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Abstract Late Alpine fissures and fractures in amphibo-
lite-facies basement gneisses at Arvigo (Val Calanca,
Swiss Alps) show distinct cm-sized reaction selvages par-
allel to the fracture walls that composed of subgreenschist
facies assemblages produced by the interaction of water
present in the fracture porosity with the old high-grade
gneiss assemblages. The process of selvage or reaction-
vein formation occurred in the brittle deformation regime
and at temperatures characteristic of, first the prehnite-
pumpellyite facies and then later of the zeolite facies. The
vein formation occurred during uplift and cooling at very
late stages of the Alpine orogeny. The reaction veins are
composed of a selvage of altered gneiss on both sides of the
central fracture and a central zone with fissure minerals that
have been growing in the open fracture pore space. The
central zone of the Arvigo veins contains an early assem-
blage with epidote, prehnite and chlorite and a late suc-
cession sequence of various species of zeolite. The veins of
the Arvigo quarry are convincing evidence that fracture
fluids in gneiss and granite have the potential to precipitate
Ca—zeolite. This is an important find because many fluids
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recovered from deep continental drill holes and from
geothermal energy exploration are found to be oversatu-
rated in respect to a number of Ca—zeolite species. Vein
formation during late uplift and cooling of the Alps
occurred at continuously decreasing T and at hydrostatic
pressure: (1) coexisting prehnite/epidote records tempera-
tures of 330-380°C, (2) chlorite formation at temperature
of 333 £+ 32°C and (3) formation of zeolites <250°C.
In the selvages the prime reaction is the replacement of
plagioclase by albite along a sharp reaction front that
separates the selvage from unaltered gneiss. In addition to
albitisation, chloritisation of biotite is the second important
reaction in the alteration process. The reactions release
components for the formation of Ca-Al silicates. The
water—rock interaction is associated with a depletion of Al,
Si, Ca, Fe and K in the altered wall rock. The overall
reaction is associated with an increase in porosity of up to
142 + 2.2% in the selvage zone (altered wall rock),
caused by the volume decrease during albitisation and the
removal of biotite. The propagation of the sharp reaction
front through the gneiss matrix occurred via a dissolution-
reprecipitation mechanism. Zeolite formation is tied to the
plagioclase alteration reaction in the rock matrix, which
releases components for zeolite formation to a CO,-poor
aqueous liquid.

Keywords Water—Rock Interaction - Laumontite -
Prehnite - Reaction Vein - Albitisation - Arvigo -
Swiss Alps

Introduction

Water is reaction and transport medium in fractured base-
ment rocks of the upper continental crust. The aqueous
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liquid present in the fracture porosity drives re-equilibra-
tion by dissolution of unstable early minerals and precipi-
tation of more stable product phases at low P and T (e.g.
Bucher et al. 2009; Nordstrom et al. 1989; Stober and
Bucher 1999). These secondary low-grade minerals of the
subgreenschist facies give important information about the
physical and chemical condition of re-equilibration.

Alpine-type orogenic mountain belts are characterised
by a late stage of continental collision creating an isostati-
cally unstable low-density root prone to uplift, erosion and
cooling. Once continental basement rocks of the orogen
have crossed the ductile-brittle transition zone during
uplift, fracture porosity is generated and, because P-T con-
ditions are subcritical, liquid water can freely circulate
in the fracture system (Stober and Bucher 2005).
Low-T alteration of gneiss and granite is caused by inter-
action with this circulating water. Alteration of crustal rocks
first takes place along the fracture surfaces. Minerals may
precipitate from the water at hydrostatic pressure in the
open fracture pores space as fissure minerals (e.g. famous
Alpine rock crystals). The alteration reactions attack gneiss
and granite on both sides along the fractures and penetrate
the high-grade basement rocks to various extents (mm-m).
The resulting structures are alteration or reaction veins
that, if fracture density is high, may completely replace
high-grade rocks with their low-7 hydrated counterparts.
Very typical are cm-sized reaction veins that can be related
to the described water-rock interaction processes (e.g.
Bucher-Nurminen 1982; Ferry 1979; Mercolli et al. 1984;
Parneix and Petit 1991). The product assemblages
bear information on P-T and water composition during
fluid-rock interaction (e.g. Cho et al. 1986; Bevins et al.
1991; Diegel and Ghent 1994; Faryad and Dianiska 2003;
Gianelli et al. 1998; Liou 1979, 1985; Rose et al. 1992;
Thompson 1971).

Highly soluble minerals such as calcite and grain
boundary salt are first removed from the fracture surfaces.
Later, the prime objects of the alteration damage in granite
and gneiss are plagioclase and biotite. Products of the
reactions are predominantly chlorite, K-feldspar and Ca—Al
silicates such as epidote, prehnite or zeolite depending on
temperature and water composition. Zeolites are formed in
and limited to fractures. Zeolite formation typically affects
only a few cm of the wall rock (Weisenberger and Bucher
2010). Zeolites are common in volcanic and volcanoclastic
rocks of basaltic to acidic composition and in sedimentary
environments, where elements necessary for the formation
of secondary minerals mainly derive from dissolution of
primary glass and feldspar (e.g. Gottardi 1989; Hay 1966,
1977; Hay and Sheppard 1977, 2001; Neuhoff et al. 1999;
Walker 1960, 1963). Low-T Ca-Al-silicates have been
reported from gneiss and granite as a result of feldspar
alteration (e.g. Faryad and Dianiska 2003; Freiberger et al.
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2001; Weisenberger and Bucher 2010). A detailed study of
the fissure zeolite distribution in the Central Swiss Alps
(Weisenberger and Bucher 2010) has shown that zeolites
hosted in gneiss and granite are widespread and that they
are an important product of water—rock interaction in the
upper continental crust. Water sampled during deep con-
tinental drilling programs is mostly oversaturated with
respect to a number of zeolite species (Bucher et al. 2009;
Nordstrom et al. 1989, Stober and Bucher 1999, 2005).

This study focuses on the process of fracture related
water-rock interaction that produces Ca—Al silicates,
especially zeolites in gneiss and granite material at low-
T conditions. We present a detailed mineralogical and
petrological study of exceptionally well-developed alter-
ation veins in granitic gneiss of the Simano nappe in the
Central Alps. The samples were collected in an active
quarry in Arvigo (Val Calanca, Switzerland; Fig. 1). They
show classic effects of reaction of water traveling along
fractures with the gneissic rock matrix and expose the
details of the alteration process. Knowledge of this process
is needed for an understanding of solute acquisition of
water in deep drillholes, for basic research, for geothermal
energy or nuclear waste disposal projects.

Water produced alteration veins consist of two parallel
bleached zones (alteration selvages) adjacent to the central
fracture (open fissure, central zone), filled with low-
T minerals. The selvages are separated from the unaltered
gneiss by a sharp reaction front, which represents interface
between plagioclase-bearing gneiss and completely albi-
tised low-T rock. Mineral and chemical data from the veins
are used in this contribution to reveal the mass transfer and
the porosity evolution related to the water driven alteration
of crystalline rocks of the upper continental crust during
water—rock interaction.

Geological setting

The Arvigo locality is situated in the N-S striking Alpine
valley Val Calanca, Grisons (Fig. 1). The rocks exposed in
Arvigo belong to the Simano nappe, a Penninic basement
nappe of the Central Alps and represents paleogeographi-
cally the southern passive margin of the European plate
(Wenk 1955).

The Simano nappe is a metamorphic complex including
several metagranitic bodies of Caledonian and Variscan
age (Jenny et al. 1923; Keller 1968; Koppel and Grii-
nenfelder 1975; Schaltegger et al. 2002), whereas the upper
parts of the Simano nappe mainly consist of pre-Mesozoic
gneisses and micaschists, intercalated with numerous
amphibolite and calcsilicate lenses (Riitti et al. 2005;
Schaltegger et al. 2002). The large Simano basement nappe
is located between the underlying Leventina nappe and the
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Fig. 1 Geological maps:

a Simplified tectonic map of the
Simano nappe complex
(modified after Spicher 1980);
b Enlarged from (a): Simplified
geological map of the studied
area along the NS trending Val
Calanca (modified after Berger
et al. 2005). ¢ Outline of
Switzerland with the location of
Fig. 1a indicated

-~ Buseno |
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Tectonic units Soazza unit: various gneisses with lenses and
layers of eclogite, amphibolite, marble and

Ad: Adula nappe ultramafic rocks

Si: Simano nappe Groven unit: mainly granitic gneiss and banded

Ta: Tambo nappe gneiss (without eclogitic boudins)

Le: Leventina nappe
Ma:  Maggia nappe
An: Antigorio nappe

Claro unit: gneiss with lenses of amphibolite,
marble and ultramafic rock

Argio unit: granitic gneiss: “Basalgneis”

BD:  Bellinzona-Dascio zone

(c)

Lausanne
.

