
(2007) 217–227
www.elsevier.com/locate/chemgeo
Chemical Geology 239
Models of permeability contrasts in subduction zone mélange:
Implications for gradients in fluid fluxes,

Syros and Tinos Islands, Greece

Jay J. Ague

Department of Geology and Geophysics, Yale University, P.O. Box 208109, New Haven, CT 06520-8109, USA

Accepted 18 August 2006
Editor: S.L. Goldstein
Abstract

Geological and geochemical evidence from previous studies suggest limited fluid flow through the interiors of many blocks of
subducted oceanic crust within meta-ultramafic or metasedimentary mélange matrix on the islands of Syros and Tinos, Cyclades,
Greece. This finding is provocative because metamorphic devolatilization of igneous and sedimentary rocks during subduction
should have liberated substantial volumes of fluid. In an effort to address this problem, two-dimensional numerical models
incorporating permeability anisotropy and devolatilization are used to investigate spatial patterns of steady-state fluid flow through
subduction zone mélange under high-pressure/low-temperature (HP/LT) conditions. The modeling shows that as the permeability
of the mélange blocks decreases relative to the mélange matrix, more flow is diverted around the blocks into the matrix. The ratio
of the maximum flux (in matrix) relative to the minimum flux (in blocks) increases with the permeability contrast between the
matrix and the less permeable blocks. Order-of-magnitude variations in permeability produce order-of-magnitude spatial variations
in fluid fluxes between block interiors and surrounding matrix; flux variations of a factor of 10 or more can be present over very
short length scales (as little as meter scale). The largest fluxes are produced in the matrix adjacent to block margins lying sub-
parallel to regional foliation and flow direction. Fluid–rock reaction on block margins would be greatest in these areas, leading to
asymmetrical distributions of reaction progress around blocks (illustrated herein by field mapping of a mélange block on Syros).
However, syn-metamorphic deformation can rotate blocks and strip off reaction zones at their margins, so it is likely that reaction
zone asymmetries are commonly disrupted in nature. The inferred absence of strong fluid–rock reaction within mélange blocks on
Syros and Tinos could reflect low permeabilities in block interiors which acted to divert flow into mélange matrix. Consequently,
fluxes of subduction zone fluids through the mélange matrix could have easily been very large, while low permeabilities shielded
block interiors from the regional flow to varying degrees.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Subduction of sediment and hydrothermally altered
oceanic crust and mantle is the primary means by which
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reactive volatiles including H2O and CO2 are returned to
the deep Earth. Fluids released during prograde heating
may migrate subvertically upward into the overlying
accretionary prism or mantle wedge, and also migrate
parallel to the slab through the subducted crust itself or
along the basal décollement. Modeling results suggest
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Fig. 1. Location and simplified geologic maps. Modified after Melidonis (1980), Bröcker et al. (1993) and Bröcker and Enders (2001). (a) Map of
Greece illustrating positions of Syros and Tinos within the Attic–Cycladic blueschist belt. (b) Geology of Syros, showing main Cycladic volcano-
sedimentary HP/LT unit including marbles and mélange, structurally overlying Vari gneiss (not HP/LT), and localities for Figs. 2 and 3. (c) Geology
of Tinos, illustrating main volcano-sedimentary HP/LT unit (Intermediate Unit) which includes marble horizons and mélange blocks of blueschist,
eclogite, meta-gabbro, and jadeitite.

}

Fig. 2. Field map of layered mélange block at locality illustrated in
Fig. 1b. Block consists primarily of interlayered blueschist and eclo-
gite, and includes some retrogressed rocks originally rich in jadeite. It
may represent a metamorphosed sequence of mafic and more felsic
volcanic rocks. Reaction rind (black) thickness at contact with
ultramafic matrix varies from about 5–15 cm to as much as 1.6 m.
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that large-scale fluid fluxes are realized during subduc-
tion zone devolatilization (cf. Kerrick and Connolly,
2001a,b; Gorman et al., 2006), and may be as great as
∼6000 m3 m−2 My−1 in the mantle hanging wall
(Peacock, 1990). Field studies of stable isotope
systematics (e.g., Bebout and Barton, 1989, 1993) and
trace element mobility (e.g., Sorensen and Grossman,
1989) provide strong evidence for regional, km-scale
fluid migration during Mesozoic subduction in the
Cordillera (California, USA). Field and theoretical
studies also suggest that large-scale fluid flow may
transport significant mass of “non-volatile” elements
including Si, Al, and alkali and alkaline earth metals,
producing metasomatic alteration features such as
regional vein systems and silicification of the mantle
wedge (e.g., Bebout and Barton, 1989, 1993; Manning,
1997; Bebout and Barton, 2002; King et al., 2003).

