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Abstract Fluid–rock interaction was investigated in

the inner aureole of the Late Miocene Monte Capanne

pluton on Elba Island (Tuscany, central Italy) by

integrating structural, petrological, fluid inclusion, and

stable isotope analyses. In the north-western sector of

the aureole (Procchio–Spartaia area), calc–silicates

alternate with nearly pure carbonate layers at the

metre scale. Close to the pluton, the prograde meta-

morphic sequence includes calc–silicates that transition

within a few metres to overlying nearly pure calcite

marbles. The calc–silicates are extensively metasoma-

tised to form massive wollastonite-grossular-bearing

exoskarn. The mineralogical assemblage found in the

marbles and the unshifted carbon and oxygen isotopic

ratios in calcite attest that the fluid phase was internally

buffered. On the other hand, the calc–silicates consti-

tuted channels for infiltration of disequilibrium fluids

of magmatic origin. Fluid infiltration was enhanced by

hydrofracturing and structurally-controlled by existing

planar anisotropies in calc–silicates (layering and lith-

ological boundaries). At the metamorphic peak

(~600�C and 1.5–2 kbar), the marble–calc–silicate

interface acted as a barrier to fluids exsolved from the

crystallising intrusions, separating two different flow

patterns in the inner aureole: a high fluid–flux region

on its higher grade side (Wol-zone) and a low fluid–flux

region on the lower-grade side (Cpx zone). Results of

this study: (1) documented that fluid pathways in the

aureole rocks at the top of the pluton were largely

horizontal, controlled by the lithological layering and

the pluton–host rock contact; and (2) elucidated the

primary control exerted by the structural and rheo-

logical properties of the host rocks on the geometry of

fluid flow during pluton emplacement.

Introduction

Emplacement and cooling of magmas at shallow crus-

tal levels are usually associated with the release of a

great amount of fluids into the surrounding host rocks

(e.g. Norton and Knight 1977; Hanson 1995; Oliver

1996). In such a context, fluids constitute an important

medium for mass and heat exchange between the

intruding magma and the country rocks, thus influ-

encing both the regimes of contact metamorphism and

the extent of metasomatic alteration (e.g. Nabeleck

et al. 1984; Ferry and Dipple 1992; Jamtveit et al. 1993;

Cartwright and Buick 1996; Buick and Cartwright

2002). Fluid flow patterns in contact aureoles also

control the formation of ore deposits (e.g. Velsker

2004) and drive shallow geothermal systems (e.g.

Dickson and Fanelli 2004).

Fluid–rock interactions in contact with aureoles

mostly depend upon the balance between fluid pro-

duction, thermal regime, composition and permeability

of the host rocks (e.g. Hanson 1995; Dipple and Ferry

1996; Baumgartner et al. 1997; Connolly 1997; Cart-

wright 1998; Cui et al. 2001). Alteration of stable

Communicated by J. Hoefs.

F. Rossetti (&) � A. Billi
Dipartimento di Scienze Geologiche, Università Roma Tre,
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isotope ratios and progress of mineral reactions are

commonly used to infer the large-scale predominant

direction of fluid flow and the extent of mass transport

in contact aureoles (e.g. Nabelek et al. 1984; Baum-

gartner and Ferry 1991; Ferry and Dipple 1992; Cart-

wright and Buick 1996; Cook and Bowman 2000; Ferry

et al. 2002). Therefore, knowledge of the permeability

structure of the country rocks is an essential pre-

requisite for reconstructing hydrologic factors control-

ling the advective fluid flow during contact

metamorphism. This is because geological fluid flow

systems typically occur through heterogeneous and

anisotropic media and are usually structurally con-

trolled (e.g. Oliver 1996). The structural control of fluid

flow is dependent upon the interplay between intrinsic

parameters such as lithological boundaries and imposed

processes such as deformation (fracturing and/or shear

zones), both of which favour fluid channelisation (e.g.

Dutrow and Norton 1995; Oliver 1996; 2001; Cartwright

1998). The structural setting and the deformation his-

tory of the pluton–host rock contact regions are thus

expected to exert a pivotal role in controlling the

hydrodynamics of contact metamorphism during active

magma intrusion (e.g. Hanson 1995).

The purpose of this paper was to assess the perme-

ability structure and hydrological history of the inner

aureole of the Late Miocene Monte Capanne pluton

on Elba Island (Tuscany, Central Italy) (Figs. 1, 2).