Adula nappe as hanging wall (Berger et al. 2005), which is
separated by thin Mesozoic metasediments (Fig. 1). Peak
metamorphic conditions of Barrovian late Alpine meta-
morphism for the region around Arvigo yield a temperature
range from 600-680°C and pressure of 550 to 600 MPa
(Engi et al. 1995; Nagel et al. 2002; Todd and Engi 1997).

Simano granite gneiss is mined as building stones in a
quarry south of the Arvigo (Fig. 1). The gneisses generally
strikes in NNW-SSE orientation with a dip of ~30° in NE
direction (146/30° NE to 158/31° E) that is parallel to the
slope of the valley. Fissures and veins are generally per-
pendicular to the schistosity and structural analysis by
Weil3 and Forster (1997) yielded an orientation of 60/85°N
to 70/90° for early fissures whereas later formed fissures
tend to change orientation with time from 70/80°S to
20/90°. Both early and late fissures and veins contain
hydrous Ca—Al silicates. Fissures are often brecciated due
to late stage deformation. The Arvigo quarry is famous for
a large number of Alpine fissure minerals, which occur in
extension fractures and cavities of the granitic gneiss

Bern J‘uzem
L]

Simano nappe

Granitic gneiss

B0

Polycyclic gneisses of various compositions and
amphibolite

Layers and lenses of tectonically
undifferentiated rocks

- Marble

|:| Ultramafic rocks

- Amphibolite-rich layers commonly with eclogitic
relicts

- Amphibolite-rich layers in polycyclic basement

(Ruppe 1966; Simonetti 1971; Wagner 1968, 1980, 1981,
1983; Wagner et al. 2000a, b; Weill and Forster 1997).
Brittle structures, fissures, veins and gashes formed during
exhumation and uplift of the Alpine orogen (Mullis et al.
1994). The Arvigo veins contain more than 40 different
minerals (Armbruster 2000; Armbruster et al. 2000, Wag-
ner et al. 2000a, b; Weill and Forster 1997). The principal
vein minerals are epidote, prehnite and zeolites (Fig. 2).
The mineralisation of fissures and veins depends on the
rock type including the vein (Table 1). The major fissure
minerals quartz, adularia, epidote, prehnite and zeolite are
present in all veins. However, different characteristic
minerals that are present in small or trace amounts.

Previous work
Previous work is limited to fissure mineral descriptions

(Brughera 1984; Graeser and Stalder 1976; Ruppe 1966;
Simonetti 1971; Wagner, 1968, 1980, 1981, 1983; Wagner
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Fig. 2 Field relationships and
schematic sketches of fracture
related alteration of Arvigo
gneiss. Mineral abbreviation
after Bucher and Frey (2002).
a Fissure mineral assemblages:
Qtz-Kfs-Ep-Sco. b Assemblage:
Cal-Sco-Lmt. Calcite shows
corrosion. Coin for scale.

¢ Photograph of a vein hosted in
biotite-rich gneisses (Arvigo/
Val Calanca). Hammer for
scale. The vein is characterised
by a ~1 cm leaching zone
trending in vertical direction,
which appears to be lighter, due
to the destruction of biotite. The
open space of the fissure is filled
with secondary phases, which
consists mainly on chlorite.

d Schematic sketch of an
Arvigo fissure

-

o s o
.

fracture porosity

central zone of vein
(extension fissure) with
fissure minerals
precipitated from water

replacement vein,

/ selvage (Kfs, Ms, Ab, Qtz)

sharp rection front
(albitisation front)

Table 1 Fissure mineral chronology related to different types of gneiss at Arvigo (adapted from Wei} and Forster 1997)

Rock typ Fissure minerals

Dark biotite-hornblende gneisses
Biotite gneisses
Light plagioclase gneisses

quartz®-adularia-titanite—actinolite—calcite I-epidote—calcite II-fluorite—prehnite—chlorite
quartz—adularia—ilmenite—chlorite—calcite—fluorite—epidote—zeolites
quartz—adularia—titanite—epidote—calcite—prehnite—chlorite—zeolites—apophyllite

% Bold minerals are major minerals in the fissure

et al. 2000a, b; Weill and Forster 1997). The chemical
evolution of fluids during various stages of Alpine orogeny
has been derived from fluid inclusion studies (e.g. Mullis
et al. 1994; Poty et al. 1974). CO, rich fluids have been
characterised for the initial uplift and exhumation period
(Mullis et al. 1994). The presence of epidote in Arvigo
veins suggests that pco, was low during the later stages of
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vein and fissure formation. The evolution in fluid compo-
sition from early CO,-rich fluids towards late aqueous
fluids was confirmed by fluid inclusion studies on quartz
crystals (Stalder 2007; Wagner et al. 2000a, b). Fluid
inclusions in the core of quartz crystals are rich in CO, (up
to 40 vol% CO,, Stalder 2007), whereas the aqueous fluid
inclusions in quartz rims are CO, free. Mineral inclusions
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in the quartz core zone, coexisting with CO,-rich fluid,
are hornblende, ilmenite, biotite and carbonate (Wagner
2000a). Those minerals are often found as precursor phases
of Ca—Al-silicates. The quartz rim zone contains the fol-
lowing sequence of minerals: fibrous actinolite, epidote,
chlorite and calcite (Wagner 2000a). Zeolites were not
found as inclusions. Homogenization temperatures of fluid
inclusions in the quartz core are up to 365°C (Stalder 2007,
Wagner et al. 2000a, b). In contrast, fluid inclusions in
the rim yield homogenization temperatures of 160 to
230°C. NaCl content of the fluids in quartz increases from
core to rim up to 5.9 wt% NaCl Stalder 2007; Wagner et al.
2000a, b).

Sampling and analytic methods

Representative samples of different veins and fissures were
collected in the quarry in the years 2006, 2007 and 2008. A
subset of samples was selected for petrographic, bulk-rock
and electron-microprobe analysis.

Modal analyses were determined by point counting of
more than 1,600 evenly spaced points in each thin section
using a standard polarized microscope. Quantitative ana-
lysis of mineral composition was performed at the Institute
of Geosciences, University of Freiburg, using a CAMECA
SX 100 electron microprobe equipped with five WD
spectrometers and one EDS detector with an internal PAP-
correction program (Pouchou and Pichior 1991). Major and
minor elements for zeolites were determined at 15 kV
accelerating voltage and 10 nA beam current with a defo-
cused electron beam of 20 pum in diameter and counting
times up to 20 s. Na and K were measured first, to mini-
mize the effect of Na and K loss during determination.
Since the zeolite loses water when heated, the crystals were
mounted in epoxy resin to minimize loss of water. Natural
and synthetic standards were used for calibration. The charge
balance of zeolite formulas is a reliable measure for the
quality of the analysis. It correlates with the extent of thermal
decomposition of zeolites during microprobe analysis. A
useful test is based on the charge balance between the non-
framework cations and the amount of tetrahedral Al
(Passaglia 1970). Analyses are considered acceptable if the sum
E% = ([100*((Al)-(Na + K) + 2(Mg + Ca + Sr + Ba)/
(Na + K) 4+ 2(Mg + Ca + Sr + Ba))]) of the charge of
the extra-framework cations (Ca**, Sr?*, Na™, and KV) is
within 10% of the framework charge.

Identification of minerals was made with a BRUKER
AXS D8 Advance X-ray powder diffractometer (XRD) and
the DIFFRACplus v5.0 software. Whole rock analyses
were performed by standard X-ray fluorescence (XRF)
techniques at the Institute of Geosciences at the University
Freiburg, using a Philips PW 2404 spectrometer. Pressed

powder and Li-borate fused glass discs were prepared to
measure contents of trace and major elements, respectively.
The raw data were processed with the standard XR-55
software of Philips. Relative standard deviations are <1
and <4% for major and trace elements, respectively. Loss
on ignition was determined by heating at 1,100°C for 2 h.

A slab, 7 mm thick, of sample Arvigo 12 was impreg-
nated with fluorescent epoxy under high pressure condi-
tions at the EMPA (Swiss Federal Institute for Materials
Testing and Research) in Diibendorf, Switzerland to reveal
sample porosity. The porosity was measured from digital
analysis of photomicrographs. Images of the alteration
profile Arvigo 12 were digitized using the software pack-
age ImageJ 1.38x (Wayne Rasband, National Institute of
Health, USA) to calculate porosity.

Assemblage stability diagrams involving zeolites have
been computed with the computer program Domino/
Theriak (de Capitani and Brown 1987) using the thermo-
dynamic data by Berman (1988), Frey et al. (1991) and
Maeder and Berman (1991).