In contrast, mounting evidence from the Cycladic
Archipelago (Greece) and the Alps indicates that
subduction and high-pressure/low-temperature (HP/
LT) metamorphism during Alpine orogenesis may
have involved limited, perhaps highly channelized
fluid flow and fluid–rock interaction (e.g., Philippot
and Selverstone, 1991; Selverstone et al., 1992; Bröcker
et al., 1993; Getty and Selverstone, 1994; Barnicoat and
Cartwright, 1995; Ganor et al., 1996; Putlitz et al.,
2000). The possible highly limited nature of the flow
was highlighted recently by Putlitz et al. (2000) who,
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based on O and H isotope studies of metabasalts and
metagabbros in the Cyclades, found no evidence
favoring regional fluid release and flow during HP/LT
metamorphism of the subducted oceanic crust. More-
over, their data gives no indication that significant
metamorphic infiltration occurred during earlier, lower-
pressure stages of subduction. This result is particularly
thought-provoking because clays, serpentine, and car-
bonate minerals in the precursor sediments and
hydrothermally altered igneous rocks should have
released abundant volatiles during prograde HP/LT
metamorphism. One possible explanation for the
apparent absence of strong fluid–rock interaction in
some rock types is channelization of metamorphic fluids
leading to marked spatial variations in fluid fluxes.
Breeding et al. (2004) concluded that significant fluid
flow occurred through mélange on the island of Syros
(Greece) and drove considerable fluid–rock interaction
and metasomatism on the rims of metasedimentary rock
packages in contact with ultramafic mélange matrix.
The interiors of the packages, however, could have
undergone much less fluid infiltration. This paper uses
numerical models to examine the possible impact of
permeability variations on patterns of fluid flow in
subduction zone mélange. Exposures of HP/LT rocks on
Fig. 3. Thin section photomicrograph illustrating large relic actinolite
crystal rimmed by glaucophane and omphacite in metagabbro (crossed
polarizers; see Fig. 1 for sample location). Matrix consists mostly of
clinozoisite, quartz, and white mica.
the Cycladic islands of Tinos and Syros (Greece)
provide geological context for the models (Fig. 1).
Breeding et al. (2003) examined how permeability
variations could have led to the preservation of HP/LT
mineral assemblages during greenschist facies retro-
grade fluid infiltration on Tinos; the results of the
present study are relevant for prograde settings as well
as retrograde, exhumation settings. In this paper, rock
permeability that is uniform and does not vary with
direction is termed isotropic, whereas permeability that
varies with direction in termed anisotropic. Differences
in permeability between rock types are referred to in a
general way as permeability contrasts or permeability
heterogeneities; the rock types can be isotropic or
anisotropic.

