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The two-dimensional pattern of metamorphic fluid flow at Mary Kathleen, Australia:
Fluid focusing, transverse dispersion, and implications for modeling fluid flow
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The pattern ofresetting ofDr80 values in layered Corella calc-silicate rocks adjacent to
a scapolitized metadolerite dike at Timberu in the Mary Kathleen fold belt illustrates
some of the complexities of two-dimensional metamorphic fluid flow. Fluids flowing from
the dike (d'80 : 9-l0En) into the calc-silicate rocks lowered calcite d'8O values from l9-
20VnIo as low as l0.2%m. Time-integrated advective fluid fluxes varied from 0.72 to >8.1
m3lm2 over a 4.5-m lateral distance, and there are two distinct channels of higher fluid
flux. If the duration of fluid flow was similar across the outcrop, intrinsic permeabilities
varied laterally by at least an order of magnitude. Fluid flow was largely focused across
lithological layering, with rare excursions parallel to layering, suggesting that flow was
probably hosted within microfractures and that the variable permeabilities resulted from
variations in microfracture density. The sides of the channels show gradational d'8O vs.
distance profiles that are of similar width (up to I m) to those at the isotopic front (- 1.2
m), indicating that the coefficients of transverse and longitudinal dispersion are of similar
orders of magnitude. Localities in other terrains probably show similar complex patterns
of isotopic resetting that in two dimensions correspond to the predictions of the advective-
dispersive transport models, but which are difficult to interpret using a one-dimensional
analysis. Transverse dispersion during channeled fluid flow will potentially reset O-isotope
ratios adjacent to the channels and cause decoupling of geochemical parameters during
advective and dispersive transport.

INrnooucrroN Blattner and Lassey, 1989; Ganor et al., 1989; Harris and
Bickle, 1989; Bickle and Baker, 1990; Cartwright and

Fluids have long been recognized as important agents Valley, l99l; Bowman and Willett,l99l; Ferry and Dip-
of both contact and regional metamorphism. If present ple, 1992; Dipple and Ferry, 1992; Bickle, 1992; Nabelek
in sufficient volumes, fluids may control the stability of et al., 1992; Cartwright and Weaver, 1993; L6ger and
mineral assemblages, transport heat, cause metasoma- Ferry, 1993; Davis and Ferry, 1993; Bowman etal., 1994).
tism, affect the rheology of the crust, and thus influence Many of these studies use the resetting of 6r8O values to
deformation. Hence, documenting the patterns and quantifl/ parameters such as time-integrated advective and
mechanisms of crustal fluid flow is critical to our under- dispersive fluid fluxes, the duration of fluid flow, intrinsic
standing of metamorphic processes. Fluids in metamor- permeabilities, and the direction of fluid flow. Yet, de-
phic terrains may originate from devolatilization reac- spite the success of this approach, patterns of isotopic
tions, from igneous crystallization, or possibly from resetting in metasomatic rocks from many terrains do not
outside the terrain (e.g., from the surface or the mantle). conform well to the predictions of one-dimensional ad-
Fluid flow through metamorphic rocks is probably chan- vective-dispersive transport models (e.g., Cartwright and
neled or focused at scales ranging from a few centimeters Weaver, 1993), suggesting that fluid flow is often more
to kilometers. Fluid focusing on a centimeter to meter complicated than is accounted for by the models. Addi-
scale may result from variations in reaction-enhanced tionally, although many terrains preserve evidence for
permeability (Rumble and Spear, 1983) or, if fluid flow metamorphic fluid-rock interaction, the detailed patterns
is through microcracks that open up as a result of fluid and mechanisms of fluid flow are often poorly con-
overpressure (Etheridge et al., 1983, Yardley and Lloyd, strained.
1989), variations in microcrack density. Here, the meter-scale two-dimensional pattern of fluid

Recent advances in the modeling of crustal fluid flow flow during metamorphism in the Mary Kathleen fold
have involved application of the advective-dispersive belt is examined, and the degree of fluid channeling,
transport equations that are commonly used in hydro- transverse dispersion, and variations in intrinsic perme-
geology (e.g., Bear, 1972; deMarsily, 1986) to metamor- abilities are characterized. In particular this study shows
phic environments (e.g., Bickle and McKenzie, 1987; that, although fluid flow on the decimeter to meter scale
0003-004x/94l0506-0526$02.00 526
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is complex, it still largely conforms to the predictions of
advection-dispersion transport models.

Gnor,ocv oF THE M.cnv KlrrnrnN FoLD BELT

The geology of the Mary Kathleen fold belt is discussed
in detail by oliver et al. (1990, 1991, 1992), and Hol-
combe et al. ( I 99 1), and only a few details are given here.
The Mary Kathleen fold belt is part of the Proterozoic
Mount Isa inlier of Queensland, Australia, and consists
of metasiltstones, metaquartzites, calc-silicate rocks, and
marbles of the Corella Formation; metavolcanics and
metasiltstones of the Argylla Formation; and numerous
intrusive gabbroic and granitic bodies. U-Pb zircon ages
from metavolcanics indicate that the Argylla and Corella
sediments were deposited between 1780 and 1760 Ma
(Page, 1983b). Extensive suites of granites and gabbros
were emplaced soon after deposition of the sediments at
1760-1730 Ma (U-Pb zircon ages: Page, 1983b), accom-
panied by contact metamorphism at pressures of -200