Results
Petrography

Fracture related alteration selvages extend a few centimeters
into gneissic host rock of from discrete central fractures
(Fig. 2). Macroscopically the alteration zone is characterised
by a light and porous bleached selvage. Reaction product
minerals are precipitated in the open central fissure but also,
rarely, in the porosity of the alteration selvage.

Unaltered rock

The unaltered gneisses (G, Fig. 3c) in Arvigo are repre-
sented by biotite-gneiss, leucocratic plagioclase gneiss and
dark biotite-hornblende gneiss. The dark-coloured rocks
vary from fine to medium grained biotite gneiss with mafic
and felsic layers parallel to the foliation to coarse-grained
augen-gneiss with feldspar crystals up to 12 mm in size.
The amphibolite facies assemblage includes the minerals:
plagioclase, quartz, K-feldspar, biotite, muscovite
and t+hornblende and the accessory apatite, zircon, rutile,
ilmenite and titanite. The modal composition varies over a
wide range from biotite, biotite-hornblende, biotite-poor,
and biotite-muscovite to muscovite gneiss (Table 1).

Altered rock
The extent of alteration differs for different stages, rock

types, fissure minerals and porosity. Generally, the altered
rocks are lighter coloured and have a higher porosity.
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Fig. 3 Sample Arvigo 12 that shows a complete section from
unaltered host rock gneiss trough the different alteration zone to the
central open fissure. a Overview over hand specimen. Alteration
increases in direction of arrow. Schistosity is perpendicular to the cut
section. b Sawed slices showing the position of XRF analyses
presented in Table 3. ¢ Sketch of different alteration areas: unaltered
gneiss (G) weakly altered zone (L) marked by incomplete biotite
chloritisation, the central altered zone (M) (selvage, bleached vein)
contains turbid albite (red dashed line). Boundary (M) represents the
albitisation front, the outer limit of the bleached selvage and the sharp
front of the reaction vein. Zone (M) grades into the highly altered part
(H), where chlorite is absent. Hydrate low-7 minerals precipitated
along the fissure wall in the centre of the vein (V). A thin chlorite-vein
in the weakly altered part (L) is shown. d Thin section photographs
along the section. Red dashed line marks the sharp interface between
albitised plagioclase and plagioclase. Thin section numbers corre-
sponds to Table 2

The first sign of alteration of gneiss (L, Fig. 3c) is the
chloritisation of biotite (Fig. 4e). The alteration of biotite
increases gradually toward the central fissure (Fig. 3c). In
medium altered gneiss (M, Figs. 3c, 4f), almost all biotite
is replaced by chlorite. Microscopic observation shows the
development of turbidity in plagioclase (Fig. 4b, c). In the
outer zone (H, Fig. 3c) all chlorite is destroyed.
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Fig. 4 Representative photomicrographs of typical textures in gneiss
and vein selvages (Sample Arvigo 12, Fig. 3): a Plagioclase crystal in
gneiss showing polysynthetic twins. b Albitized plagioclase grains.
Albite crystals are turbid due to reaction-created porosity. Red dashed
line marks the grain boundary between two albite grains. The
orientation of pores is crystallographically controlled. ¢ Alteration
front (red dashed line) between the selvage and highly altered zone
close to the central fissure. d Typical gneiss assemblage not affected
by late hydration and alteration. e Biotite alteration to chlorite and K-
feldspar in the weakly altered zone. K-feldspar is etched by HF and
stained by Na3;Co(NO,)e to distinguish it from plagioclase. f Total
replacement of biotite by chlorite, K-feldspar and ilmenite in weakly
altered gneiss

Fissure minerals

More than 40 different fissure minerals are known from the
Arvigo locality. Most of them are rare and it is not the
purpose of this paper to explain their mode of formation.
Epidote, prehnite, chlorite and zeolites are the dominant
fissure minerals in addition to the ubiquitous quartz, adu-
laria and calcite. Quartz and adularia represent early fissure
minerals overgrown by Ca-Al silicates, chlorite and
calcite. Chlorite appears in two generations. The mineral
time sequence is as follows (deduced from consistent
overgrowth relationships and listed from old and high-T to
late and low-T): quartz, adularia, chlorite I, epidote, preh-
nite, chlorite II, calcite and zeolites. Scolecite and lau-
montite are by far the dominant zeolite species, whereas
heulandite, chabazite, stilbite and epistilbite were only
found sporadically.



Contrib Mineral Petrol (2011) 162:61-81

67

Changes in modal mineralogy

The modal mineral composition changes along the alter-
ation profile (Fig. 3) are given in Table 2. Plagioclase is
the dominant mineral in gneiss and the modal content
decreases with alteration. Quartz decreases in the highly
altered zone, suggesting a quartz consuming reaction dur-
ing alteration from the unaltered to the slightly altered
sample (Fig. 3d, Table 2). Considering potassium bearing
phases, an increase of the modal contents of K-feldspar and
muscovite is accompanied by biotite decrease to the ulti-
mate disappearance of biotite in the highly altered zone
(M, Figs. 3c, 4). This decrease in biotite is associated with
the increase in chlorite in the rock matrix. Calcite, epidote,
prehnite and laumontite occur as accessory minerals only
in TS 12.1. Petrographic data show that titanite and
ilmenite are inversely correlated with biotite alteration. The
Ti-minerals ilmenite and titanite resulted from the break-
down of biotite (Fig. 4f).

Mineralogy and mineral chemistry

Modal mineral inventory data and chemical composition of
high-T and alteration minerals was obtained in detail from
sample Arvigo 12 (Fig. 3). This sample was chosen,
because it contains unaltered and altered zones on a hand-
specimen scale.

Plagioclase-albite

The prime mineralogical difference between high-7 and
altered rock is the complete albitisation of plagioclase
(Electronic supplementary material 1; Fig. 5). During
albitisation plagioclase of amphibolite facies gneiss of
oligoclase composition (An;s_j9) was replaced by albite
(Angs_; Electronic supplementary material 1; Fig. 5).
Figure 5 shows a profile of the composition of plagioclase

Table 2 Modal mineral distribution through the alteration profile
(see Fig. 3)

Mineral TS 12.1 TS 122 TS 123
Plagioclase/albite 49.2 53.8 52.9
Quartz 1.5 1.4 2.4
K-feldspar 17.3 13.5 14.0
Biotite 0.0 8.7 10.3
Muscovite 20.4 17.6 14.5
Chlorite 10.4 3.6 4.5
Others (apatite, calcite, epidote?, 1.3 1.5 1.5
titanite ilmenite, laumontite?®,
prehnite®)
Counted points 2,103 2,179 1,687

# Occur only in TS 12.1

across the alteration profile (Fig. 3). The profile shows a
very sharp decrease in anorthite component at about
25 mm from the fissure wall. This sharp change in pla-
gioclase composition defines the reaction front of the
alteration process and coincides with the outer limit of the
reaction vein. This reaction front also coincides with
the appearance of turbidity in plagioclase (Fig. 3d, 4b, c).
The development of turbidity in albite grains in thin section
is related to a porosity increase (Fig. 6, Electronic sup-
plementary material 2). The intra-granular pores have an
angular to elongated shape of up to 10 pm in length
(Fig. 6, Electronic supplementary material 2). The slight
decrease of anorthite component at around 70 mm from the
fissure wall coincides with a thin chlorite vein (Fig. 3c).
A slight decrease in the Or content of plagioclase along
the profile (Electronic supplementary material 1) has been
observed. Additionally a depletion of Sr in albite can be
observed (Electronic supplementary material 1; Fig. 5).
Saussuritisation and sericitisation of plagioclase, processes
that are characterised by the replacement of plagioclase by
fine-grained epidote and muscovite (e.g. Sandstrom et al.
2010) are not observed in our samples. Although the
plagioclase is totally albitised, the optical expression of
original albite law twinning in plagioclase has been
preserved in many of the altered grains.

Biotite-chlorite

Chloritisation of biotite increases gradually from the
gneiss, where biotite is unaltered, into the light altered zone
(Fig. 3c, 4d—f). In the medium and highly altered zone
biotite is completely replaced by chlorite. Chlorite also
occurs as spherulitic aggregates in the central zone of the
veins. The zone of chloritised biotite extends beyond the
visibly bleached selvage (Fig. 3d, red-dashed line).

Chloritisation of biotite is accompanied by the formation
of K-feldspar and the Ti-minerals ilmenite (Fig. 4f) or
titanite. Chloritisation progresses preferentially along
cleavage planes of biotite. Representative analysis of bio-
tite and chlorite are given in the Electronic supplementary
material 3. Biotite has an Xy, of 0.21-0.24, Xy, of
chlorite ranges from 0.23 to 0.42. Ti is minor element in
biotite with an average concentration of 3.12 wt% (Elec-
tronic supplementary material 3). Ti is present in chlorite in
traces only thus Ti of former Bt is present in the reaction
products Ilm or Ttn.