Structural, petrological, fluid inclusion and stable iso-

tope analyses were integrated to identify the compo-

sition, source and infiltration mechanism of the fluids

promoting skarn mineralization at the intrusion–host

rock contact. By focusing on distinct generations of

veins that record the fluid–rock interaction history of

the metamorphic host rocks during pluton emplace-

ment, we identified two distinct generations of fluids of

different composition, age, and origin: an early gener-

ation derived from the crystallising intrusive body and

a late one derived from an external (meteoric) fluid

source. The implications of these data in the frame-

work of the active geothermal systems of southern

Tuscany are also discussed.

Geological background and the local geology

The Monte Capanne pluton is part of the intrusive

complex of western Elba Island (Dini et al. 2002;

Rocchi et al. 2002 and references therein), belonging to

the Neogene-Quaternary Tuscan Magmatic Province

of Central Italy (Marinelli 1967; Innocenti et al. 1992)

(Fig. 1). This magmatic suite is composed of domi-

nantly acidic intrusives and cogenetic volcanic prod-

ucts, spanning from Middle Miocene in Corsica to Late

Fig. 1 Synthetic tectonic map
of the inner sector of the
Northern Apennine chain
(modified and re-adapted
after Jolivet et al. 1998) with
location of the study area.
The main products of the
Tuscan Magmatic Province
are also indicated (after Dini
et al. 2002 and references
therein)
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Pleistocene in the Tuscan region (e.g. Serri et al. 1993;

Peccerillo 1999; Dini et al. 2005), that accompanied the

eastward-migrating extensional collapse of the Apen-

nine chain (e.g. Carmignani et al. 1994; Jolivet et al.

1998) (Fig. 1). Astenosphere upwelling and extensive

crustal underplating of mantle-derived magmas is

commonly thought to be the main heat source for the

Tuscan magmatism. This has been interpreted as hav-

ing derived from mixing between crustal and mantle

sources with different degrees of hybridisation (Serri

et al. 1993; Dini et al. 2002 and references therein). In

southern Tuscany, a large-scale positive thermal

anomaly occurs in the active geothermal areas of

Larderello and Mount Amiata, where emplacement of

Pliocene–Pleistocene intrusives (Dini et al. 2005) is

responsible for extensive mesothermal fluid circulation

and mineralization (e.g. Gianelli et al. 1997; Batini

et al. 2003) (Fig. 1).

Elba Island is made of a complex stack of units,

emplaced during the Apennine orogenic phase and

consisting of both continental and oceanic-derived units

(Trevisan 1950; Barberi et al. 1967; Bortolotti et al.

2001). Emplacement of numerous hybrid-anatectic in-

trusives accompanied the collapse of the orogenic

nappe pile during multiple magma inputs spanning from

about 8 to 5 Ma (Dini et al. 2002 and references

therein). The composite Monte Capanne monzogranite

pluton is the most important of these intrusive bodies

that discordantly intruded the tectonic nappe stack of

western Elba (Barberi et al. 1967; Dini et al. 2002)

(Fig. 2). Pluton–host rock contacts define a general

asymmetric structure. Steep magmatic and solid state

foliation attitudes occur in the western and southern

sectors of the pluton, whereas shallow-dipping folia-

tions occur along the northern and eastern sectors

(Boccaletti and Papini 1989; Boullin et al. 1993). The

host rocks consist of a metamorphic aureole developed

at the expense of an ophiolite-bearing tectonic se-

quence (complex IV and V in Trevisan 1950). This

consists of mafic and ultramafic rocks alternating with

shales, marls and limestones, from the Jurassic to

Paleogene (Bortolotti et al. 2001 and references there-

in). Presently, no precise quantitative constraint exists

on the P–T conditions associated with thermal meta-

morphism during emplacement of the Monte Capanne

intrusion. However, peak temperatures of 600–700�C at

P < 2 kbar have been proposed in the literature (e.g.

Barberi and Innocenti 1965; Dini et al. 2002).

Outcrop characteristics: structures, mineralogy
and textures

This paper focuses on the fluid evolution in the thermal

aureole cropping out along the north-eastern margin of

the Monte Capanne intrusive body. Observations and

data are from a transect running from the Procchio to

the Spartaia localities (Fig. 2). The general geology of

Fig. 2 Bottom Geological
sketch map of western Elba
Island (modified and re-
adapted after Rocchi et al.
2002 and references therein)
where locations of the studied
exposures are indicated. Top
The pluton–host rock contact
exposed at Procchio. The
column to the left shows the
litho-stratigraphic section and
the metamorphic mineral
zonation as defined along a
traverse perpendicular to the
metamorphic layering close to
the pluton–host rock contact
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the study area was described in detail by Barberi and

Innocenti (1965) and will be summarised here, also

taking into account the new field data collected in this

study. The pluton–host rock contact is almost flat-lying.