2. Geologic setting

Regional HP/LT blueschist and eclogite facies meta-
morphism in the Attic–Cycladic Crystalline Belt of the
Aegean region occurred during subduction of the Apulian
microplate beneath Eurasia in the Alpine orogeny (cf.
Bonneau, 1984). The timing remains controversial;
Bröcker and Enders (1999) argue for Cretaceous–Tertiary
metamorphism whereas Tomaschek et al. (2003) con-
cluded that it occurred during the Eocene. HP/LT
metamorphic conditions were in the range of 1.5±
0.3 GPa and ∼500–550 °C (Schliestedt et al., 1987;
Avigad et al., 1988; Okrusch and Bröcker, 1990; Bröcker
et al., 1993; Matthews, 1994; Putlitz et al., 2000); the
highest reported pressures are ∼1.8–2.0 GPa (Trotet
et al., 2001a,b). HP/LT mélange sequences on Syros and
Tinos are characterized by blocks of blueschist, eclogite,
meta-gabbro, jadeitite, and serpentinite set in a foliated
matrix of serpentinitic or metasedimentary rock (Dixon
and Ridley, 1987; Brady et al., 2000; Bröcker and Enders,
2001). In many areas (e.g., northwestern Syros), syn-
subduction deformation juxtaposed the mélange with
surrounding metasedimentary rocks (cf. Dixon and
Ridley, 1987; Okrusch and Bröcker, 1990; Breeding
et al., 2004). The mélange is generally interpreted to
represent a highly deformed and dismembered ophiolite
sequence, but mélange origins, whether tectonic, sedi-
mentary, or some combination, remain controversial (cf.
Altherr and Seidel, 1977; Höpfer and Schumacher, 1977;
Bonneau et al., 1980; Dixon and Ridley, 1987; Bröcker
and Enders, 1999, 2001).

The classic observations of Dixon and Ridley (1987)
documented metasomatic exchange of non-volatile ele-
ments at lithologic contacts between mélange blocks and
surrounding serpentinitic matrix on Syros. Reaction rinds
rich in omphacite, glaucophane, and/or chlorite ranging in
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thickness from the cm scale to m scale are common on
block margins (cf. Dixon and Ridley, 1987; Bröcker and
Enders, 2001; Marschall et al., 2006). These reaction
features resemble those documented in mélange in
California, and indicate substantial fluid–rock interaction
on the rims of blocks (e.g., Bebout and Barton, 2002).
Fluid-driven metasomatism also produced glaucophane-
rich alteration zones up to 2.5 m thick in metasediments
along contacts with meta-ultramafic mélange matrix
(Breeding et al., 2004). Asymmetric reaction rims on
the margins of blocks are evident at several localities on
Syros (Fig. 2). Where large, consistent asymmetries are
exposed, the rims are thickest sub-parallel to the dominant
foliation in the surroundmélangematrix. The thickest part
of the reaction zone in Fig. 2 is∼1.6 m thick, and it thins
by a factor of 10 or more to ∼5–15 cm elsewhere. The
margins of this and most other blocks have clearly
undergone strong metasomatism (Dixon and Ridley,
1987), but isotopic evidence from block interiors suggests
much more limited metamorphic fluid–rock interaction
(Putlitz et al., 2000). It is important to point out, however,
that fractures/veins in the blocks do occur and, on Syros,
they are commonly surrounded by glaucophane and/or
omphacite-rich alteration zones or “selvages” that
resemble mineralogically the reaction zones on block
rims. These relations indicate that significant quantities of
mélange fluids could penetrate the blocks along fractures
to promote infiltration-driven reactions.

The mélange matrix on Tinos appears to be mostly
metasedimentary but also includes metavolcanic
rocks. Ultramafic matrix and in-situ reaction rinds
on blocks have not been observed (Bröcker and
Enders, 2001). The lack of reaction rinds may be due
to the absence of serpentinite matrix, but observations
could be complicated by outcrop limitations (block–
matrix contacts are rarely exposed on Tinos) and by
the extensive retrograde metamorphism that affected
most of the HP/LT rocks on Tinos (cf. Bröcker et al.,
1993). Interestingly, nearly monomineralic actinoli-
tite, glaucophanite, and omphacitite rocks similar to
those found in reaction rinds on Syros occur as float or
small isolated boulders on Tinos. However, it remains
to be documented whether or not these float/boulder
assemblages formed as a result of block–ultramafic
matrix interactions. Bröcker and Enders (2001) docu-
mented unusual bulk compositions strongly enriched
in many important minor and trace elements (e.g., Ti,
Zr, Y) for some blocks on both Tinos and Syros. They
interpreted the trace element signatures to be the result
of HP/LT metasomatic alteration; if so, these unusual
blocks underwent considerably more fluid infiltration
than those studied by Putlitz et al. (2000).
The predominantly metaigneous blueschist, eclogite,
and meta-gabbro block interiors on Syros and Tinos are
generally massive, are relatively poor in sheet silicates,
and are oftenweakly foliated. These characteristics almost
certainly limited their permeability relative to the
strongly-foliated, sheet silicate-rich mélange matrix. The
blocks were also much more competent than the matrix
during deformation, which probably restricted the amount
of deformation-enhanced porosity and permeability that
could develop within them. The degree of recrystalliza-
tion within blocks was remarkably small in some cases;
for example, the interiors of large meta-gabbro blocks
(Figs. 1 and 3) can retain actinolite (cf. Ridley and Dixon,
1984; Putlitz et al., 2000) that is presumably a relic from
seafloor alteration or lower-temperature stages of the
metamorphism.