Muscovite
Modal muscovite was preserved during alteration and its
composition varies in a limited range with no systematic

pattern over the profile (Table 2). The celadonite compo-
nent is 7-10 mol%. The paragonite content is 4—7 mol%
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Fig. 5 Plagioclase composition along the profile Arvigo 12 (Fig. 3).
Open vein at extreme /eft, gneiss on the right. The small irregularity
at around 7 cm corresponds to a small chlorite veinlet (Fig. 3).
Plagioclase analyses are given in the Electronic supplementary
material 1

and significantly higher than the margarite component
(<1 mol%; Electronic supplementary material 3).

K-feldspar

Original K-feldspar of the gneiss is preserved during
alteration. Additional K-feldspar formed by chloritisation
of biotite. The composition of K-feldspar ranges from
Orgs_94 and Abjs_gs, With An-component less than
0.5 mol% (Electronic supplementary material 4). Euhedral
adularia in fissures and central zones of veins is very pure
Kfs (Orgz_g9, Abg7.01, Ango.o1, Electronic supplementary
material 4).

Fig. 6 Images of TS 12.1 showing products of the albitisation
process (Pl + Qtz + H,O = Ab + Lmt). a BSE-image showing the
porosity (black dots) in albite following albitisation of gneiss
plagioclase. Laumontite is visible due to the perfect cleavage
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Quartz

Quartz is abundant in Arvigo gneiss. Modal quartz
decreases during alteration (Table 2). However, fissure
quartz is the earliest mineral that precipitated in the central
zones of the veins. Fluid and solid inclusions in these early
quartzes retain important information about fluid and
mineral composition/evolution during quartz growth (cf.
Previous work).

Epidote

Epidote occurs as dominant mineral in veins and fissures
overgrowing the early alteration minerals quartz and adu-
laria (Fig. 2a). Epidote is itself overgrown by prehnite and
zeolites. Epidote forms green to dark-green sheaf-like
aggregates up to 20 mm in length, but common size ranges
between 5 and 10 mm. Analyzed epidote (Electronic sup-
plementary material 5) has (Fe®/(Fe**+Al)) in the range
from 0.15 to 0.30. Minor components are MnO and SrO
(up to 0.64 wt% and 0.30 wt%, respectively). No chemical
zoning in epidote was observed.

Prehnite

Prehnite in fissures and vein centres forms colourless
to pale-green fan-shaped radiating aggregates, so-called
bow-tie structures (Phillips and Rickwood 1975), or sheaf
like aggregates (Electronic supplementary material 6). The
aggregates are up to 10 mm in diameter overgrowing

7 high

(~90°). Using image analyses methods a porosity of ~15% was
determined. b K element map. ¢ Ca element map that point out the
complex grain boundary of laumontite. d Na element map. e Al
element map. f Si element map
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quartz and epidote. Prehnite served as a substrate mineral
for the later growth of zeolites. Prehnite composition lies
close to its ideal endmember composition Cay(Fe’T,Al),.
Si30,(F,OH), (Electronic supplementary material 7). A
small content of fluorine due to the OH vs. F substitution is
detectable. Significant Al/Fe>" variation occurs within
prehnite on the octahedral site (Electronic supplementary
materials 6, 7). The Fe>* content controls the colour of
prehnite: colourless to pale-green prehnite is low in Fe,
whereas pale-green prehnite is Fe-rich. Prh aggregates
often show a chemical zoning (Electronic supplementary
materials 6, 7), suggesting an Fe’ vs. Al substitution
during growth, with Fe decreasing towards the rim.

Zeolite minerals

In vein centres and fissures at the Arvigo quarry, scolecite
and laumontite are the absolutely dominant zeolite species,
heulandite, chabazite, stilbite and epistilbite are found
sporadically. All but one sample from Arvigo consistently
shows that laumontite is later than scolecite (Fig. 2). For
Alpine fissures following zeolite chronology can be
obtained: scolecite, laumontite, heulandite, chabazite and
stilbite (Weisenberger and Bucher 2010).

Laumontite (Cay(AlgSij¢04g)-18 H,0) typically forms
radiating aggregates, thin fibres or prisms elongated along
the c-axis with a square cross-section. Laumontite forms as
{110} prism and commonly be twinned on {100} to form
“swallow tail” or “V” twins. It is white with a length
between <1 and 15 mm. Ca is the dominant extra-frame-
work cation (average value of 97%), with minor amounts
of Na and K (Electronic supplementary materials 8, 9).
Maximum values for K and Na are 0.7 and 0.1 wt%,
respectively. Other elements occur only in trace amounts.
The extra-framework cation K increases during growth
from core to the rim. The Si/(Si + Al) ratio varies slightly
between 0.67 and 0.69 (Electronic supplementary material
9). The content of alkalies increases with increasing Si and
decreasing Ca and Al during growth, which can be
explained by the coupled substitution Si** 4+ (Na™, K™)
vs. APt 4 Ca*",

Scolecite (Cag(Al;6Si,4050)-24 H,0) occur in veins and
fissures as white fibrous crystals with vitreous or slightly
silky luster, forming characteristic radiating sprays (Fig. 2)
either as radiating aggregates as well as loose fibres. Sco-
lecite ranges between 1 and 20 mm in length, but the
common length is between 3 and 6 mm. 23 microprobe
analyses from 3 different samples indicate no major
chemical variations (Electronic supplementary material 9).
Ca is the dominant extra-framework cation (Electronic
supplementary materials 8, 9), which on average occupies
98% of the extra-framework cation sites. Minor amounts of
Na up to 4%, but on an average 2% is observed. K and Sr

are not incorporated into the framework structure of sco-
lecite (Electronic supplementary material 8) and occur only
in trace amounts (Electronic supplementary material 8).
The substitution Si/(Si + Al) shows a small range between
0.61 and 0.62 (Electronic supplementary material 9).

Heulandite ((Na,K)Ca4(Algsiz7072)'24 H20) in veins
and fissures forms crystals up to 5 mm in length. The
monoclinic crystals occur in tabular habit parallel {010}
and elongated in its typical coffin-shaped appearance.
Crystals are transparent to translucent and colourless.
Representative analyses for heulandite are given in the
electronic supplementary material 8. The average compo-
sition of heulandite from Arvigo is Cajz,7Nag 19K 4551030
(Alg 84S157.16072)-22 H,O, which is nearly identical to
the heulandite composition (Cajz37Nag 07Ko.88510.55(Alg 42
Si37.49072)-22 H,0) determined by Armbruster et al.
(1996) for Gibelsbach heulandites in the western Aar
Massif and from other Alpine fissures (Weisenberger and
Bucher 2010). Heulandite can be classified by its geo-
chemistry as heulandite-Ca (Coombs et al. 1998), with
higher amounts of Sr and K (Electronic supplementary
materials 8, 9). Ca (average of 63% of all extra-framework
cations) is the important extra-framework cation. Besides
Ca, K is a major element in heulandite, with an average of
28% (maximum to 31%) of K-endmember. Sr content is
also significant between 5 and 7% Sr-heulandite end-
member. Thus distinguishes heulandite from the other
zeolites found in Arvigo and in Alpine fissure, except
chabazite, which also shows elevated Sr (Weisenberger and
Bucher 2010). Si/(Si + Al) ranges between 0.74 and 0.76
(Electronic supplementary material 9), which is in agree-
ment with the definition of heulandite (Coombs et al.
1998). It is distinguished from clinoptilolite, which has a
Si/(Si + Al) ratio larger than 0.8.

In general, all zeolites at the Arvigo quarry, as well as in
fissures hosted in granite and gneiss in the Central Alps
(Weisenberger and Bucher 2010), are Ca-dominated and
the Si/Al ratio increases with decreasing temperature (time
along cooling path).

Whole rock geochemistry and mass changes

The alteration process reacts water in the central fissure
with host rock gneiss. The losses and gains of components
to form the bleached selvage from the original gneiss is an
important issue for understanding the overall process.
Excess components derived from the gneiss can be inves-
ted spent in fissure mineral deposition (minerals in the
central zone). A method for mass-balance analyses was
described by Gresens (1967) based on the assumption that
one or more elements are immobile and conserved during
the alteration process. The ratio of mobile elements in the
fresh and altered rock is then compared to the ratio of the
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immobile elements, in order to calculate the mass or vol-
ume change during alteration.

Bulk rock chemistry and density measurements along
the alteration profile (Fig. 3) are presented in Table 3.
Figure 7a represents the isocon diagram. It has been
computed from the simplified graphical method after Grant
(1986) for the Gresens (1967) equation and assuming that
TiO, is conserved during the alteration process. Conser-
vation of TiO, is justified by the rarity or absents of titanite
or other Ti-bearing minerals in the central fissure (Wagner
et al. 2000a, b; Weifl and Forster 1997).