MPa with temperatures of up to 600 'C (Oliver et al.,
l99l; Cartwright and Oliver, 1992). The formation of
skarns around the granites and the scapolitization of many
dolerite dikes occurred during contact metamorphism.
The area subsequently underwent low-pressure amphi-
bolite-facies regional metamorphism, with peak temper-
atures and pressures of 550-650 "C and 300-400 MPa
estimated from a variety of mineral thermometers and
phase equilibria (Oliver et al., l99l). D2 deformation
during the peak of metamorphism produced a series of
tight, upright, north- or northwest-oriented folds that
largely control the current outcrop pattern (Fig. 1). U-Pb
mineral and whole rock ages (Page, 1983a, 1983b) and
Rb-Sr whole rock ages (Page, 1978) indicate that the re-
gional metamorphism was at -1550 Ma. Fluid infiltra-
tion during regional metamorphism was often focused,
either through dilational zones that opened up as a result
ofheterogeneous strain or along shear zones.

Timberu sample suite

Seventy-nine samples of Corella calc-silicate rocks and
seven samples of a concordant scapolitized dolerate dike
were collected from a single well-exposed outcrop, 4.5 x
4.5 m, near Timberu station (Figs. l, 2). The contact
between the calc-silicate rocks and the metadolerite and
the layering within the calc-silicate rocks dip steeply west
(Fig. 2a). The presence of scapolite in the dolerite indi-
cates that fluid-rock interaction had occurred at this lo-
cality. Samples were collected from seven layers in the
calc-silicate rock that are slightly raised (5-10 cm) with
respect to adjacent layers; some additional samples were
collected between the main layers. Sample position was
measured using a tape measure, and measurement errors
are probably no greater than +5 cm. Fluid flow at Tim-
beru probably occurred during the contact metamorphic
event because the scapolization of dolerites in the Mary
Kathleen fold belt generally occurred at that time (al-
though metasomatism during the regional metamor-
phism cannot totally be discounted, e.8., Oliver et al.,
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Fig. 1. Generalized geological map of part of the Mary Kath-
leen fold belt (after Oliver et al., 1990, 1992). Lines indicate
trend of layering in the Corella calc-silicate rocks, which gener-
ally strikes north with steep dips as a result of D2 folding. Met-
asomatism at the Timberu locality may be associated with rhe
intrusion ofthe Burstall granite at 1730-1740 Ma or be part of
the 1550-Ma regional metamorphism. Numbers indicate grid
references on the l:25000-scale Marraba sheet (published by the
Bureau of Mineral Resources, Canberra, Australia).

1990, 1991). Timberu l ies -2 km from the Burstall gran-
ite (Fig. l), and the metasomatism at this locality may
have been part of the extensive fluid flow system that
accompanied the intrusion of this body at 1730-1740Ma
(Cartwright and Oliver, 1992). The outcrop represents a
section that, prior to D2 folding, would have been nearly
vertical through the upper contact of the dike. In com-
mon with similar rock types throughout the Mary Kath-
leen fold belt, the calc-silicate rocks at Timberu contain
hornblende * scapolite + calcite + quartz + biotite as-
semblages that were stable during regional metamor-
phism (Oliver et al., 1992). Calc-silicate rocks directly
adjacent to the dike contain centimeter-sized hornblende
aggregates, which probably replace clinopyroxene and
which were probably formed by fluid flow out of the dike
into the calc-silicate rocks. The formation of scapolite
and clinopyroxene suggests that fluid infiltration at this
outcrop occurred at elevated temperatures (-500-600 {:
Oliver et al., 1990). The observation that the zones of
hornblende segregations vary in width from I to 20 cm
(Fig. 2) was used as a guide to sampling.

Analytical techniques

Stable isotope ratios were measured at Monash Uni-
versity. Silicates were analyzed following Clayton and
Mayeda (1963) using ClF, as the reagent. CO, was ex-
tracted from carbonates by dissolution in HrPOo (Mc-
Crea, I 9 5 0) aI 25 "C for 2 h; the relatively short extraction
time minimized any contribution of CO, from scapolite.
Sample sizes were generally sufficient to yield > 100 pmol
of COr, and isotopic ratios were measured on Finnigan
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Fig.2. (a) Sketch map of Timberu locality showing the main
layers sampled and the orienrarion of the layering. (b) Map of
drEO values at Timberu locality. The 6180 (Cc) values of the calc-
silicate rocks range from 19.8 to l}.27a, whereas 5teg (WR)
values ofthe scapolitized dolerite are 9.1-l0.2Vm; 12, 15, and
I 87o isopleths in the calc-silicate rocks are shown. There are two
distinct zones of lower 6rEO values extending into the calc-sili-
cate rocks that have gradational lateral margins; the front ofone
ofthese zones is also gradational. The main layers that were used
for sampling are indicated by Ll-L7. L4 has low 6rsO values
along most of its length. The detail represents observations at
the contact between the dike and the calc-silicate rocks (as seen
in map view), showing that the width of hornblende aggregates
correlates with the two low-6rEO zones. (c) Interpretation of6'8O
values using the 15E@ isopleth. The zones of low-d'sO values are
interpreted as channels of high fluid flux. Fluid flow was mainly
across the strike, with a layer-parallel excursion along layer 4.
Time-integrated fluid fluxes (4,) were calculated from Eq. 2 for
the l5V@ isopleth. Arrows show main advective fluid fluxes.

