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FLUIDS IN THE CRUST
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Abstract
In this study we investigate a group of metabasaltic sills from the SW Scottish Highlands metamorphosed at epidote-amphibolite facies conditions that provide useful insight into the mechanisms
and characteristics of fluid infiltration during metamorphism. The sills are amphibole and garnet bearing and exhibit a strong foliation in the sill margins that developed pre- to syn-peak metamorphism.
Fluid infiltration caused hydration and carbonation in the sills, expressed as (1) replacement of garnet
and amphibole by chlorite and calcite and (2) replacement of amphibole and epidote to form chlorite
and calcite. Using garnet-amphibole and garnet-chlorite geothermometers we show that these reactions occurred after peak metamorphism at T = 290 to 400 °C. Reaction textures show that the fluid
infiltration into the sill that caused hydration and carbonation occurred in the absence of deformation.
The fluid infiltration was mineralogically controlled with greater fluid access in areas of abundant
fine-grained elongate minerals such as amphibole and chlorite. The replacement of garnet by chlorite
most likely occurred by an interface-coupled dissolution-precipitation mechanism as evidenced by
perfect pseudomorphic textures of garnet, porosity generation behind the reactive interface and fracturing ahead of this interface. Porosity generated in the product chlorite enhanced fluid access to the
replacement front. The study shows that deformation was not required for extensive fluid infiltration
and alteration during metamorphism. Fluid flow uses a pre-existing foliation to gain access to the rock,
taking advantage of the anisotropic shape of the aligned minerals.
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Introduction
The flow of metamorphic fluids has interested geologists
because of its influence on the petrological, geochemical, and mechanical behavior of the Earth’s crust and as a contributory factor
in global chemical cycles (e.g., Bickle and McKenzie 1987; Ague
1994a, 1994b, 2003; Ferry 1994; Oliver 1996; Cartwright 1997;
Ferry and Gerdes 1998). Understanding these processes relies on
robust estimates of time-integrated fluid fluxes and moreover, of
fluid flux rates. These estimates require an understanding of coupling between porosity-permeability evolution and metamorphic
fluid flow (see review of Ague 2003 and references therein). Fluid
flow in metamorphic rocks requires an interconnected porosity,
either intrinsic to the rock or created during deformation. An existing pore network in the unaltered rock would significantly ease
the access of external fluids and increase rates of alteration and
weathering (e.g., Putnis and Mauthe 2001; Jamtveit et al. 2011,
2014). The intrinsic permeability of metamorphic rocks is strongly
mineralogically controlled (e.g., Holness and Graham 1991, 1995;
Ferry et al. 2005, 2013). Experimental and field studies show that
monomineralic solid aggregates (e.g., marbles, quartzites) do
not have a stable interconnected fluid-filled network due to high
* E-mail: barbara.kleine@geo.su.se
† Special collection papers can be found on GSW at http://ammin.
geoscienceworld.org/site/misc/specialissuelist.xhtml.
0003-004X/15/1112–2702$05.00/DOI: http://dx.doi.org/10.2138/am-2015-5321

fluid-mineral dihedral angles at certain P-T conditions (Watson
and Brenan 1987; Holness and Graham 1991, 1995; Holness
1993; Price et al. 2004; Schumacher et al. 2008). As metamorphic
rocks generally have low intrinsic porosity (e.g., Etheridge et al.
1984; Oliver 1996; Manning and Ingebritsen 1999; Ague 2003),
deformation-driven fluid flow is commonly invoked. Many studies
show enhanced metamorphic fluid flow along large-scale structural
conduits such as faults (e.g., McCaig et al. 1995; Abart et al. 2002),
shear zones (e.g., Selverstone et al. 1991; Gupta and Bickle 2004;
Kleine et al. 2014), and fold axes (Skelton et al. 1995; Graham
et al. 1997; Pitcairn et al. 2010). On a local scale deformation
enhanced fluid flow can occur through dilatancy (volume change
during deformation; Oliver 1996), or through hydrofracturing
(Sibson et al. 1988; Thompson and Connolly 1992; Ague 1994b;
Oliver and Bons 2001). The development of foliation fabrics as
a response to deformation can also enhance fluid flow (Rumble
and Spear 1983; Skelton et al. 1995; Ague 2007). Fluid infiltration
in the absence of deformation may occur in contact metamorphic
rocks where vertical upwardly directed fluid flow is driven by
buoyancy (Hanson 1992; Ferry 1996).
The interaction between infiltrating fluid and the host rock
strongly affects the permeability through destruction of porosity
by precipitation of new mineral phases, and through creation of
porosity due to mineral dissolution. Volume expansion of solid
phases due to metamorphic carbonation and hydration reactions
for example, might be expected to “clog” fluid pathways and thus
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