Components above the isocon have been enriched in the
process relative to gneiss, elements below the isocon have
been depleted during the alteration process. The slope of the
obtained isocon is 1.068 (Fig. 7), equivalent to a mass loss of
6.8%. Changes of the rock volume during alteration can be
calculated using the mass ratio of immobile elements and the
rock densities of gneiss and selvage. Using the density and
the mass ratio of immobile elements of 0.932 (inverted slope
of the isocon), a volume loss of 3.9% is obtained. Isocons
representing constant mass and constant volume instead of
constant TiO, are included in Fig. 7a for comparison.

Ca, Sr and Rb are the elements that show the largest
depletion (Fig. 7). They decreased by 64, 63 and 25%,
respectively. K, Si, Mg, Fe Mn and Al are lost in minor
amounts, 3, 3, 4, 6, 7 and 13%, respectively. Based on a Ti-
conserving alteration process, also Na was conserved
(Fig. 7). Ba, Zr and P are gained during alteration, 13%,
10% and 9%, respectively. Al, Si, Ca Fe and K are the
significant elements that are lost during alteration (Fig. 7b).
The total mass loss of 6.8% and the losses of the individual
components can be summarized in a mass-balance equation
for the process that alters gneiss and leaves behind the
bleached selvage (Eq. 1):

100 g gneiss = 93.2 g of selvage(outer zone of vein)
+3.0gALOs + 1.7gSi0; + 1.7gCaO
+ 0.3 gFe,;03 + 0.1 gK,0. (1)

Mass change of major elements along the profile (Fig. 3;
Table 3) reveals that Ca, Si and Al depletion is limited to the
zone of albitisation (Fig. 7c). K is slightly depleted over most
parts of the alteration profile. In the alteration zone on the
gneiss side of the sharp reaction front, K is the main element
that has been depleted. Fe is enriched in Arvigo 12 VI (Fig. 3,
7), the slice containing the small chlorite veinlet. Mg shows
depletion in the zone where biotite is removed (Fig. 7c¢).

Porosity

Porosity of the altered rock increased as a result of vol-
ume loss during albitisation (Egs. 2, 3) and due to the
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dissolution of gneiss minerals such as biotite and the dis-
solution of low-T reaction products. The porosity of gneiss
varies between 1.0 and 1.9 vol%. The porosity in the
alteration selvage varies from 3.8% at the alteration front
of albitisation to 6.2% in zone M of the profile (Fig. 3c).
The highly altered zone H (Fig. 3c) characterised by the
removal of chlorite has a porosity of up to 14.2 £ 2.2%.
On a small scale (microscope), the porosity generated by
albitisation appears not to be connected (isolated pores).
The isolated pores are not filled with epoxy during
impregnation, thus digital analysis methods may underes-
timate the porosity (uncertainty 15%). The albitisation
reaction predicts a volume change of ~16% (Egs. 2, 3).
This is in good agreement with measured porosity in albite
using image analysis of 12.7%.

1 oligoclase = 0.84 albite + 0.16 Ca*" + 0.32 AIO,
+0.325i0, 44 (2)

AVsolids = (084 VAb -1 VOlg) (3)

with the following mineral compositions: oligoclase =
Nag 34Cag 16Al.16512.840g; albite = Nag 99Cag 1Al 1Si2990s.

Using the volume of plagioclase (Table 2) a porosity
increase of 8.5% can be assigned to the albitisation process
on a whole rock scale. Electronic supplementary material 2
shows a relic grain of plagioclase that was not completely
replaced by albite. The texture shows the porosity devel-
opment during replacement reaction. The measured
porosity in albite is 5 vol% and in the porous zone around
the relic plagioclase porosity increases up to 34 vol%
(Electronic supplementary material 2).

Discussion
Mineral reactions

The most significant alteration reactions are albitisation of
plagioclase (Figs. 3, 4, 5, 6, Electronic supplementary
material 2) and chloritisation of biotite (Figs. 3, 4). Chlori-
tisation of biotite extends into the gneiss beyond the
sharp reaction front caused by the albitisation process and
so forming bleached zone of the vein (Fig. 3). This
observation suggests that water preferentially migrates
along connected sheet silicate clusters (Sandstrom et al.
2010).

The chloritisation reaction (Eq. 4) conserves Mg and Ti
(Ferry 1979; Parry and Downey 1982; Tulloch 1979).
Equation 4 depicts observed mineral changes and average
biotite and chlorite composition. Because Fe*™/Fe'®® in
biotite and chlorite is unknown, all Fe has been assumed to
be Fe’™.
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Table 3 Major and trace element composition along the alteration profile, including density (see Fig. 3)

Sample no. Arvigo 12 Arvigo 12 Arvigo 12 Arvigo 12 Arvigo 12 Arvigo 12 Arvigo 12 Arvigo 12
I* I 111 v \% VI VII VIII
wt. % wt. % wt. % wt. % wt. % wt. % wt. % wt. %
Si0, 57.10 58.04 56.49 56.28 56.40 56.36 56.68 56.02
TiO, 0.66 0.62 0.57 0.57 0.57 0.55 0.54 0.58
Al,O5 21.65 21.29 22.67 22.94 22.94 22.42 22.90 22.96
Fe,0%" 3.74 3.96 3.71 3.75 3.717 3.96 3.70 3.93
MnO 0.06 0.07 0.06 0.06 0.06 0.07 0.07 0.07
MgO 1.05 1.14 1.08 1.08 1.07 1.07 1.03 1.11
CaO 1.93 1.04 2.69 2.68 2.73 2.75 2.70 2.67
Na,O 5.37 6.22 5.68 5.75 5.84 5.93 591 5.82
K,O 4.71 4.43 4.13 4.25 4.05 3.83 3.98 4.26
P,0s 0.36 0.32 0.32 0.29 0.28 0.29 0.25 0.31
L.O.L 2.44 1.66 1.45 1.20 1.27 1.34 1.31 1.06
Totals 99.21 98.95 99.01 99.00 99.12 98.72 99.21 98.94
ppm ppm ppm ppm ppm ppm ppm ppm
\% 59 53 51 50 52 52 53 57
Cr 31 25 26 24 25 27 25 27
Ni 18 15 15 19 13 15 15 17
Cu 10 <5 <5 8 <5 1 5 15
Zn 54 55 54 55 53 54 52 58
Rb 144 126 122 141 132 124 129 152
Sr 105 118 291 298 304 313 307 302
Zr 323 323 280 265 275 266 264 276
Ba 801 773 701 665 641 610 633 638
(g/em?) (g/em?) (g/em?) (g/em?) (g/em?) (g/em?) (g/em?) (g/em’)
Density 2.884 2.797 2.849 2.848 2.850 2.825 2.832 2.874

* Includes fissure minerals

3.28 biotite + 4.0 SiO2q + 5.06 H" + 0.91 H,O
= 1.25 chlorite + 4.91 K-feldspar

+ 1.31 ilmenite + 2.03 Fe’* + 1 K* (4)

with the mineral compositions: biotite = K, g(Fe; (Mg ¢)
(Alp.Tig.4)(Sis 4Al.6020)(OH)y4; chlorite = (Mgy,Fes Al 6)
(Si5_6A12'4020)(OH)16; K-feldspar = KAISI308, ilmenite =
FeTiO3.

Chloritisation by Eq. 4 is confirmed by petrographic
observations (Fig. 4f). Using the volumes of the solids in
Eq. 4 the reaction results in a volume increase of 11%.
However, the textures suggest that the chloritisation pro-
cess conserves volume. Therefore, dissolved components
were lost from the reaction sites to achieve volume con-
serving pseudomorphic replacement. Suggested by the
measured the mass changes along the alteration profile
(Fig. 7c; Table 3), volume conservation was attained by
removal of K and Fe. Reaction 5 expresses the iso-volume

chloritisation of biotite, where K-feldspar component is
removed to achieve volume conservation.

3.28 biotite + 0.88 SiOzyq + 5.06 H" + 0.91 H,O
= 1.25 chlorite 4 3.87 K-feldspar + 1.31 ilmenite

+ 1.04 AlO, +2.03 Fe*™ +2.04K ™" (5)

Volume-conserving chloritisation (Eq. 5) consumes H,O
and Si and releases Fe, Al and K.