Subvertical dykes cutting across the overlying meta-

morphic host rocks (Spartaia area) suggest that these

exposures are likely located near the intrusion roof. In

the Procchio area, the contact-metamorphosed host

rocks consist of overlying, thinly-bedded, nearly pure

marbles passing to underlying calc–silicate layers and

metapelites hosting a discontinuous (up to 2 m thick)

wollastonite-bearing exoskarn at the intrusion–wall

rock contact (Fig. 2). The metamorphic parageneses

and the mineral zonation are typified by the occurrence

of Ca-clinopyroxene in marbles and by the appearance

of the wollastonite isograd as the pluton–host rock

contact is approached. In the innermost part of the

aureole, the appearance of the grossular isograd is also

observed (Fig. 2).

Structures in the host rocks consist of a transposi-

tive, bedding-parallel, planar fabric developed during a

nearly coaxial, vertical shortening. This foliation (Sp) is

axial planar to nearly isoclinal folds, with average

strike N170� and dip 10–15� to the west. Folding of

late-segregated leucocratic dykes is also observed

(Fig. 3a). The overlying marbles show a well-defined

planar foliation, which transposes an original layering.

The occurrence of centimetre-thick calcite boudins is

frequent in the marble matrix (Fig. 3b). In thin sec-

tions, the marbles show an overall isotropic and well

annealed granoblastic texture, defined by modally

abundant calcite in association with minor Ca-clino-

pyroxene and K-feldspar (Fig. 3c).

The underlying calc–silicate rocks consist of banded

granofelses layered to on a millimeter–centimetre

scale, including boudins of biotite-bearing metapelites

(Fig. 3d). Biotite mostly forms selvages around pla-

gioclase, seldom associated with cordierite, andalusite

and K-feldspar xenoblasts (Barberi and Innocenti

1965). The calc–silicates contain a wide variety of Ca-

rich silicates (wollastonite, plagioclase, Ca-clinopyrox-

ene, grossular, vesuvianite and scapolite), sometimes

associated with K-feldspar. When present, carbonate

minerals consist of calcite. Traces of graphite were also

found in thin sections, but most of the calc–silicates are

devoid of graphite. Three main calc–silicate types were

identified in the Procchio area: (1) garnet free, Ca-

clinopyroxene-bearing, green calc–silicates; (2) gros-

sular-rich, pink calc–silicates, and (3) wollastonite-

bearing, pale calc–silicates (Fig. 3d). The primary

(peak metamorphic) assemblage consists of grossular

(Grs1) + Ca-clinopyroxene + anorthitic plagioclase +

wollastonite. In the examined thin sections, the calc–

silicate mineral assemblages are systematically devoid

of quartz (see also Barberi and Innocenti 1965). Garnet

typically forms poikiloblasts up to 3 cm in diameter,

typically hosting Ca-clinopyroxene as the main mineral

inclusion. Textures of the high-grade minerals in the

calc–silicate samples systematically show straight grain

boundaries and elongated polygonal grains (Fig. 3e).

The vein systems and the fracture systematics

Both foliation-parallel and foliation-perpendicular vein

systems cross-cut the calc–silicate rocks exposed in the

Procchio area. Foliation-parallel veins are the more

prominent and their vein-filling minerals consist of

grossular-wollastonite intergrowths in a matrix of

coarse-grained vesuvianite crystals (Fig. 4a, b). These

veins generally have planar margins and are continu-

ous for distances up to 1 m, commonly associated with

wollastonite-bearing alteration halos. A notable in-

crease in the garnet grain size occurs in the calc–silicate

beds, where radiating wollastonite blades coexist with

poikiloblastic vesuvianite (Fig. 4b). These portions of

the calc–silicate beds form typical bands at the layer

interfaces, where poikiloblastic vesuvianite crystals

dominate. In contrast, the wollastonite crystals typi-

cally occur at the vein-host rock interface (Fig. 4c).

Small (up to 2 cm in width), foliation-perpendicular

veins are usually observed to depart from the main

subhorizontal (i.e. foliation-parallel) vein array

(Fig. 4a, d). These veins are commonly filled with

mineral associations similar to those filling the folia-

tion-parallel veins (vesuvianite + garnet (Grs2) ± wol-

lastonite). These vein sets generally have mutual

overprinting relationships with the foliation-parallel

veins (Fig. 4d, e); even if some later foliation-perpen-

dicular garnet- and epidote-bearing vein arrays also

occur. Most of the vein arrays occurring in the calc–

silicate rocks do not propagate through the overlying

marbles, abutting against the marble–calc–silicate

interface, where they form subhorizontal vein systems.