The sources of the fluids within themélange remain to
be fully characterized. Possibilities include fluid derived
from: (1) devolatilization of surrounding metasedimen-
tary and metaigneous rocks that was focused into the
mélange; (2) dehydration of mélange matrix; and
(3) individual mélange blocks that dehydrated and
contributed fluid to the overall flow within the matrix.

Putlitz et al. (2000) also found no conclusive evidence
favoring large HP/LT fluid fluxes through metabasic
rocks on the neighboring island of Sifnos. These rocks
crop out as lenses and larger masses of blueschist and
eclogite within a dominantly metasedimentary rock
package (cf. Trotet et al., 2001a,b), but are traditionally
not mapped as part of a mélange sequence. However,
strong deformation could have obscured geologic rela-
tions, and it is noteworthy that the two main tectonic units
on the island are separated by a low-angle fault
containing serpentinite lenses (cf. Trotet et al., 2001a,b).

3. Methods

This study examines steady-state Darcian fluid flow
through a two-dimensional section ofmélange 100m long.
Thewidth of themélange varies in the field; 60mwas used
based on field relations at the site depicted in Fig. 2. The
model mélange includes a variety of randomly-placed,
circular and elliptical mélange blocks of varying size
comprising 25% of the flow region. An infinite number of
block configurations are possible; the one used here is
based on representative field relations and illustrates some
important basic physics of flow in a heterogeneous
mélange system. Model fluid fluxes are insufficient to
transport large amounts of heat by advection and, thus,
temperature (T ) was held constant (see below). This
constraint would not be applicable if, for example, fluid
fluxes were larger or if significant heat was consumed by
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rapidly-proceeding dehydration reactions. Conservation of
mass is given by (e.g., Bear, 1972):

Aðqf/Þ
At

¼ 0 ¼ −jd qfqð Þ þ Sf ð1Þ

in which ρf is the fluid density, ϕ is porosity, q is the fluid
flux vector, and Sf is the fluid source term. The fluid flux is
given by Darcy's law:

q ¼ −
f
k
l
d jPf þ qfgjZð Þ ð2Þ

where k̃ is the intrinsic permeability tensor, μ is the fluid
viscosity, Pf is fluid pressure, g is the acceleration of
gravity expressed as a constant, and Z is a vertical
reference coordinate that increases upward. Viscosity was
calculated using code from the HYDROTHERM program
(Hayba and Ingebritsen, 1994). The matrix foliation is
assumed to be the primary control on permeability
anisotropy and is taken to be parallel to the z coordinate
axis (vertical). The maximum and minimum permeabil-
ities in the matrix are parallel to the z and x coordinate
axes, respectively, such that the permeability tensor is:

f
k ¼ kxx 0

0 kzz

� �
ð3Þ

Permeabilities in the range 10−18 to 10−20 m2 were
investigated, compatible with the results of Ingebritsen
andManning (1999) andManning and Ingebritsen (1999).
Metamorphic foliations defined by platy minerals such as
serpentine or phengite almost certainly produced perme-
ability anisotropy in the mélange matrix. Huenges et al.
(1997) found that mean permeability parallel to foliation
can be as much as a factor of ∼10 greater than
perpendicular to it. Numerous field-based studies also
document that flow is generally greatest parallel to
foliation and layering (cf. Rye et al., 1976; Rumble and
Spear, 1983; Ganor et al., 1989; Baker, 1990; Oliver et al.,
1990; Ferry, 1994; Ague, 2003).