Albitisation (Eq. 2) is a common process under H,O
saturated conditions over a wide P-T range from diagene-
sis (Lee et al. 2003; Saigal et al. 1988) to greenschist
(Leichmann et al. 2003) and even amphibolite facies
metamorphism (Clark et al. 2005). During the albitisation
of plagioclase, dissolution of oligoclase occurs with coeval
formation of albite. The depletion in Ca, Al and Si is
characteristic for the albitisation zone (Fig. 7c) and it
shows that it is not reprecipitated as low-7 Ca—Al silicate in
the selvage. The dissolving An-component migrates to the
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Fig. 7 Isocon diagram and bar diagram for chemical mass loss and
gain during alteration. Gneiss is based on sample Arvigo 12 VIII,
whereas the selvage composition is based on analyses Arvigo 12 II
(Fig. 3, Table 3). a Isocon diagram showing constant mass (CM),
constant volume (CV) and Isocon line. Elements below the lines are
depleted in the selvage. b Bar diagram showing oxide and element
mass changes compared to their respective mass in gneiss. Mfi weight

central zone of the vein and precipitates there as Ca—Al-
silicates, epidote, prehnite and zeolite. Mass-change along
the section of Arvigol2 (Fig. 7) shows an enrichment of
An-component in the weakly altered zone ahead of the
reaction front. This surprising computed mass-change is
caused by the used Ti-conserved reference frame. Assum-
ing Ti conservation could be incorrect because Ti minerals
are occasionally part of the fissure assemblage. Alterna-
tively, the distribution of Ti minerals along the section
(Fig. 4) is very irregular, which, together with the small
sample slices, assigns large uncertainties to bulk Ti.
Oligoclase in the Arvigo samples was replaced by albite
(Electronic supplementary material 1; Fig. 5). The albiti-
sation reaction produced porosity due to the differences in
molar volume between the solid phases (Eq. 2). Micropo-
rosity in plagioclase/albite increases with alteration (Fig. 6,
Electronic supplementary material 2) and the orientation of
the elongated pores is crystallographically controlled.
Albitised plagioclase preserved twinning after the albite-
twinning law of the original oligoclase. This implies epi-
tactic overgrowth of product albite on reactant oligoclase.
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concentration of component i in selvage, Moi weight concentration of
component i in gneiss, Mo mass of the gneiss, (Mfi-Moi)/Moi mass
change in relation to element mass in gneiss, (Mfi-Moi)/Mo mass
change in relation to gneiss mass. Diagrams were constructed by
using the program GEOISO (Coelho 2006). ¢ Mass change for major
elements along the Arvigol2 profile in relation to original element
mass of sample Arvigo 12 VIII

Similar replacement textures have been previously descri-
bed from plagioclase (Engvik et al. 2008) and from
K-feldspar (Cole et al. 2004; Walker et al. 1995). This
implies that the albitisation process is controlled by a dis-
solution-reprecipitation mechanism along a moving inter-
face (e.g. Engvik et al. 2008; Putnis and Putnis 2007),
resulting in porosity generation.

Muscovite and K-feldspar of the Arvigo gneiss do not
show alteration textures. The two passive minerals have not
been included in the general alteration scheme in Fig. 8.

Mass changes and element mobility

Significant mass changes and element mobility at the
whole rock scale is limited to few elements (Fig. 7). Sig-
nificant loss is marked by the major elements Ca, Al, Si,
Fe, Mg and K (Fig. 7). In contrast, the relative loss of trace
elements Rb and Sr and gain of Ba, Zr and P is high.
However, the absolute mass changes are very small
(Fig. 7b), whereas the distribution of those trace element
bearing minerals (e.g. apatite, zircon) along the section
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(Fig 4) is very irregular, which, together with the small
sample slices, assigns large uncertainties to the bulk of the
trace elements. The computed mass changes represent
dissolving biotite and An-component of plagioclase and
can be linked to the two major alteration reactions of
chloritisation of biotite and albitisation of plagioclase
(Egs. 1, 5). Element mobility is summarised in Fig. 8
representing an alteration scheme of redistribution of ele-
ments during low-T alteration between gneiss minerals,
alteration minerals and water.

The loss of Ca is compatible with albitisation of pla-
gioclase (Eq. 2), during which Ca is mobilised (Fig. 7,
Table 3). The change in Sr geochemically follows Ca (Sun
et al. 1974) and is also mobilised during plagioclase dis-
solution. Most of the Ca was lost from the wall rock gneiss
(Fig. 7; Table 3). Consequently it was transferred to the
fissure or vein centre where it precipitated as Ca—Al-sili-
cates (epidote, prehnite and zeolites) and calcite, depending
on water composition and temperature. Approximately 1
wt% CaO remained in the altered rock as An-component of
newly formed albite (Electronic supplementary material 1)
and some rare titanite, which formed during chloritisation
but also as Ca—Al minerals in reaction created porosity
(Fig. 6). Strontium is strongly enriched in heulandite
(Electronic supplementary material 8).

Loss of Al (Fig. 7) is notably high considering that Al is
generally relatively immobile compared to other elements
during water—rock interaction (Carmichael 1969; Rag-
narsdottir and Walther 1985; Verdes et al. 1992). Al has
been used as a reference frame for mass balance calcula-
tions in many studies of allochemical processes (e.g. Grant

fracture wall rock
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Fig. 8 Flow chart illustrating component transfer during alteration of
Arvigo gneiss. Gneiss assemblage is Pl 4+ Bt transformed to selvage
assemblage Ab + Chl. Ms and Kfs are excess minerals. Mineral
symbols in the gneiss zone represent gneiss minerals (P1, Bt and Qtz)
and their alteration products (Ab, Kfs, Chl, Ttn and Ilm) that remain
in the wall rock during alteration. Black arrows represent element
migration paths, which are based on alteration reactions and average
mineral composition discussed in the text. Breakdown of biotite is
associated with a volume increase that is balanced by the removal Kfs

1986; Thompson 1975). Nevertheless, field evidence
(Fig. 2), mass changes (Fig. 7; Table 3) and deduced
mineral reactions (Eq. 2) suggest loss of Al during water—
rock alteration and consequently Al transport via the
aqueous liquid. In the albitisation process, by which
porosity is generated, Al migrated to the fissure at the vein
centre and precipitated there as Ca—Al-silicate. Volume
conserved chloritisation is an additional mechanism for Al
loss, where Al was removed (Eq. 5) to achieve fully iso-
volumetric replacement, without textural evidence for
volume expansion.

The decrease of Si during alteration is linked to the
leaching of silica during chloritisation and albitisation
(Egs. 1, 5). According to model reaction Eq. 5, chloritisa-
tion released Fe in accordance with the mass balance cal-
culations, which indicate a loss in Fe (Fig. 7). Iron (Eq. 5)
migrates to the central fissure, where it is oxidized and
precipitates in epidote and prehnite (Electronic supple-
mentary material 5, 6). The decrease in K is consistent with
the chloritisation process (Eq. 5) during which K leached
from the gneissic wall rock. The increase of volatiles (LOI,
Table 3) is a consequence of hydration and formation of
hydrous Ca—Al-silicates during albitisation. No changes are
observed in Na concentration (Fig. 7a) during alteration.
This agrees well with volume calculations during albitisa-
tion and measured microporosity in altered plagioclase.

Components released during albitisation and chloritisa-
tion were transported to the central fissure and deposited as
fissure minerals in the open water-filled fracture porosity. It
is a remarkable observation that the An-component dis-
solved at the reaction front does not precipitate as zeolite in
the created porosity but rather leaves the reaction site and
migrates a few cm and finally precipitates as Ca—Al min-
eral e.g. zeolite in the central fissure. We do not have an
immediate and plausible explanation for this observation.
However, we suggest that the observed unexpected system
behaviour is related to cross-effects associated with fluxes
caused by dissimilar driving forces such as the coupling
between heat and matter fluxes (by diffusion or advection).

In general, solute transport in porous material is
accomplished by three principal mechanism: advection,
aqueous diffusion and hydrodynamic dispersion (Steefel
2008). The solute transport from the reaction front in the
selvage to the fissure could have been driven by a hydraulic
gradient caused by lithostatic pressure at the reaction front
and hydrostatic pressure in the fissure (Yardley and Lloyd
1995). However a temperature gradient between advecting
water in the central fissure and water at the reaction front
could also the driving force for element migration (ther-
modiffusion, Soret effect). Solubility differences associated
with the potential P-T-u gradients could explain precipi-
tation in the central fissure and not in the porosity of the
selvage.
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Mineral stability and mineral equilibria
Prehnite and epidote

Prehnite and epidote are common minerals in low-grade
metamorphic rocks (e.g. Bevins et al. 1991; Cho et al.
1986; Freiberger et al. 2001; Kuniyoshi and Liou 1976;
Liou et al. 1983; Liou 1985; Rose and Bird 1987; Tulloch
1979). Temperature and/or fo, conditions, during forma-
tion of prehnite and epidote, are reflected in their chemical
composition. Pumpellyite, which is often associated with
prehnite and epidote, was not found in Arvigo rocks. The
observed heterogeneity of the Al,05/Fe,O; ratio in preh-
nite may be due to (1) partial re-equilibration during
changing P-T-fo, conditions, where iron in prehnite
increases with decreasing temperature and increasing fo,
(Kuniyoshi and Liou 1976; Liou et al. 1983), (2) suc-
ceeding discrete events of water-rock interaction (Frei-
berger et al. 2001), or (3) local chemical influence of host
minerals. For the Arvigo samples, the Fe*" enrichment in
the core of prehnite (Electronic supplementary materials
6, 7) suggests that fo, decreased during the vein forming.