Bedding-perpendicular veins tend to flatten when

approaching the marble–calc–silicate contact, attesting

that the marble–calc–silicate interface constituted a

main rheological boundary, which separated the duc-

tile-deformed marbles from the underlying heavily

fractured calc–silicates (Fig. 4f). Texturally late, sub-

vertical quartz-bearing veins were also found both in

marbles and calc–silicates. Two main generations were

observed: (1) an early, hydrothermal generation con-

sisting of massive grey quartz (hereafter referred to as

Qtz1 veins; Fig. 5a), and (2) a later generation made of

clean quartz dominantly found in the marbles (here-

after referred to as Qtz2; Fig. 5b).
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The fracture pattern occurring in calc–silicates is

poorly systematic with major sets striking ~N60�,

~N100�, and ~N170� (Fig. 5c). Fractures are domi-

nantly steeply dipping (dip > 70�); however, low-angle

fractures also occur. The fracture crosscutting rela-

tionships (i.e. as observed in plane view) mostly consist

of X-type, +-type, and Y-type intersections (e.g. Pol-

lard and Aydin 1988). X-type and +-type intersections

are characterized by either continuous (i.e. non-abut-

ted) or discontinuous (i.e. abutted) fractures. In the

case of discontinuous fractures, we observed no pref-

erential patterns for the abutting relationships, i.e.

differently oriented fractures mutually abut (Fig. 5d).

In marbles, fractures are nearly vertical and poorly

systematic with major sets averagely striking N10�,

N60�, and N100� (Fig. 5e). Fractures are rarely min-

eralised. The fracture crosscutting relationships consist

of X-type, +-type, and Y-type intersections similar to

those observed in the underlying calc–silicate rocks

(Fig. 5f).

Fig. 3 Characters and textures of the marble–calc–silicate
exposure at Procchio. a Overlying thinly foliated Cpx-bearing
marbles. The foliation (Sp) is axial planar to nearly isoclinal folds
refolding late-segregated dykes. b Marble exposures showing
internal layering with intrafoliar calcite boudins. c Photomicro-
graph showing peak mineralogical assemblages in the overlying
marbles, typified by coexisting calcite (Cal)-Ca-clinopyroxene
(Cpx)-K-feldspar (K-fs) associations (crossed polars). d The
marble–calc–silicate transition. The underlying calc–silicate

rocks consists of dominant grossular-wollastonite-bearing grano-
felses. Minor metapelite layers are also found. e Photomicro-
graph showing peak mineralogical assemblages in the underlying
calc–silicates. Coexisting garnet (Grt)-plagioclase (Pl)-Ca-clino-
pyroxene (Cpx) associations mark the metamorphic foliation in
calc–silicates. Primary garnets (peak metamorphic) typically
consist of coarse-grained poikiloblasts, with Cpx grains hosted as
main inclusions (crossed polars)
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The main difference between the fractures occurring

in the marbles and in the underlying calc–silicate rocks

concerns the fracture abundance (i.e. density). To

evaluate this parameter, we used the circle-inventory

method (Wheeler and Dickinson 1980). In this method,

the fracture abundance (qf) is defined as the total

length of all fractures (L) within a significant (i.e. for

the fracture abundance) inventory circle of radius r

divided by the area of the circle itself (Fig. 5d, f),

according the following expression:

qf ¼ L=pr2; ð1Þ

where qf is measured in units of length/area (hereafter

referred to as mm–1).

We calculated the fracture abundance in six selected

sites, three in calc–silicates and three in the overlying

marbles. Results show that the fracture abundance in

calc–silicates is about one order of magnitude greater

than that in marbles (Table 1).

