concentration profiles against non-dimensional dis-
tance as a function of Damkéhler number after Lassey and Blattner
(1988) for infiltration into a homogeneous medium by a fluid out of
equilibrium with the medium. Boundary conditions are

C,=0 z2>0 and ¢ =0

Cs=lf0rt’}0atz’=0 (19)
for which the solutions to eqs (16) and (17) are
« Npz’
C, = KNyt = 2'), 5~ (20)
N[;Z' i '
C=1-K F’Nn(t —z'). (21)

K(x,y) is the K-function (Lassey, 1982) given by
Kxy) = [ e 12 uy)du 22)

where I is the modified Bessel function order zero. .