Prehnite in metabasites can be stable up to 400°C and up
to 300 MPa (Frey et al. 1991; Liou 1985). However the
absence of pumpellyite, which is stable between 100 and
800 MPa, suggests that pressure conditions during the
formation of Ca—Al-silicates were below 100 MPa (Frey
et al. 1991; Kuniyoshi and Liou 1976; Liou 1985).

Sample Arvigo 1 (Electronic supplementary material 5)
contains coexisting prehnite-epidote. The Prh-Ep pair
could be co-genetic and formation temperatures from 330
to 380°C can be derived from the thermometer of Rose and
Bird (1987) that uses the iron partitioning between coex-
isting prehnite and epidote (Fig. 9). The compositional
limits on the stability of coexisting prehnite and epidote are
represented by the two dashed lines (Fig. 9). The data from
Arvigo (Fig. 9) suggest that Ep-Prh pairs may not have
coexisted at equilibrium because they are metastable with
respect to the Zo-Grs pair. Also the estimated temperature
of 350°C appears to be high for prehnite in Arvigo veins,
although the temperature is within the range of reported
prehnite stability in active geothermal systems (275-350°C;
Bird et al. 1984) and in hydrothermal experiments (376°C,
Liou et al. 1983).

Chlorite

Several chlorite thermometers based on structural and
chemical parameters are available from the literature (e.g.
De Caritat et al. 1993). The empirical calibration based on
Al content (Cathelineau and Nieva 1985; Cathelineau
1988) was tested for low-grade basic rocks within a
regional metamorphic context (Bevins et al. 1991).
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Fig. 9 Temperature of formation of coexisting prehnite and epidote,
using the Fe’-Al partitioning (Rose and Bird 1987). Distribution of
Fe** between coexisting epidote and prehnite is expressed as mole
fraction of Ca,FeAlSiz;Oo(OH), in prehnite and as the pistacite
component Ca,Fe;Siz;0;,(OH) in epidote. Dashed lines represents
limits on the compositional range for coexisting prehnite and epidote
(I: prehnite = zoisite + grossular + quartz; II: laumontite + preh-
nite = clinozoisite + quartz). Solid lines are isotherms, based on
constant log K by using thermodynamic properties of the reaction:
Al-prehnite + epidote = Fe-prehnite + clinozoisite (adapted from
Rose and Bird 1987)

However, De Caritat et al. (1993) have shown that the
content of Al'"Y is not dependent on the geochemical
composition of the host rock and therefore the Cathelineau
(1988) thermometer is frequently used for chlorite hosted
in granite and gneiss (e.g. Orvosova et al. 1998; Rahn et al.
1994). Although the reliability of the thermometer is dif-
ficult to assess, Vidal et al. (2001) showed that the variation
of A1" in chlorite with temperature is thermodynamically
sound.

Chemical composition of chlorite in Arvigo was mea-
sured in 40 grains. The calculated formation temperature
varies from 275°C to 380°C, with an average value of
333°C (Electronic supplementary material 3). Two distinct
groups of chlorite are present resulting in two different
groups of computed 7. The first group shows a formation
temperature of around 310°C and the higher temperature
group varies from 330 to 380°C. Chlorite, which occurs as
pseudomorphs after biotite, trends to record higher for-
mation temperatures, in contrast to spherulitic chlorite
precipitated in the central fissure and in open porosity,
which records lower temperatures.

Chlorite temperatures are similar to those derived from
epidote and prehnite and suggest that the early phase of
water—rock interaction occurred at about 300 to 350°C.
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Zeolites

Zeolites along with apophyllite are the youngest minerals
formed in Alpine fissures in Arvigo. The general chrono-
logy of the Arvigo zeolites is (from early high-T to late
low-T): scolecite, laumontite, heulandite, and stilbite. This
succession is comparable with zeolite sequences found
in open fissures elsewhere in the Alps and consistent
with thermodynamic phase modelling in the system
CaAl,Si,05-S10,-H,0 (Weisenberger and Bucher 2010).

Reactions involving Ca-zeolites have been studied
experimentally (e.g. Cho et al. 1987; Frey et al. 1991; Liou
1971; Thompson 1970). In general, P-T limits of zeolite
stability are in agreement with observations in geothermal
systems (Frey et al. 1991; Kristmannsdottir and Témasson
1978). However, observed T at some zeolite isograd reac-
tions do not agree well with computed phase equilibria
(Frey et al. 1991; Kristmannsdéttir and Témasson 1978;
Neuhoff et al. 2000). This shows that experimental data
may not adequately reflect natural zeolite-facies rocks. The
discrepancies may be related to the presence of additional
extra-framework cations like Sr, Na, K and Mg in natural
aqueous solutions and other water composition parameters
that are not modelled by experimental studies. The
neglected parameters may result in different amounts of
H,O incorporated in the zeolite channel structure. Also the
order—disorder state of experimental and natural zeolites
may be considerably different (e.g. Cho et al. 1987; Frey
et al. 1991; Liou 1971; Neuhoff et al. 1999; Thompson
1970). Lastly, water pressure may be hydrostatic in natural
fractured environments rather than lithostatic as in exper-
imental studies with the consequence that 7 estimates
should be derived from computed low-P models.

Mineral and porosity evolution during alteration and
vein formation were modelled by using computed assem-
blages stability diagrams with the Theriak/Domino soft-
ware (de Capitani and Brown 1987). The formation of
zeolites at Arvigo occur at 7' < 300°C in the subgreenschist
facies given by P-T estimates for the Chl-Prh—Ep assem-
blage (see above). This limit corresponds to 10 km depth
assuming a geotherm of 30°C/km during exhumation and a
related lithostatic pressure of 270 MPa. Since the assem-
blage has been precipitated in the open fissure and vein
centre, pressure may have been hydrostatic and as low as
100 MPa. During the zeolite forming stage pressure in the
central fissure may have been much lower than 100 MPa.
The occurrences of scolecite and laumontite indicate
maximum formation temperatures of 280-300°C using
equilibrium phase modelling in the system CaO-Al,O3-
Si0,-H,0-CO, (Fig. 10).

Important for the formation of zeolite is the composition
of water from which they precipitated. Rare occurrences of
zeolite that formed during uplift and cooling in the

amphibolite-facies Lepontine Alps can be related to
absence of CO, dominated fluids that are typical in this part
of the Alps (Mullis et al. 1994; Poty et al. 1974; Stalder
2007). Zen (1961) noticed that zeolite mineral assemblages
could be experimentally obtained by increasing the
chemical potential of H,O relative to that of CO,, at con-
stant temperature and pressure. In relatively low CO,
water, calcium zeolites are stabilised relative to assem-
blages that contain calcite, quartz and clay minerals
(Senderov 1973; Zen 1961), an observation supported by
the presence of CO, free fluid inclusions at zeolite occur-
rences. However, the lack of zeolite inclusions in quartz,
suggests that quartz growth was finished before zeolite
formation started and no information about water compo-
sition at the time of zeolite formation is available. This is in
agreement with the models (Fig. 10) showing the effect of
CO, on the stability of zeolites and other Ca—Al-silicates
for different Ca/Al bulk ratios and pressure conditions in
the system CaO-Al,05-Si0,-H,0O-CO,. Zeolites are stable
in water with low CO, concentrations. With increasing
CO,, zeolites are replaced at low-T by kaolinite (e.g. Val
Bedretto, Stalder et al. 1998) and other Ca—Al silicates,
calcite and quartz at higher temperature (Fig. 10). Stilbite
is stable only at a very low CO, pressure in the water
(<0.4 MPa at 10 MPa) and low temperature, whereas
heulandite, laumontite and scolecite are stable at higher
CO, pressure (Fig. 10). The appearance of scolecite is
controlled by pressure and it occurs only at lower pres-
sures. The Ca/Al ratio in water can also affect the stability
of zeolites. However the occurrences of heulandite may
also be controlled by additional extra-framework cations
like Sr, Na and K, which are preferentially incorporated in
heulandite in Alpine fissures (e.g. Weisenberger and
Bucher 2010). Generally, zeolite stability increases with
decreasing pressures. At a pressure of 100 MPa, zeolites
are stable at Xcop below 0.05 (Fig. 10). However, in
hydrothermal systems the fluid pressure is unlikely equal to
the total pressure. Very low CO, at Arvigo is supported by
the absence of kaolinite, which would be present at lower
temperatures with Xcop > 0.04.