Fig. 4 Vein textures at the metamorphic peak in the calc–
silicates at Procchio. a Centimetre-scale foliation-parallel, vesu-
vianite-wollastonite(Ves-Wo)-bearing veins associated with sub-
ordinate foliation-perpendicular ones. These veins cut through
the earlier Grs1-Cpx metamorphic layering. b Enlargement of the
main vein shown in (a), showing the mineralogical assemblages
coexisting in the veins and consisting of poikiloblastic vesuvianite
(Ves)-grandite garnet (Grs2)-wollastonite (Wo) aggregates. c
Photomicrograph showing the textural relationships between a
foliation-parallel vein (V) and the host rock (HR). Note the
crystallization of wollastonite (Wo) at the vein–host rock
interface (crossed polars). d Hand specimen showing relation-

ships between the peak metamorphic grossular(Grs1)-rich layer-
ing, the foliation-parallel (Vfp) and the foliation-orthogonal (Vfo)
veins. The latter are constituted by grandite garnet (Grs2). Note
the crystallisation of wollastonite (Wo) at the vein–host rock
interface. e Field relationships showing mutual overprinting
relationships between wollastonite-bearing foliation-parallel and
foliation-perpendicular veins. f Photomicrograph showing the
contact between massive garnet-clinopyroxene calc–silicates and
marbles. Note how garnet (Grs2)-bearing, subvertical foliation
perpendicular veins flatten when approaching the marble–calc–
silicate interface. The marbles show a granoblastic polygonal
texture of calcite grains (crossed Polars)
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Mineral chemistry

Quantitative analyses were made of minerals in both

the calc–silicate granofels and in the veins. Mineral

compositions were obtained using a CAMECA SX 50

electron microprobe at the CNR laboratories of the

University of Rome ‘‘La Sapienza’’. Analyses were

done in point beam mode (5 lm in size) at 15 kV and

15 nA, using natural and synthetic phases as standards.

Recalculation of the mineral formulae and estima-

tion of the Fe3+ content were made using the software

AX2000 in the THERMOCALC package (Holland

and Powell 1998). Representative analyses and struc-

tural formulae of minerals are presented in Table 2.

All the mineral abbreviations used in this study are

after Bucher and Frey (2002).

Garnet

In the granofelses, matrix (Grs1) and vein (Grs2) gar-

nets are essentially grossular-andradite solid solutions

(grandite garnets: Adr13–27Grs67–87Alm1–4). The Grs

zonation is generally weak, but most commonly de-

creases towards the rim, compensated by the increase

Fig. 5 Texturally-late quartz
veins found in calc–silicates
(a) and marbles (b). These
veins are labelled in the text
as Qtz1 and Qtz2,
respectively. c Rose diagrams
showing the cumulative
distribution of fracture
azimuths in calc–silicates.
d Outcrop photograph of
fracturing in calc–silicates.
e Rose diagrams showing the
cumulative distribution of
fracture azimuths in marbles.
f Outcrop photograph of
fracturing in marbles. Note
the inventory circles used to
compute the fracture
abundance in d and f (see
Table 1 )

Table 1 Fracture abundance

Rock type No. of
fractures

L
(mm)

r
(mm)

qf

(mm–1)

Calc–silicate 73 1506 63 0.120
Calc–silicate 158 9688 166 0.111
Calc–silicate 69 1723 66 0.125
Marble 20 2162 238 0.012
Marble 24 1536 138 0.025
Marble 18 1114 144 0.017

L = summed length of fractures falling within the inventory-
circle; r = radius of the inventory-circle; qf = fracture abundance
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of the Adr component. In some of the foliation-per-

pendicular veins, garnet is usually hydrogrossular.

Clinopyroxene

Clinopyroxene found both in the matrix and as inclu-

sions in garnets corresponds to diopside-henderbergite

solid solutions (Di57–64Hd43–36), without any significant

compositional variations.

Feldspar

Plagioclase within the garnet-bearing layers is invari-

ably richer in anorthite (An52–90Ab8–46Or0–2) than that

found in the garnet-free calc–silicate portions (An19–

26Ab73–80Or0–1). K-feldspar contains up to 7–10% al-

bite (An0–1Ab8–10Or90–91). No chemical zoning is

apparent in either of the feldspar types.

Vesuvianite

Vesuvianite typically shows a significant Ti content,

with TiO2 values up to 3.3 wt%.

Wollastonite, calcite and quartz contain no signifi-

cant impurities.

Thermobarometry

The P–T conditions of contact metamorphism were

estimated from mineral equilibria involving the coex-

isting mineral phases at the metamorphic peak in calc–

silicates (Table 2). Position of the mineral reaction

curves in the P–T space was calibrated with the soft-

ware THERMOCALC (in the form of the July 2002

upgrade), using the data sets and activity formulations

from the enclosed AX program (Table 2).