4

Fig. 3. Transverse and longitudinal 6,80 (Cc) vs. distance
profiles from Fig. la. (a) The channels have gradational sides
that probably result from transverse dispersion. (b) The front of
channel 2 has a profile that is similar to those predicted by ad-
vective-dispersive transport models (e.g., Fig. 5). The estimated
uncertainty is +5 cm and +0.2V*.

MAT Delta-E ar.d252 mass spectrometers. Values of drso
and 6'rC are reported relative to V-SMOW and PDB,
respectively. Standards were analyzed at the same time
as the samples reported here: NCSU quartz yielded dr80
: l l .6l + 0.177- (n : 3), and laboratory calcite CSI
y ie lded 6 '80 :  19.87 + 0.09 and d '3C:  -0.51 + 0.087m
(n : l3); these values are within accepted limits.

Two-rrprr,NsroNAl FLUrD Fr,ow pATTERN

The stable isotope geochemistry of the calc-silicate rocks
and metadolerite dike are summarized in Table I and
Figures 2-4.The calc-silicate rocks have calcite (Cc) 6'80
values that range from 10.2 to up to 19.87m, whereas d'3C
(Cc) values vary between -1.2 and 0.47m. The higher
d'8O values are similar to those recorded from calc-sili-
cate rocks elsewhere within the Mary Kathleen fold belt
(Oliver et al., 1990), whereas the lower D'8O values are in
approximate isotopic equilibrium with the scapolitized
dike (6'80 : 9.1-10.28-). Figure 2b shows the spatial
pattern of d'8O values with 12, 15, and l8V- isopleths in
the calc-silicate rocks. The l5V* isopleth represents a d'80
value that is midway between unreset calc-silicate rock
and the scapolitized dike; such midpoint values are often
used to define the position of advective fronts (Fig. 5).
The 12 and lSTu isopleths are used here to define the
bounds offully reset and unreset d'8O values. The lack of
distinct trends between D'3C (Cc) and 6'80 (Cc) or be-
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TABLE 1. Location, calcite content, and stable isotope geo-
chemistry of calc-silicate rocks and metadolerite dike
samples from Mary Kathleen

Position'
wt% 

calcite 
wB

Sample Y Layer'- Cc 6'60 013C 6180

Calc-silicate rocks
0.13 0.59 1 22j  10.7
0.45 0.59 1 18 2 11.2
0.81 0.60 1 17 3 10.5
1.17 0.60 1 22.3 10.4
1.54 0.60 1 17.6 10.2
2.08 0.60 1 1 9.3 10.8
2.54 0.60 1 23 2 13.6
2.91 0.60 1 22j 12.3
3.20 0.60 1 18.6 10.7
3.68 0.60 1 19.2 10 3
3.91 0.61 1 17.6 11 2
4.19 0.61 1 1 8.5 10.7
4.50 0.61 1 22.3 10 4
0.09 1 .00 2 21.3 17 .2
o 37 1 .01 2 18.7 16.8
0.61 1 .01 2 16.9 17.1
1 .04 1 .01 2 16.5 14.4
1.32 1 01 2 18.7 10.7
1 69 1 .01 2 17.9 10.8
207  101  2  17 .9  10 .5
2.54 101 2 21.5 12.3
2  83  1 .01  2  22 .3  11 .8
3.27 1 .02 2 17 .6 11.4
3.95 102 2 18.7 10.4
4 .47  102  2  19 .3  10 .5
o.44 0.75 2-1 14.2 13.4
1.51 0.79 2-1 18 5 10.4
3.04 0.81 2-1 19.0 10.7
3.86 0 81 2-'t 15.9 15.7
0.25 1.59 3 18.5 ' t9.2

0.83 1 .59 3 17.9 ' t7 .1
1.30 1.s9 3 19 2 ' t0.8

1 .58 1 .58 3 17.6 12-1
2 .14  1 .58  3  21 .3  19 .5
2.64 1.57 3 221 17.8
3 .17  1 .57  3  170  11 .7
3 . 7 4  1 . 5 7  3  1 6 . 5  1 1 1
4.38 1.57 3 22.0 13.9
0.58 1.38 3-2 21 3 18.8
2 .40  1 .31  3 -2  198  15 .8
3.65 1 .32 3-2 21.3 10 8
0 .07  1 .94  4  15 .6  11 .1
0.61 2.03 4 17.2 10.7
1  . 1  1  2 .07  4  16 .3  10 .5
1.41 2.10 4 18.2 10.7
2.28 2.17 4 17.9 11.2
2 . 9 2  2 . 2 1  4  1 5 . 0  1 1 0
3.47 2.27 4 14.8 11.7
4.00 2 30 4 17.2 16.5
4 48 2 30 4 18.9 19.4
0 22 2.87 5 21.3 19.7
0.61 2 90 5 22.5 19.1
1.04 2 90 5 17.8 16.7
1 .61 2 90 5 15.9 1 6.4
2.04 2.90 s 16.8 19.2
2.35 2.90 5 18.3 16.7
2.69 2.90 5 17.9 13.2
3 .10  288  5  17 .4  11 .9
3.57 2.88 5 25.1 13.5
4.10 2.88 5 18 2 18.7
4.45 2.88 5 17 4 19.0
o.47 2.50 5-4 15 9 19.3
1 .31 2.61 5-4 13.8 12-4
2.15 2.44 5-4 17.2 16.9
3.16 2.58 5-4 17 3 107
4.05 2.57 5-4 17.9 17 1
0 .43  3 .53  6  18 I  1s .7
0.88 3.53 6 21.3 19.1
1 .38 3.53 6 15.2 1 6 8
181  3 .54  6  19 .3  19 .3

wt% 
cal"it" 

wR
Y Layer.. Cc 6'80 6'3C 6'80

Ttate 1.-Continued

Position'