Mineral evolution

Major element bulk rock composition of the unaltered
gneiss of sample Arvigo 12 VIII (Table 3) has been
recalculated to atomic proportions. To simplify the calcu-
lations, Ti and Mn were ignored. The presence of chlorite,
epidote and prehnite indicate that Fe occurs in di- and
trivalent state and that some provision for the redox state
must be made. The models use Fe>/Fe*™ = 2/3 for the
relatively oxidised selvages. Since alteration and vein
formation is a process of hydration and consequently
excess H,O was assumed.
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Fig. 10 Equilibrium 7-Xco,
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The modelled assemblage distribution (Fig. 11) and the
corresponding predicted assemblage evolution (Fig. 12)
suggests that epidote starts to form at T ~ 420°C, which is
higher than the T estimate from the iron distribution
between Ep and Prh. At Arvigo initial (early) water was
relatively rich in CO, and consequently epidote may not
appear until a much lower T has been reached.

According to the model (Figs. 11, 12), chloritisation
occurred at T of 350°C. This is in good agreement with the
empirical chlorite thermometers of Cathelineau (1988) that
yields an average chlorite formation temperature of 333°C.

Water—rock reactions depend on the composition of the
reactive water entering and leaving the system, and can not
be thermodynamically treated by merely considering the
solid phases in the same way like isochemical reactions are
used to determine P-T conditions. The model of mineral
evolution (Fig. 12) predicts the appearance of prehnite and
the zeolite-in reaction correctly and reflects a plausible
mineral evolution. The precise prediction of the zeolite
mineral succession is difficult because their formation is
also related to minor cations such as Sr, which controls the
formation of heulandite.
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The porosity evolution can be calculated by removing
the molar volume portion of the low-T alteration minerals
from the initial volume of gneiss (Fig. 13) using the pre-
dicted assemblage evolution along the cooling path
(Figs. 11, 12) and assuming that the components for
the formed Ca—Al-silicates in the fissure were locally
derived from the adjacent wall rock. Fig. 13 therefore
shows the temporal porosity evolution along the P-T path
(Fig. 11).

One path is modelled by assuming that all chlorite
remains in the wall rock, whereas the second path requires
biotite dissolution and chlorite precipitation in the central
fissure. The computed total porosities of the bleached sel-
vage are 10.6 and 17.6 vol%. That is in agreement with the
porosity estimated from digital image analysis of ~ 14%.

Fluid accessibility and composition

The alteration process that formed hydrous Ca—Al-silicates
required a significant amount of H,O. Water from the
central open fissure (extension fracture) entered the
gneissic wall rocks and followed the progressing reaction
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Fig. 12 Predicted assemblage evolution during the alteration process,
calculated along an exhumation path (Fig. 11)

front through the process-created porosity (e.g. Austrheim
1987; Bons 2001; Bucher-Nurminen 1982).

Fracturing is caused by brittle deformation that is much
younger than the main Alpine ductile deformation and
folding. It is related to the uplift of the Central Alps
10-20 Ma ago (Purdy and Stalder 1973; Steck 1968). Two
distinct fracture directions can be observed in Arvigo,
which suggest a change in the stress field with time. Recent
dating of the latest fissure minerals in the Central Alps
(Weisenberger and Bucher 2008) suggests a young age
(~2 Ma) of zeolite formation in the Central Alps.

Biotite and chlorite occur as connected clusters across
the foliation and provide migration pathways for the water
throughout the altered zone. The sheet silicate packages
modally increase toward the central fissure. In contrast,
albitisation produces porosity that is constant across the
alteration selvage (Fig. 3). Porosity produced by albitisa-
tion is generated at the reaction interface (reaction front)
and dramatically changes the permeability of the rock. The
porosity due to albitisation is concentrated at the grain
boundaries (Electronic supplementary material 2) and it
represents a prominent fluid migration path. Intragranular
porosity may only have limited effects on the permeability
due the poorly connected pores. Both alteration reactions,
chloritisation of biotite and albitisation, enhance the per-
meability. This has the consequence that both main pro-
cesses are self-accelerating (positive feed back loop).

If a part of the created porosity of the selvage has been
filled by late alteration minerals the mass change calcula-
tion results in an apparent lower porosity increase. Pre-
cipitation of low-7 minerals in an area adjacent to wall
rock gneiss can clog earlier formed porosity. This decrease
in permeability stops water migration and the ultimately
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Fig. 13 Porosity evolution during gneiss alteration and low-T hydra-

tion. Minerals precipitated during alteration have been precipitated in
the central open fissure
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the entire alteration process. These is illustrated by the
chlorite vein in Fig. 3, where the gneiss surround the little
vein is depleted in Ca (Fig. 5), but depleted to a clearly
smaller extent compared with the bleached selvage. Ca
remaining in albite can be related to clogging of water
transport channels by secondary chlorite.

The source of the water in the fracture porosity that
caused the alteration process and the vein formation is
certainly meteoric surface related water (Bucher and Stober
2010; Seelig and Bucher 2010). This also means the
components for mineral precipitates in the central vein are
wall rock (gneiss) derived.

Summary and conclusions

Subgreenschist facies mineral assemblages in granite and
gneiss formed by hydration of high-T assemblages are the
key to understanding water—rock interaction in hydrother-
mal and geothermal systems. The Arvigo locality is an
example of a crystalline basement unit consisting of
granites and gneisses that has been significantly affected by
late hydration and alteration, thereby forming a succession
of zeolite minerals in fissures. Fissures and gashes formed
by brittle deformation were generated at very shallow
depth during exhumation and uplift of the Alpine orogen.
The fractures and cavities were filled with water and low-
T minerals crystallized in the open space.

I. The fissures contain the early assemblage epidote and
prehnite, then chlorite and finally various species of
zeolites. In general succession is (from old high-T to
young low-7): quartz = adularia = chlorite I = epi-
dote = prehnite = chlorite II = zeolites. Calcium is
the dominant extra-framework cation in all zeolites,
whereas the specific zeolite formed in the fissures
depends on temperature and/or water composition.

II. The composition of coexisting prehnite and epidote
records temperature conditions between 330 and
380°C for the pre-zeolite assemblage using the Rose
and Bird (1987) calibration. The iron zoning pattern in
prehnite suggest a redox change during growth of
prehnite. AI'Y on the tetrahedral site in chlorite
(Cathelineau 1988) suggest T of 333 £ 32°C. Zeolite
formation took place at temperatures below 250°C.

III. Water induced mineral reactions occurred during the

alteration of gneiss. Albitisation of plagioclase
accompanied by chloritisation of biotite have been
the key processes. The sharp reaction front propagat-
ing from the central fracture into the gneiss matrix is
related to albitisation reaction. The first replacement
reaction transforms biotite to chlorite within a 3 to
7 cm thick zone in the host rock ahead of the sharp
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reaction front related to albitisation. The plagioclase
replacement reaction releases components for zeolite
formation and forms a sharp reaction front in the
gneiss at about 2 to 2.5 cm from the central fracture.

IV. Albitisation is associated with a volume decrease.
Albite remains in the wall rock, whereas the anorthite
component dissolved in water, producing a porosity
increase of ~ 16% in albite. We conclude that much
of the material once present in the produced volume
is transferred to the central extension fracture and
deposited their as hydrous low-7 Ca—Al. The porous
product albite suggests that the propagation of the
reaction front through the gneiss matrix occurred via
a dissolution-precipitation mechanism. Chloritisation
of biotite in gneiss was accompanied by the release of
K, Fe, and Al in a volume conserving process.

V. The transport of dissolved components towards the
central open fissure must have been driven by
chemical potential gradients (hydrodynamic disper-
sion). Water moved to the reaction front driven by the
metastability of the oligoclase + H,O pair at the low-
T conditions. Precipitation of Ca—Al hydrate silicates
in the central fissure (vein centre) was caused by either
a pressure drop from lithostatic to hydrostatic or by a
dilution of high-pH Al-rich water by surface water.

VI. The remarkable and astonishing lack of zeolites in
late fissures in the Lepontine Alps, compared to the
exceptional Arvigo locality can be related to pco,. In
most areas of the Lepontine Alps pcoy in the water is
inherited from the main phase of metamorphism and
is thus above a critical threshold value that makes
zeolite formation possible. Computed assemblage
stabilities suggest that water decreased in CO, with
time, which is observed in fluid inclusions in quartz,
that formed prior to the zeolite formation.

VII. Mass balance suggest a mass loss of 6.8 wt% and
depletion of Al, Si, Ca, Fe and K in the selvage
relative to the gneiss. These elements are subse-
quently found as major components in epidote,
prehnite, calcite, adularia, chlorite and zeolites as
fracture filling minerals. The mass transfer is
associated with an increase in porosity, caused by
the volume decrease during albitisation and the
removal of chlorite in the wall rock.
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