The fluid is weakly compressible and, for the limited
range of pressures examined here, is adequately repre-
sented by:

bf ¼
1
qf

Aqf
APf

� �
T

ð4Þ

in which βf is the fluid compressibility (cf. Bear, 1972;
Walder and Nur, 1984). The rate of fluid release by
dehydration of mélange blocks was estimated using
(Hanson, 1997):

Sf ¼ vfqrk
DT

dT
dt

ð5Þ
in which χf is the mass fraction of fluid released, ρrk is the
rock density, andΔT is the temperature interval over which
the fluid is released. The models use representative values
of χf=0.05 kg (H2O) kg

−1 (rock), ρrk=3000 kg m−3, and
ΔT=600 °C. If the rock is subducted at a rate of 10−2 m
year−1 along a geothermal gradient of 10 °Ckm−1, then dT/
dt is 10−4 °C year−1. Increasing the subduction rate to
5×10−2 yields dT/dt=5×10−4 °C year−1. Either value
yields nearly identical results in the modeling, so only
results for 10−4 °C year−1 are shown. Furthermore,
simulations in which blocks and matrix dehydrate
simultaneously (not illustrated) have flow systematics that
are essentially the same as those shown herein. Note that
because T is constant in the models, Eq (5) is not strictly
applicable. However, the flow region comes to steady state
in a short period of model time (year to decade time scales)
relative to the heating rate, so the small increases in T
required for dehydration according to Eq. (5) have a
negligible impact on the “snapshots” of flow behavior
computed in the models. The impact of the advective
component of heat transport due to fluid flow can be
approximated using the following simplified expression
that follows directly from conservation of energy (e.g.,
Ague, 2000):

AT
At

cqz
qf cP;f
qrkcP;rk

AT
Az

ð6Þ

in which qz is the average flux in the z direction and cP,f and
cP,rk are the heat capacities of fluid and rock, respectively.
For a geothermal gradient of 10 °C km−1 and represen-
tative heat capacities (Brady, 1988) and model fluxes
(10−3 to 5×10−3 m3 m−2 year−1; see below), ∂T/∂t is in
the range of 10−5 to 10−4 °C year−1, small enough to be
neglected for the simulations herein.

Porosity was set to a constant value of 10−3 through-
out the domain (cf. Ague, 2000). Different values would
increase or decrease fluxes, but the general patterns of
flow around mélange blocks would be similar to those
shown. Increases in fluid pressure can increase porosity
and vice versa, and can be treated using a “pore
compressibility” term (cf. Walder and Nur, 1984; Ague
et al., 1998). Values of pore compressibility for rocks are
not well-known, but are small and are probably
b5×10−9 Pa−1 (Wong et al., 1997). For the present
study, this translates into negligible variation in porosity
given that fluid pressure varies by ≲106 Pa at any given
elevation across the flow region. Of course, chemical
reactions can produce considerable irreversible changes
in porosity as well as permeability (cf. Ague et al., 1998;
Balashov and Yardley, 1998; Bolton et al., 1999);
treatment of these phenomena will require detailed
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models of subduction zone devolatilization and meta-
somatic reactions.