The presence of the muscovite-absent And-Kfs-Crd-

Bt-Qtz assemblage in metapelites constrains the peak

conditions within the andalusite stability field and up

temperature of the muscovite–quartz breakdown reac-

tion curve, which is regulated by the following reaction:

MsþQtz ¼ AndþK-fsþH2O: ð2Þ

Considering the appropriate activity of sanidine in

K-fs (0.91; Table 2) and assuming simple end-member

reactions in the KFMASH, this reaction restricts

Table 2 Selected mineral analyses and structural formulae of mineral phases occurring at the metamorphic peak in the calc–silicate
hornfels of the Procchio area, Elba Island

Mineral Grt Grt Grt Cpx Cpx Pl Pl Pl K-fs Vsv Vsv
Comment Grs1-core Grs1-rim Grs2-vein Matrix Matrix Matrix Matrix Matrix Matrix Matrix Vein

Wt (%) oxides
SiO2 38.75 38.58 37.56 52.08 51.65 54.77 44.96 63.78 65.53 35.42 35.87
Al2O3 19.55 18.00 15.60 0.47 0.22 28.33 35.06 22.65 18.08 15.84 14.91
TiO2 0.61 0.31 0.38 0.11 0.05 0.00 0.00 0.00 0.01 2.28 3.31
Cr2O3 0.05 0.01 0.00 0.01 0.09 0.00 0.00 0.00 0.00 0.00 0.00
FeO 5.01 7.35 7.19 12.67 17.42 0.08 0.17 0.00 0.11 4.21 4.61
MnO 0.15 0.17 0.29 0.23 0.45 0.00 0.07 0.07 0.00 0.04 0.07
MgO 0.21 0.14 0.14 9.97 7.05 0.00 0.00 0.01 0.01 1.45 1.46
CaO 35.85 35.74 35.10 23.86 23.13 10.68 18.37 4.00 0.00 35.04 35.05
Na2O 0.03 0.01 0.04 0.07 0.17 5.19 1.11 9.37 1.11 0.08 0.17
K2O 0.01 0.00 0.00 0.01 0.00 0.35 0.01 0.23 14.86 0.00 0.02
S 100.22 100.31 96.30 99.48 100.23 99.40 99.75 100.11 99.73 94.36 95.47

Cations 12(O) 12(O) 12(O) 6(O) 6(O) 8(O) 8(O) 8(O) 8(O) 30(O) 30(O)
Si 2.941 2.943 2.997 1.997 2.009 2.484 2.079 2.816 3.017 7.271 7.297
Al 1.749 1.619 1.468 0.021 0.010 1.514 1.911 1.179 0.981 3.833 3.576
Ti 0.035 0.018 0.023 0.003 0.001 0.000 0.000 0.000 0.000 0.352 0.506
Cr 0.003 0.001 0.000 0.000 0.000 0.00 0.000 0.000 0.000 0.000 0.000
Fe2+ 0.000 0.009 0.005 0.406 0.567 0.000 0.000 0.000 0.000 0.415 0.450
Fe3+ 0.302 0.460 0.475 0.000 0.000 0.003 0.009 0.000 0.004 0.277 0.300
Mn 0.007 0.011 0.020 0.007 0.015 0.000 0.003 0.002 0.000 0.007 0.012
Mg 0.010 0.016 0.017 0.570 0.409 0.000 0.003 0.001 0.000 0.444 0.443
Ca 2.915 2.922 3.001 0.980 0.964 0.519 0.910 0.189 0.000 7.707 7.640
Na 0.004 0.002 0.006 0.005 0.013 0.456 0.100 0.802 0.099 0.032 0.067
K 0.001 0.000 0.000 0.000 0.000 0.020 0.001 0.013 0.874 0.000 0.005

Grs activity 0.70 ± 0.11 0.60 ± 0.09 0.53 ± 0.08
An activity 0.73 ± 0.04 0.91 ± 0.05 0.32± 0.03
San activity 0.91± 0.03
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conditions of metamorphism to P < 2.5 kbar at 550–

700�C (reaction curve 1 in Fig. 6).

The occurrence of Grs, Wo, and Pl without Qtz in the

peak assemblage found in the calc–silicates of the Proc-

chio area makes it possible to constrain the peak T to

values above the solid–solid Grs-Qtz-An-Wo equilibrium,

GrsþQtz ¼ Plþ 2 Wo; ð3Þ

this equilibrium having a moderate positive dP/dT

slope in the P–T space (e.g. Droop and Al–Filali 1996;

Ferry et al. 2001). The expected temperature interval

was obtained by combining the calculated activity of

Grs1 (0.60–0.70) with that of An (0.73–91) in plagio-

clase (Table 2), and considering unit activity of Wo and

Qtz (reaction curves 2 in Fig. 6). Further constraints on

peak temperatures were obtained from two-feldspar

thermometry. Calculations using a range of solution

models and mixing data were done by means of the

software SOLVCALC (Wen and Nekvasil 1994 and

references therein). Temperature estimates obtained

using the An rich plagioclase compositions range from

550 to 625�C at 1 kbar, regardless of the solution model

adopted. Estimations obtained using the An poor

compositions are systematically lower (between 470

and 520�C), probably reflecting re-equilibration during

progress of contact metamorphism.