Sample x

92-MK-S1
92-MK-S2
92-MK-S3
92-MK-S4
92-MK-S5
92-MK-S6
92-MK-S7
92-MK-S8
92-MK-59
92-MK-S10
92-MK-Sl1
92-MK-S12
92-MK-S13
92-MK-S14
92-MK-S15
92-MK-S16
92-MK-S17
92-MK-S18
92-MK-S19
92-MK-S20
92-MK-S21
92-MK-522
92-MK-S23
92-MK-S24
92-MK-S25
92-MK-S26
92-MK-S27
92-MK-S28
92-MK-S29
92-MK-S30
92-MK-S31
92-MK-S32
92-MK-S33
92-MK-S34
92-MK-S35
92-MK-S36
92-MK-S37
92-MK-S38
92-MK-S39
92-MK-S40
92-MK-541
92-MK-S42
92-MK-S43
92-MK-S44
92-MK-S45
92-MK-S46
92-MK-S47
92-MK-S48
92-MK-S49
92-MK-S50
92-MK-S51
92-MK-S52
92-MK-S53
92-MK-S54
92-MK-S55
92-MK-Ss6
92-MK-S57
92-MK-S58
92-MK-S59
92-MK-S60
92-MK-S61
92-MK-S62
92-MK-S63
92-MK-S64
92-MK-S65
92-MK-S66
92-MK-S67
92-MK-S68
92-MK-S69
92-MK-S70

92-MK-S71
92-MK-572
92-MK-S73
92-MK-S74
92-MK-S75
92-MK-S76
92-MK-S77
92-MK-S78
92-MK-S79

92-MK-D1
92-MK-D2
92-MK-D3
92-MK-D4
92-MK-D5
92-MK-D6
92-MK-D7t

2.31 3.54
271  3 .54
3 15 3.55
3.61 3.55
4 07 3.55
0 48 4.21
1.45 4.21
2.00 4.21
4.45 4.30

0.26 0.30
0.89 0 18
1.50 0 20
2.45 0j2
3.54 0.29
4.37 0.24

6 25.0
6 20.3
6  1 8  7
6  1 7 I
6  1 7 . 6
7  1 8 5
7  1 8 4
7  17 .0
7 15.'l
Dike

14.4 -0.7
1  1 .0  - 0 .1
16.7 0.2
14.1 0.8
't8.2 -0 3
17.2 -0 2
1 9 1  - 0 . 8
' t 7 2  - 0  1
19 8 -0.3

0.1
-o.2
-0.8
-u .o

0 .1
-0.3

0.0
- 0 8
- 0 9
-o.2

0 .1
-0.4

0.3
0 2
0.8
0.0

-0.6
-0.4

0.2
-0.3
-0 .1
-0.2

0.5
-0.5
-0 .1

0.0
-0.8
-0.3
-0.1
_ U . J

0.2
0 .1

-1 .2
0.3

-0.5
o.4

-o.2
0 .1
0.0

- 0 2
-0 .1

0 .1
-0.2
-0.4

0 .1
0.6

-0.9
-0.4
-0.7
-0.3

0.0
0.2

-o.2
o.2

_ U . J

-0.8
-0.6
-o.7

0 .1
0.0

-o.2
- o 2

0.3
-0.7
- 0 5
-o.4
- 0 8
-0.9

0.2
-0.6

10.2
9.5
9.7
9.6
9.4
9.5
9 1

'Coordinates on Fig. 2a.
.. Layers on Fig. 2a; 2-1, for example, indicates a sample between

layers 1 and 2.
t Sample collected -5 m from the boundary between the dike and the

calGsilicate rocks.

tween D'3C (Cc) and weight percent calcite (Fig. 4) sug-
gests that isotopic fractionation due to devolatilization
was limited (Valley, 1986), indicating that infiltration of
HrO-rich fluids was probably the dominant process in
resetting the isotopic ratios at Timberu. These conclu-
sions are consistent with the findings of Oliver et al. ( I 990)
that scapolitization of the metadolerites involved fluids
of -XTI.O > 0.75.

The pattern of isotopic resetting at Timberu suggests
that fluids flowed out of the dike into the calc-silicate
rocks. The scapolitized dike at Timberu has higher 6'80
values than unaltered dolerites elsewhere in the Mary
Kathleen fold belt (typically 6-7Vu: Oliver et al., 1990),
and fluids derived from the Burstall granite (6'80 : 8-
9Vu:. Cartvtright and Oliver, 1992) may have caused the
isotopic resetting ofthe dike and calc-silicate rocks. The
interpretation of the two-dimensional pattern of fluid flow
(Fig. 2c) shows several features. (l) There are two main
channels marked by zones ofreset D'8O values extending
into the calc-silicate rocks from the dike. These channels
broadly correspond to the zones where the hornblende
aggregates are widest (Fig. 2b). (2) The sides ofthe chan-
nels preserve gradational 6'80 vs. distance profiles (Fig.
3a). (3) The front ofchannel 2 also has a gradational 6'80-
distance profile (Fig. 3b); the front of channel I is not
seen. (4) Fluid flow was dominantly across the layering,
although a layer-parallel breakout zone exists along layer
4. Since not all layers were sampled, other breakout zones
may also exist. (5) Channel I bifurcates around an island.