T and Pf were initially set to 550 °C and 1.5 GPa in
the base (z=0) of the flow region. Twas then initialized
throughout the domain using a geothermal gradient of
10 °C km−1, and Pf was initialized using a lithostatic
gradient (cf. Hanson, 1997). Once T and initial Pf were
set, βf was computed throughout the flow domain using
the CORK equation of state for ρf (Holland and Powell,
1991). “No-flow” (or “symmetrical”) boundary condi-
tions were employed at x=0 m and x=60 m. Pf was
held constant at z=0 m and z=100 m, although it is
important to note that Pf and gradients in Pf within the
flow region could freely evolve to steady state. A
uniform, time-invariant flux boundary condition at
z=0 m yields similar results (not shown). Many other
initial and boundary condition configurations are
possible, but the general systematics of flow around
mélange blocks illustrated here would be little affected.
Finite-difference numerical methods were used to solve
for fluid flow. Additional discussion of solution
procedures and model verification can be found in
Ague (1998, 2000) and Ague and Rye (1999). It is worth
noting in this regard that fluid mass fluxes into and out
of steady-state systems with no fluid sinks/sources
should match, providing a powerful test of numerical
algorithms. Test simulations with no dehydration show
that average input and output fluxes are in excellent
agreement and differ by less than 0.02%. The time-
dependent conservation of mass equation was iterated
from the initial condition to steady state. Avery fine grid
spacing of 0.25 m in both the x and z directions allows
imaging of flow variations with high spatial resolution.

4. Results

Flow through the low-permeability mélange blocks is
limited, so the flow is directed around them into the
higher-permeability matrix (Fig. 4). As a consequence,
fluxes are also limited upstream and downstream of the
blocks; these “shadow” zones of low flux can extend
tens of meters into the matrix and affect fluxes in and
around neighboring blocks. The largest fluxes are
concentrated in the matrix at block margins lying sub-
parallel to the foliation and overall flow direction,
roughly perpendicular to the upstream and downstream
ends of the blocks (Fig. 4). The range of fluid fluxes is
primarily dependent on the permeability contrasts
between blocks and matrix, although other factors
including the number of blocks and their sizes and
shapes also play a role. As shown in Fig. 5, the ratio of
the maximum to minimum flux increases strongly as the
permeability of the blocks decreases and more and more
fluid is diverted out into the matrix. Importantly, the
high spatial resolution grid used in the models predicts
that this flow focusing can lead to large flux variations
of an order of magnitude or more over meter scale
distances (Figs. 4b,c and 6). Furthermore, the diversion
of flow around blocks means that fluxes can vary widely
from place to place within the matrix, even though its
permeability structure is the same throughout the
domain (Fig. 6). In nature, it is possible that the reaction
rinds could be more permeable than the block interiors,
leading to increased flow through the margins of the
blocks as metasomatism proceeds. Flow systematics for
an isotropic matrix are illustrated in Figs. 4d and 7b.
Results are similar in many respects to the anisotropic
cases, but the larger flux areas around blocks tend to be
wider as flow is not constrained by a matrix foliation
(Figs. 4d and 7).

The models predict limited fluid influx into the low-
permeability blocks, but fractures in the blocks could
elevate permeability and allow fluid infiltration. A simple
illustration of this phenomenon is shown in Fig. 4e, in
which the largest model block is bisected by a 0.25 m
wide, high-permeability zone representing a fracture.
Considerable fluid flow is focused into the model fracture,
demonstrating a possible mechanism by which fluids
could gain access to the interior of low-permeability
blocks (Figs. 4e and 6b). It is possible that fracture
networks facilitated the metasomatic fluid infiltration that
produced the unusual trace element signatures documen-
ted byBröcker andEnders (2001)within some blocks. It is
also possible that these blocks were more permeable than
others, such that infiltration-driven metasomatism oc-
curred more pervasively within them. Further work is
needed to determine the nature and extent of fracture
networks and their impact on fluid–rock reactions within
blocks.

The models include prograde dehydration of blocks,
but it should be noted that the general diversion of flow
around low-permeability blocks would be similar for
exhumation settings in which there was flow through the
matrix but no fluid production within blocks. Flow
during exhumation and decompression was consider-
able in many parts of the Cyclades (cf. Bröcker et al.,
1993; Marschall et al., 2006).