Conditions of metamorphism therefore lie up tem-

perature of the Grs-Qtz-An-Wo equilibrium (reaction

curves 2 in Fig. 6), within the region defined by the

andalusite–sillimanite boundary and the maximum

temperature limit obtained from the feldspar ther-

mometry, although this constraint varies depending on

the choice of the aluminosilicate phase diagram. Con-

sidering the reconstructed thickness of the rock section

above the Monte Capanne intrusion (Rocchi et al.

2002), reliable P–T estimates for the contact meta-

morphism in the Monte Capanne thermal aureole are

thus T = 575–625�C at P = 1.5–2 kbar (Fig. 6).

Fluid inclusion analysis

Fluid inclusion analysis was performed on minerals

separated from (1) the calc–silicate hornfels rocks

(samples PR; mineral: Ves and Grt), (2) the high-grade

(both perpendicular and foliation parallel) vein sys-

tems (samples PRV1 and GRV; minerals: Ves and

Grt), and (3) the late-stage Qtz1 and Qtz2 veins (sam-

ples PRV2; mineral: quartz). Conventional freezing

and heating microthermometric analyses were carried

out according to the procedure outlined in the

Appendix. The laser-excited Raman spectral analysis

was used to identify the composition of the gas phase in

the different fluid inclusion types. Fluid inclusion data

refer only to those fluid inclusions that we interpreted

as having a primary origin, i.e. the fluid inclusions that

occur isolated or in clusters. Primary clusters are usu-

ally found in the cores of the host minerals, but garnets

often host fluid inclusion assemblages trapped within

growth zoning. Pseudosecondary and secondary fluid

inclusions typically occur along trails and planes and

are not considered in this study.

Fluid inclusion populations hosted in garnet and

vesuvianite (samples PR, PRV1 and GRV) consist of

two distinct types (Fig. 7): (1) type-B, a highly-saline

brine, both liquid (L)-rich and vapour (V)-rich fluid

inclusions, containing a variable number of solids; and

(2) type-V monophase V inclusions. Inclusion sizes

range from ~5 to 50 lm. On the other hand, the late-

stage Qtz1 and Qtz2 samples from the PRV2 veins

contain only two-phase aqueous (L+V, L-rich) fluid

inclusions.

Type-B fluid inclusions always contain a halite cube

and usually several other solids. SEM-EDS analyses

revealed that the salts consist mainly of Na and Cl, with

significant amount of Ca and K. The small size of the

inclusions and the presence of many solids, made

equilibration temperature (Te) measurement possible

in only one case (i.e. at –50�C), confirming the pres-

ence of CaCl2 in the fluid (Crawford 1981). Raman

analyses defined the solids as Ca-Mg-carbonates

and Ca-sulphates (see inset in Fig. 7). Based on these

Fig. 6 Peak P–T metamorphic conditions (shaded) for the
calcsilicate rocks of the contact aureole of the Monte Capanne
pluton in the Procchio area. Arrows on curves used as P–T limits
indicate field in which metamorphic conditions must lie. Curves
for And-Sil and muscovite (Ms)–Quartz (Qtz)-K-feldspar (Kfs)-
aluminium silicate (Als)-H2O fluid equilibria assume all phases
are pure substances except for Kfs, whose sanidine activity was
set to 0.91. See text for further details
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data, the fluid is a complex aqueous system composed

of a H2O-Na+-K+-Ca2+-Mg2+-Cl–-SO4
2–-CO3

2– mixture.

Melting temperature for solids hosted within the

inclusions (Tms) were always (except for two cases)

above the temperature of homogenisation between the

liquid and the vapour phase (Th), occurring at about

380�C (Fig. 8a). The Tms equals the total homogeni-

sation temperature (Thtot) and is grouped in the 550–

600�C temperature interval (Fig. 8b). This temperature

range provides salinities of the brine inclusions ranging

from 50 to 66 wt% NaCl equivalent (Bodnar 2003 and

references therein). Clathrates formed during mic-

rothermometric analyses and melted at about +6�C,

suggesting the presence of gas species within the va-

pour phase. Raman analyses (about a hundred spots on

the gas phase on both type-B and V fluid inclusions)

defined the nature of the gas as CH4 (see inset in

Fig. 7). No homogenisation temperature was mea-

sured, probably because of the low density of the gas

phase.

