
Effective crustal permeability controls fault evolution: An integrated
structural, mineralogical and isotopic study in granitic gneiss, Monte
Rosa, northern Italy

Susan E.M. Lawther a,⁎, Tim J. Dempster a, Zoe K. Shipton b, Adrian J. Boyce c

a School of Geographical and Earth Sciences, University of Glasgow, Glasgow G12 8QQ, UK
b Department of Civil and Environmental Engineering, University of Strathclyde, Glasgow G1 1XJ, UK
c NERC Isotope Community Support Facility, Scottish Universities Environmental Research Centre, East Kilbride G75 0QF, UK

a b s t r a c ta r t i c l e i n f o

Article history:
Received 8 October 2015
Received in revised form 1 July 2016
Accepted 15 July 2016
Available online 18 July 2016

Two dextral faults within granitic gneiss in the Monte Rosa nappe, northern Italy reveal key differences in their
evolution controlled by evolving permeability and water/rock reactions. The comparison reveals that identical
host rock lithologies develop radically different mineralogies within the fault zones, resulting in fundamentally
different deformation histories. Oxygen and hydrogen isotope analyses coupled to microstructural characterisa-
tion show that infiltration of meteoric water occurred into both fault zones. The smaller Virgin Fault shows evi-
dence of periodic closed system behaviour, which promoted the growth of hydrothermal K-feldspar, whilst the
more open system behaviour of the adjacent Ciao Ciao Fault generated a weaker muscovite-rich fault core,
which promoted a step change in fault evolution. Effective crustal permeability is a vital control on fault evolution
and, coupled to the temperature (i.e. depth) at which key mineral transformations occur, is probably a more sig-
nificant factor than host rock strength in controlling fault development. The study suggests thatwhether a fault in
granitic basement grows into a large structure may be largely controlled by the initial hydrological properties of
the host rocks. Small faults exposed at the surface may therefore be evolutionary “dead-ends” that typically do
not represent the early stages in the development of larger faults.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Fault zones are long-lived zones of weakness in the Earth's crust;
how they form and evolve is crucial to studies of earthquake mechanics
and subsurface fluid flow (Martel, 1990; Cavailhes et al., 2013). In faults
within basement rocks, the damage zone generally has high permeabil-
ity compared to both the host rock and the fault core (Caine et al., 1996;
Evans et al., 1997), however the permeability of the fault core and dam-
age zone will vary as successive deformation events create new frac-
tures or re-open existing fractures (Caine et al., 1996; Zhang and
Tullis, 1998). Fracturing and cataclasis cause grain size reduction and
generate weaker rocks that can be deformed more easily by granular
flow/cataclasis (Tullis and Yund, 1985). Hence as deformation proceeds,
mechanisms may switch from discrete fracturing to cataclasis
(Fitzgerald and Stünitz, 1993). Fracturing creates higher permeability
and the presence of fluids in a fault zone may control the mineralogy
via fluid–rock reactions (Chester et al., 1993; Wintsch et al., 1995),
which in turn influences the deformation mechanisms and fault rock
strength (Janecke and Evans, 1988; Wibberley, 1999; Di Toro and
Pennacchioni, 2005; Faulkner et al., 2008; Boulton et al., 2009).

Depending on the nature of the reactions; porosity can be created or
destroyed, permeability increased or decreased and these characteris-
tics, in turn, can affect seismic processes (Wintsch et al., 1995; Janssen
et al., 1998; Kirkpatrick and Shipton, 2009;Mittempergher et al., 2009).

This paper describes the relationships betweenmineralogy, fluid in-
flux and deformation history on two adjacent but contrasting Alpine
faults in granitic gneiss from the Monte Rosa nappe, northern Italy
using a combination of field and petrographic evidence, fluid inclusion
and stable isotope analysis. We develop a model for fault development
that links the evolving hydraulic properties of the fault to the mineral
reactions controlling rock strength.

1. Geological setting

The field area, Passo Moro, is within the Monte Rosa nappe of the
Western Alps, northern Italy. The area consists of granitic gneiss, am-
phibolite and an approximately 150m thickmetasedimentary layer pri-
marily composed of quartz-rich pelites (Fig. 1A). Both the granitic
gneiss and pelites have a foliation defined bymuscovite and biotite dip-
ping at ca. 35° to theWNW. The largest amphibolite sheet can be traced
for 300–400m. Several other thin amphibolites are below the resolution
of the map. The Macugnaga augen gneiss was originally emplaced as a
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