5. Discussion and conclusions

The modeling illustrates how fluid flow in mélange
can be diverted around low-permeability matrix blocks.
Fluxes are concentrated in the matrix around block
margins sub-parallel to matrix foliation and the overall



Fig. 4. Model fluid flow results (see text for discussion). For all parts except (d), matrix has permeability of 10−18 m2 parallel to z, and 10−19 m2

parallel to x; blocks are isotropic in all cases. Flux contours normalized to maximum value of 1.4×10−2 m3 m−2 year−1 attained in part (c). Average
fluxes typically in the range 10−3 to 5×10−3 m3 m−2 year−1. (a) Permeability of blocks (5×10−19 m2) a factor of 2 less than maximum permeability in
matrix. (b) Permeability of blocks (10−19 m2) a factor of 10 less than maximum permeability in matrix. (c) Permeability of blocks (10−20 m2) a factor
of 100 less than maximum permeability in matrix. (d) Isotropic matrix and blocks with permeabilities of 10−18 m2 and 10−19 m2, respectively. (e) Like
part (b), except that largest block is cut by a model high-permeability fracture that has the same permeability as the matrix.
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fluid flow direction. The ratio of maximum flux (in
matrix)/minimum flux (in blocks) increases log linearly
with the ratio of maximum permeability (in matrix)/
minimum permeability (in blocks). Consequently, order-
of-magnitude variations in permeability are needed to
produce order-of-magnitude spatial variations in fluid
fluxes (Figs. 4 and 5). An important next step for future
work will be to better constrain the permeability tensor
in mélange materials using laboratory measurements.
The model flow patterns provide a testable hypothesis to
account for the stable isotope systematics observed by
Putlitz et al. (2000) in mélange blocks on Syros and
Tinos. If the blocks had average permeabilities a factor
of∼10 or smaller than the maximum permeability of the
matrix, then metamorphic fluid infiltration into the
blocks could have been limited, thus preserving the
oxygen isotope signatures of basaltic and gabbroic
oceanic crust within the blocks. The time-integrated
fluid flux (qTI) within the blocks could thus have been
dominated by their internal dehydration. For a spherical
block, it is easily shown that the qTI at the block surface
can be estimated by:

qTI ¼ rvfqrk
3qf

ð7Þ

where r is the radius of the block. Given that 3ρf is
roughly equivalent to ρrk, the approximation for qTI
simplifies to: rχf. For example, for complete dehydration



Fig. 5. Relations between fluid flux and permeability (k). log10
(maximum fluid flux in matrix)/(minimum fluid flux in block) as a
function of log10(maximum permeability in matrix)/(permeability of
blocks). Note that ratio of maximum/minimum fluid flux scales with
the permeability ratio. Dots represent results for a range of model runs.
Minimum flux assessed in center of large elliptical block in lower left
part of flow domain (Fig. 4).
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of a block with r=10 m and χf=0.05, the estimated qTI is
∼0.5 m3 (fluid) m−2 (rock). Such fluxes are small and
insufficient to strongly modify gabbroic and basaltic
ocean floor isotopic signatures (cf. Dipple and Ferry,
1992). As noted above, the HP/LT rocks on Sifnos studied
by Putlitz et al. (2000) may not be part of a mélange.
Nonetheless, fluid flow through the metasediments could
Fig. 6. Normalized fluid fluxes at constant elevations plotted as functions of
fluxes are found in matrix on margins of blocks, and that extreme gradients i
model shown in Fig. 4e. Note large fluxes in matrix on margin of block and
have been diverted around the blueschist and eclogite
bodies in much the same way as depicted in Fig. 4. It is
also possible that most of the rock types on Sifnos were
characterized by very low permeability which diverted
flow around the entire rock package and strongly limited
flow within it (cf. Ganor et al., 1989, 1991).