It is clear from Figure 2 that there is no single char-
acteristic distance over which O isotope ratios have been
reset. Furthermore, a suite of samples from Timberu that
did not come from a line parallel to the channels would
show a 6180 vs. distance pattern that would be difficult
to reconcile with one-dimensional models of fluid flow.
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Fig. 4. (a) The d'SO (Cc) vs. 6rrC (Cc). (b) The D'3C (Cc) vs.
calcite weight percent. The lack ofcoupled trends between these
parameters suggests that fluid infiltration was the dominant pro-
cess of isotopic resetting in the Timberu calc-silicate rocks (cf.
Valley, 1986).

Qu,lxrrrrclrroN oF FLow rARAMETERs

Fluid flow is modeled at the conditions of contact
metamorphism at Mary Kathleen (-550'C at 200 MPa),
as scapolitization of many of the dolerites probably oc-
curred at this time. However, the results of modeling fluid
flow at regional metamorphic conditions (550-650 'C at
300-400 MPa) would not be significantly different and
do not alter the interpretations. Overall, this type of mod-
eling probably yields order of magnitude estimates of flu-
id flow parameters.

Advective-dispersive transport

The change in the concentration of chemical compo-
nent I in a fluid (C,) with time (l) during advective and
dispersive transport within a porous medium is given by

iac.\
dl=f :  -v ' (C,v) + D"v'?(C,) + R, ( l )

\ d t  I

(e.g., deMarsily, 1986; Bickle and McKenzie, 1987) where
@ is porosity, z is the Darcy fluid flux, D" is the effective
net dispersion coefficient of i in the fluid and the matrix
tD. : ( I - O)D" + 6 Dn where D, and D, are the disper-
sion coefrcients of i in the fluid and rock, respectivelyl,
and R, is the rate of production or consumption of com-
ponent I by a reaction. During fluid flow, geochemical
discontinuities are propagated in the direction ofthe flow
by advection, and dispersion broadens the discontinuities

Longitudinal
Dispersion ( zpl)

Longi tudinal
Dispersion

Contact €-  -  zDL-,

Distance

Distance (m)

Fig. 5. Summary ofaspects ofthe advective-dispersive trans-
port models. (a) Differences in lengrh between flow paths I and
2 may result in kinematic dispersion. (b) Longitudinal and trans-
verse dispersion from an advective plume (after deMarsily, 1986)
(c) Predicted geochemical profiles resulting from isothermal fluid
transport across a contact that represents an initial geochemical
discontinuity; 6180 values pertain to this study. In large flow
systems the width of the isotopic front is small relative to the
distance of advective transport; za, zDL, zDr are the distances of
advective, longitudinal dispersive, and transverse dispersive
transport (see text).

(Fig. 5). There are two components of dispersion: (l) mo-
lecular difusion, and (2) kinematic dispersion that results
from fluid flow along paths of varying tortuosity (Fig. 5a).
Mathematically, diffusion and kinematic dispersion may
be modeled using the same equations, and their coeffi-
cients are additive (Bear, 1972). Two types of dispersion
are addressed in this study: (l) longitudinal dispersion
that acts in the direction offluid flow, and (2) transverse
dispersion that results from lateral spreading of a plume
of high fluid flux (Fig. 5b).

Most studies that use O isotope ratios to model meta-
morphic fluid flow make assumptions and simplifica-
tions, as discussed in detail by Bickle and McKenzie
(1987), Ganor et al. (1989), Bickle and Baker (1990),
Cartwright and Valley (1991), Ferry and Dipple (1992),
Dipple and Ferry 0992), Cartwright and Weaver (1993),
and Cartwright and Oliver (unpublished manuscript). In
common with those studies, the following assumptions
are made here. (l) Diffusion coefficients of O within min-
erals are sufficiently low (10-'6-10 24 m2/s at 500-800
'C: Cole and Ohmoto, 1986) that transport through the
solid matrix is insignificant; hence D" = 0 Dr (2) The rate
of fluid-rock isotopic equilibration was sufficiently rapid
that local isotopic equilibrium was maintained through-
out the fluid flow episode. (3) The major cause of isotopic
resetting is exchange with the infiltrating fluid. The lack
of coupled D'sO vs. d'3C or 6'80 vs. weight percent calcite
trends (Fig. 4) implies that isotopic resetting due to de-
volatilization was limited (Valley, 1986).
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TABLE 2. Summary of modeling results

5 3 1

Parameter Channel 2.-

Time-integrated fluid flux (9J
Time-integrated longitudinal dispersive flux (4Lf)
Time-integrated transverse dispersive flux (D"rf )
Duration of fluid flow (t)

Fluid flux (z)
lntrinsic permeability (Kd)

0.72->8.1 m3lm'

0.03-0.12 m'

5.8 m3/m'z
0.18 m'?

1 . 2  x  1 0 ' o t o 1 . 2  x  1 0 1 3 s
(380-380000 yr)

5 x 10 'o 19 5 x 10 13 m3/m2s
10  17_10  ' 1  m '

. Value calculated lor outcroo as a whole
'. Value calculated for channel 2 in Fio.2.