The qTI needed for oxygen isotopic homogenization
due to fluid advection through blocks can be estimated.
For local fluid–rock isotopic equilibrium, d=νφtKv in
which Kv is the fluid/solid partition coefficient by
volume (0.6 for oxygen), ν is the mean pore fluid
velocity, and d is the distance of isotopic front
propagation (Bickle, 1992; Dipple and Ferry, 1992).
Taking qTI=νφt, it is easily shown that the oxygen
isotopic composition of a representative 10 m length
scale block would be reset for time-integrated fluid
fluxes of ∼17 m3 m−2 or greater. For a permeability
contrast of 100, the minimum model flux (νφ) through
blocks is ∼1.4×10−4 m3 m−2 year−1 (Fig. 4c), so the
necessary timescale of fluid–rock interaction would be
only ∼105 years. Timescales would be correspondingly
longer for lower block permeabilities or slower rates of
fluid flow. It should be emphasized that these calcula-
tions carry many uncertainties, such as those on model
fluid fluxes. Furthermore, if kinetic factors limited rates
of isotopic exchange, then the qTI values needed to reset
the isotopic compositions of blocks would be under-
estimated by the above analysis. Moreover, isotopic
transport by diffusion and mechanical dispersion are not
accounted for, but these processes would also act to
modify the isotopic composition of blocks. Nonetheless,
the calculations suggest that the time-integrated fluid
x. (a) Fluxes at z=65 m for model shown in Fig. 4c. Note that largest
n fluxes can develop over m-scale distances. (b) Fluxes at z=38 m for
within block along model fracture.



Fig. 7. Example fluid flow vector diagrams. Lengths of arrows scaled to magnitude of fluid flux. Part (a) is for a foliated matrix and corresponds to the
contours shown in Fig. 4b, whereas part (b) is for an isotropic matrix and corresponds to Fig. 4d.
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fluxes needed to alter the isotopic compositions of
blocks would have been relatively small, consistent with
the conclusion that blocks had low permeabilities that
limited fluid infiltration. Further field-based work aimed
at quantifying time-integrated fluid fluxes through
blocks and timescales of fluid–rock interaction would
provide valuable tests of model results and hypotheses
for fluid flow in mélange zones.

Metasomatic reaction rinds on block margins on
Syros indicate that substantial fluid–rock interaction
could occur directly at contacts between matrix and
blocks within mélange (cf. Dixon and Ridley, 1987). The
modeling predicts that fluid fluxes will be largest around
blocks in regions sub-parallel to foliation and flow
direction (Fig. 4). Therefore, the most fluid–rock
reaction would be expected to occur in these regions,
producing the thickest reaction rinds. On the other hand,
rinds would be thinnest on the up and downstream sides
of the blocks, where fluxes are smaller. These spatial
relations provide a potential means to identify paleo-
flow directions in the field. Such reaction rind asymme-
try is observed for some mélange blocks (Fig. 2), but not
all. The lack of observable, systematic asymmetry on
some blocks not only may be due in part to exposure
limitations, but is also probably the result of deformation
within the mélange. As shown by Bebout and Barton
(2002) the relatively weak metasomatic rind materials
can become disaggregated from the mélange blocks
during deformation and incorporated into mélange
matrix. The mélange blocks may rotate during deforma-
tion as well. Under these deformational conditions, the
asymmetry of the rinds would commonly be disrupted.
Nonetheless, the general conclusion that significant flow
would be diverted around low-permeability blocks holds
even if they rotate or undergo deformation. A future
challenge will be to model fluid flow in an actively
deforming mélange system.

Reactions driven by the infiltration of fluids equili-
brated with ultramafic mélange matrix into metasedi-
mentary rocks can produce trace element geochemical
signatures in fluids consistent with those inferred for
metasedimentary contributions to arc magmas (Breeding
et al., 2004). Field observations (e.g., Breeding et al.,
2004) show that the strongest interactions occur at
contacts and along fractures, consistent with the
modeling predictions (Figs. 4 and 6). Conceptual and
numerical models of transport and fluid–rock reactions
in mélange should account for the large spatial variations
in fluid fluxes that occur in systems with strongly
varying permeability. Models that assume uniform flow
through all blocks andmatrix will likely overestimate the
amount of fluid–rock reaction that occurs within blocks,
leading to biased assessments of the geochemistry of
subduction zone fluids. In conclusion, fluxes through
mélange on Syros and Tinos could have been large
during subduction, but low permeabilities in block
interiors would have forced flow through the mélange
matrix and limited infiltration deep into the blocks. The



226 J.J. Ague / Chemical Geology 239 (2007) 217–227
formation of high-permeability fractures in blocks,
however, could have facilitated varying degrees of HP/
LT fluid flow within them.
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