Time-integrated advective fluxes

Time-integrated advective fluid fluxes (q,) are given by

q, : z^K. (2)

(Bickle and McKenzie, 1987), where z, is the distance
parallel to the flow direction over which resetting by ad-
vection has occurred (Fig. 5), and K. is the effective rock-
fluid partition coefficient (Bickle and McKenzie, 1987).
For fluids of XH,O : 0.75-1.0 at 200 MPa and 550'C,
K. * t.8 for O, (Cartwright and Valley, 1991). The dis-
tance that the midpoint of the isotopic front (marked by
the l5Vm isopleth) has migrated is -0.4 to >4.5 m, with
the front of channel 2 being at3.2 m. From Equation 2,
these distances yield time-integrated fluid fluxes of 0.72
to >8.1 m3lm2 with a flux of 5.8 m3lm2 for channel 2
(Table 2, Fig.2).

Longitudinal and transverse dispersion

The distance parallel to the flow direction that the front
is broadened by longitudinal dispersion (2",: Fig. 5) is
given by

r [ , 1C(.o',):z*ftIffi] t: l
(Crank, 1975), where D., is the effective longitudinal dis-
persion coefficient and erfc is the complementary error
function. A similar equation relates the width of the
channel side (zor) to the effective transverse dispersion
coemcient D"r. For channel 2, zo, is -1.2 m, and the
widths of the channel sides suggest that zo, : 0.5- I .0 m
(Figs. 2, 3). The product D"rl represents the time-inte-
grated longitudinal dispersive flux (Ganor et al., 1989;
Cartwright and Valley, l99l). Unfortunately, there is far
too little data to calculate D..t values precisely by least-
squares fitting (cf. Ganor et al., 1989; Bickle and Baker,
1990; Cartwright and Valley, 199 1). However, aI C, :
0.25, zo'/2fDifr: 0.48 (Crank, 1975), and for the
front of channel 2, C, : 0.25 (D'8O = 12.5E*) occurs at a
distance of 0.3 m, yielding D.rt x 0.18 m'?(note that the
distance measured here is that between the inflection point
and the l2.5%u value, not the total distance to the l2.5%m
value; Fig. 3). A similar approach yields estimates for
D.rt of 0.03-0. 12 m2. These values are similar to esti-
mates of time-integrated dispersive fluxes for resetting of
O isotopes over similar distances at localities where a

least-squares fitting approach could be adopted (Ganor et
al., 1989; Cartwright and Valley, l99l). On the assump-
tion that longitudinal and transverse dispersion operated
for similar periods, these data suggest that values of D".
are slightly larger than those of D"r. As discussed below,
these differences are possibly the result of lateral varia-
tions in intrinsic permeability.

Relative contributions of diffusion and kinematic
dispersion

In hydrogeological systems the relative contributions
of kinematic dispersion and diffusion to longitudinal dis-
persion are governed by a grain-scale Peclet number (P.):

p. --('/!)t @). D ,

(Bear,1972, Fig. 10.4.1;deMarsily, 1986, Fig. 10.5), where
/ is a characteristic length of the medium (e.9., the grain
diameter). The grain-scale Peclet number in Equation 4
is analogous (but not identical) to the Peclet number used
to describe the relative contributions of advection and
net dispersion in metamorphic fluid flow systems (e.g.,
Bickle and McKenzie, 1987). For the range of fluid fluxes
(z) commonly proposed for metamorphic fluid infiltration
(10 to-f Q-ta m3/m2/s: Bickle and Baker, 1990; Dipple
and Ferry, 1992; Cartwright and Weaver, 1993; Cart-
wright and Oliver, unpublished manuscript; Table 2), a
value of D, of l0-' m':ls (e.g., Bickle and McKenzie, 1987;
Coghlin, 1990), metamorphic porosities of 10-3-10 6

(Wood and Walther, 1986; Bickle and Baker, 1990; Cart-
wright and Valley, l99l), and a grain diameter of 0.001
m, P. : l0-10-6. Dispersion in hydrological systems with
such low grain-scale Peclet numbers is dominated by mo-
lecular diffusion (Bear,1972 deMarsily, 1986).If this is
the case for metamorphic systems, the spreading of iso-
topic fronts parallel to the direction of fluid flow would
be dominated by molecular diffusion. This conclusion is
critically dependent on the assumed fluid velocities be-
cause kinematic dispersion is a function of fluid velocity.
In some fluid flow systems, fluxes are possibly much
higher, and kinematic dispersion will probably be more
significant. For example, Bowman et al. (1994) estimated
fluid fluxes of -3 x l0 5 m3lm2ls for fluid flow at Alta,
Utah. Using this flux rate and the same values for the
other parameters in Equation 4 yields P. = 3 x 103 to 3
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x 106. Comparison with the data of Bear (1972, Fig.
10.4.1; and deMarsily, 1986, Fig. 10.5) indicates that in
this case kinematic dispersion would probably be a very
important process (as proposed by Bowman et al., 1994).
The conclusion that molecular diffusion dominated dis-
persion at Timberu is somewhat tentative and depends
on the applicability of the data from hydrologic systems
to midcrustal flow systems. The relative contributions of
diffusion and kinematic dispersion to the transverse dis-
persive flux are much harder to estimate. However, if, as
is common in hydrologic systems, coefficients of trans-
verse kinematic dispersion are generally of the same or-
der as or lower than those of longitudinal kinematic dis-
persion (Bear, 1972; deMarsily, 1986), it is likely that
diffusion is also the main component of transverse dis-
persron.

Duration of fluid flow and intrinsic permeabilities

If diffusion is the dominant component of longitudinal
dispersion, it is possible to estimate the time required to
form the profiles. For porosities of I 0 3- I 0 6 and a value
of D, of l0 8 m2ls, D.L : l0 rr-10-r4 m'?ls and, aS D.Lt
:  1 . 8  m 2 ,  t : 1 . 2  x  l 0 ' 0  I o  1 . 2  x  l 0 ' 3  s  ( 3 8 0 - 3 8 0 0 0 0
yr) for fluid-hosted diffusion in channel 2 (Table 2). These
values are similar to the estimated periods of diffusion
and advection in other metamorphic terrains (e.g., La-
botka et al., 1988; Ganor et al., 1989' Bickle and Baker,
l 990; Cartwright and Valley, 199 l). As diffusion and ad-
vection operated over the same period, these times and
the time-integrated fluid flux of 5.8 m3/m2 yield average
fluid fluxes of 5 x l0 r0 to 5 x l0 'r m3/m2ls for channel
2 (Table 2), which are again within the range of those
estimated for other metamorphic terrains.

Fluid fluxes are related to intrinsic permeability by
Darcy's Law:

: 
-- K* d,P 

(5)
n d z

(e.g., deMarsily, 1986), where K, is the intrinsic perme-
ability, and 4 is the fluid viscosity (- t0 o Pa.s for HrO
at 500-600'C and 200 MPa: Bickle and McKenzie. 1987).
Fluid-pressure gradients of - I 500 to - 19000 Palm have
been suggested for crustal fluid flow (e.g., Norton and
Taylor, 1979; Walther and Orville, 1982). For this range
of fluid-pressure gradients, estimated intrinsic perme-
abilities are l0 '7-10-2r m2 for channel 2 (Table 2). These
estimates are within the range of laboratory measure-
ments of in-situ permeabilities of Brace (1980) for car-
bonates and metamorphic rocks (10 'r-10 2r m2), and
are similar to those proposed for other contact and re-
gional metamorphic terrains where fluid infiltration has
occurred (- l0-'6-10 2' m2i e.9., Bickle and Baker, 1990;
Baumgartner and Ferry, l99l; Dipple and Ferry, 1992;
L6ger and Ferry, 1993; Davis and Ferry, 1993; Cart-
wright and Weaver, 1993; Cartwright and Oliver, unpub-
lished manuscript).
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DrscussroN

The two-dimensional pattern of fluid flow in meta-
morphic rocks is complex, and fluid fluxes are highly
variable on the decimeter to meter scale. However, de-
spite the complexity, the two-dimensional pattern of O
isotope resetting at Timberu generally conforms to the
predictions of the advective-dispersive fluid flow models
and yields estimates for time-integrated advective and
dispersive fluid fluxes, the timing of fluid-rock interac-
tion, and intrinsic permeabilities that are similar to those
calculated for other terrains. One-dimensional sections
through this outcrop, however, may not have produced
interpretable D'8O vs. distance profiles.

Fluid flow through the calc-silicate rocks was largely
across the lithological layering, with occasional layer-par-
allel excursions. Since the layering in the Corella calc-
silicate rocks is defined by minor differences in the pro-
portions of minerals, rather than by major differences,
there may not be major differences in permeability be-
tween layers. Fluid flow across layering probably oc-
curred through networks of microfractures (although little
direct evidence for this was observed in thin section), and
the variability in intrinsic permeabilities possibly reflects
variations in fracture density. Iffluid flow occurred dur-
ing contact metamorphism, the flow system records fluids
escaping from the upper dike contact, probably aided by
buoyancy. The orientation of the fracture networks at
Timberu possibly results from rheological differences be-
tween the metadolerite dike and the calc-silicate rocks,
with strain being accommodated by ductile deformation
in the metadolerite and fracturing in the calc-silicate rocks.
The width and spacing of fractures required to accom-
modate the fluid flow is related to intrinsic permeability.
For fracture-hosted fluid flow, substituting Equation 5
into Walther and Wood (1984, Eq. 5) produces the fol-
lowing relationship:

K-:7; (6)

where c is the aperture spacing, /is the fracture density
(fracture length per squared meter ofrock), and z is tor-
tuosity (-0.3-0.7 for metamorphic rocks: Walther and
Wood, 1984; Bickle and Baker, 1990). For the range of
permeabilities discussed above (10 17-10 2r m'), if mi-
crocracks were 10 pm (10 5 m) wide, /would equal 2 x
l0 5 to 0.24 m/m'z, whereas for 100-pm cracks, /would
equal 2 x 10-8 to 2 x l0 o m/m2. These calculations
indicate that relatively low fracture densities are required
to permit fluid fluxes of the magnitude inferred at Tim-
beru. Regardless of the absolute values, inspection of
Equations 5 and 6 indicates that, if fluid flow occurred
for similar periods throughout the region sampled, the
order of magnitude variation in time-integrated fluid
fluxes reflects variations in intrinsic permeabilities that
may correlate to microfracture density.

Values of D", are of a similar order of magnitude to
those ofD"., suggesting that transverse dispersion occurs



over similar scales to longitudinal dispersion (i.e., deci-
meters to meters). Because in lithified media porosity is
a function of permeability (e.g., Bickle and Baker, 1990),
the effective diffusion coefficients would have been higher
in the zones with higher permeability; this factor may
explain why the scale of transverse dispersive transport
from channel 2 is slightly less than that of longitudinal
dispersive transport at the front of channel 2. For two-
dimensional flow with no significant isotopic fraction-
ation due to reaction, Equation I reduces to

where z, and z, are distances measured as parallel and
normal to the main flow direction, respectively. Given a
suitable concentration of data, least-squares techniques
could be used to solve for D.r, D.r, and z from Equation
7 , in a similar way to that outlined by Bickle and Baker
( l ee0).

Irnplications

The results of this study have several implications for
modeling metamorphic fluid flow.

One-dimensional fluid flow models. If the pattern of
fluid flow in other terrains is similar to that at Timberu,
the two-dimensional patterns of isotopic resetting may
conform to the advection-dispersion models; however, it
may not be possible to interpret readily one-dimensional
d'8O vs. distance profiles that cut obliquely across the
channels. Additionally, since there is no single character-
istic distance of isotopic resetting, calculation of time-
integrated fluid fluxes for any given flow system requires
high densities of measurement.

Partially reset isotopic ratios. Rocks that have 6'8O val-
ues between those that are unreset and those that are fully
reset are difficult to interpret using one-dimensional ad-
vection-dispersion transport models. Molecular diffusion
coefficients for O in metamorphic fluids are sufficiently
low (-10 8-10-n m']ls; Bickle and McKenzie, 1987;
Coghlin, 1990) and metamorphic porosities sufficiently
small (< l0-': Bickle and Baker, 1990) that, on geological
time scales, transport by molecular diffusion only occurs
over distances of a few centimeters to a few meters (e.g.,
as documented by Ganor et al., 1989, and Cartwright and
Valley, l99l). Hence, in medium to large flow systems
(in excess of l0 m) most rocks should be either unreset
(ahead of the front) or fully reset (behind the front). Some
studies of small-scale one dimensional fluid flow have
found O isotope profiles that closely resemble those in
Figure 5 (e.g., Bickle and Baker, 1990). However, studies
of flow systems on the meter or kilometer scale have found
that metasomatic rocks at any given distance along the
postulated flow path often have d'8O values that range
between unreset and fully reset (e.g., Nabelek et al., 1992,
Ferry and Dipple, 1992; Cartwight and Weaver, 1993).
It is highly unlikely that every sample collected several
tens or hundreds of meters along a flow path is from part
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of an isotopic front that is only a few meters wide, and
other explanations for partially reset isotopic ratios are
required.

Dipple and Ferry 0992) showed that a range of d18O
values may be produced at any distance along the flow path
during polythermal fluid flow, if fluid fluxes are variable.
However, polythermal fluid flow may not be ubiquitous,
and fluid flow in systems on a scale of meters to tens of
meters (e.g., adjacent to large igneous bodies or across
layered metamorphic rocks) is probably close to isother-
mal, making it difficult to use polythermal fluid flow to
explain the scatter of isotopic data in these localities.
Blattner and Lassey (1989), Bowman and Willett (1991),
and Bowman et al. (1994) showed that, if the rate of
isotopic equilibration between the rock and the infiltrat-
ing fluid is relatively slow, broad sigmoidal fronts may
be produced during fluid infiltration. However, although
isotopic disequilibrium may be significant at low tem-
peratures, calculations of the rate of isotopic equilibrium
in metamorphic rocks (e.g., Bickle and Baker, 1990; Bow-
man et al., 1994; Dipple and Ferry, 1992) suggest that
local isotopic equilibrium is approached at elevated tem-
peratures (>500 "C). Kinematic dispersion may be im-
portant in some flow systems, especially where fluid flux
rates are high (Bear, 1972). Significant kinematic disper-
sion also results in broad isotopic fronts, and Bowman et
al. (1994) proposed that kinematic dispersion was an lm-
portant process during relatively rapid fluid flow around
the Alta stock, Utah.

The results of this study show that partially reset O
isotope ratios may also result from transverse dispersion
during channeled isothermal fluid flow. Indeed, depend-
ing on the width and spacing of the channels, the volume
of partially reset rocks at any outcrop may be much larger
than those that are either fully reset or unreset, and, if
the channeling persists along the flow path, partially reset
rocks may be found at all distances from the geochemical
discontinuity. Hence, partially reset isotopic ratios by
themselves do not indicate the operation of polythermal
fluid flow or isotopic disequilibrium. Although polyther-
mal fluid flow and isotopic disequilibrium apply to cer-
tain geological situations, either well-defined isotopic
profiles or other evidence, for example, petrological data
that indicate polythermal fluid flow (e.g., Baumgartner
and Ferry, 199 l; Ferry, 199 1; Ferry and Dipple, 1992;
Cartwright and Oliver, 1992) or discordant O isotope
fractionations that suggest isotopic disequilibrium, is re-
quired to confirm the operation ofthese processes.

Decoupling of geochemical parameters. Transverse dis-
persion may explain discrepancies among the fluid fluxes
calculated from different geochemical parameters. For
example, the transport of Sr and O isotopes in the Trois
Seigneurs Massif, France, appears to have been decou-
pled during metasomatism (Bickle and Chapman, 1990;
Bickle, 1992). Equation 3 shows that dispersive transport
distances for a chemical component are inversely pro-
portional to the rock-fluid partition coefficient. Since flu-
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id-rock partition coefficients for Sr are much lower than
for O (Bickle and McKenzie, 1987), transverse dispersion
may homogenize O isotope ratios on the meter scale but
not Sr isotope ratios. Similar decoupling between H, O,
and C isotope ratios is also likely.
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