A completely different fluid occurs in the two-phase

L+V, L-rich primary fluid inclusions hosted in quartz

samples from the late stage veins. The trapped fluid is

almost pure water (Tm-ice around 0�C) with Th pro-

viding a minimum trapping temperature of about

200�C.

Isotope data

Stable isotope data were obtained from 26 samples

collected along two adjoining traverses perpendicular

to the main foliation attitude across the calc–silicate

rocks and the overlying marbles in the Procchio area

(Fig. 2). Additional data were obtained from 19 sam-

ples taken from the calc–silicate rocks and the different

vein generations. Calcite, garnet and quartz were

analysed in this study, following the analytical proce-

dure described in the Appendix. Results are shown on

Tables 3 and 4.

Fig. 7 Coeval entrapment of
different types of fluid
inclusions (type B and V) at
the metamorphic peak in
calc–silicates (host mineral is
garnet). The inset shows the
Raman spectra as obtained
for the gas phase and for the
solids within the inclusions
(see text for further details).
In many other inclusions,
solids are Mg-carbonate

Fig. 8 Microthermometric
data for fluid inclusion in
mineral phases (Grt, Ves,
Wo) coexisting at the
metamorphic peak in the
calc–silicates. a Histogram of
liquid–vapour
homogenisation temperatures
(Th). b Histogram of the
melting temperature (Tms) of
solids hosted in the fluid
inclusions
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Isotope data on calcite

Calcite from the marble has d13C (Cal) values of 0.5–

2.0& and d18O (Cal) of 23.1–24.7 &. Both d13C (Cal)

and d18O (Cal) are nearly uniform in the marbles and

do not show any significant variation with proximity to

the contact with the calc–silicate rocks (Fig. 9;

Table 3). These values are similar to the expected

values of the precursor limestone (e.g. Hoefs 1997). On

the other hand, calcite from the calc–silicate hornfelses

has more variable composition for both carbon and

oxygen isotopes. In general, the d13C(Cal) and

d18O(Cal) values are systematically depleted in 13C and
18O relative to the unaltered marbles, with a lowering

of ~2–4 and ~6–9&, respectively (Fig. 9; Table 3).

These depleted carbon and oxygen isotopic values are

comparable to those obtained from other skarn

deposits in analogous settings (e.g. Bowman 1998).

Isotope data on silicates

Garnet samples were separated from the host rock

(GrtH), the foliation-parallel and the foliation-per-

pendicular veins (GrtV) (Fig. 4). Quartz samples were

separated exclusively from the texturally-late, folia-

tion-perpendicular Qtz1 and Qtz2 veins (Fig. 5a, b).

Table 3 Stable isotope data
of calcite in selected samples
taken along the calc–silicate/
marble transition at Procchio,
Elba Island

Distance is measured
perpendicular to main
foliation from the marble/
calc–silicate contact (positive
values towards the top)

Sample Rock type d13C(PDB)& d18O (SMOW)& D(Cal-GrtH) Distance (m)

Samples taken along the 1st traverse
C3 Calcsilicate –1.38 15.39 3.43 –0.59
C4 Calcsilicate –1.01 15.40 3.43 –0.39
C5 Calcsilicate 0.92 22.28 10.33 –0.24
C6 Calcsilicate –0.24 17.02 5.06 –0.17
C7 Calcsilicate 0.18 17.62 5.67 –0.06
M8 Marble 1.83 24.29 0.06
M9 Marble 1.72 24.84 0.24
M10 Marble 1.78 24.85 0.50
M11 Marble 1.81 24.38 0.66
M12 Marble 1.19 23.69 0.71
M13 Marble 1.47 24.56 0.92
M14 Calcite boudin 0.98 24.54 0.95
M14 Marble 1.61 24.81 2.12
M15 Marble 0.82 25.36 3.42

Samples taken along the 2nd traverse
M2–0 Marble 1.16 23.98 0.31
M2–1 Marble 0.51 23.36 0.60
M2–2 Marble 0.73 24.19 0.93
M2–4 Marble 1.49 24.25 1.19
M2–5 Marble 1.26 24.15 1.43
M2–6 Marble 0.62 23.15 1.75
M2–7 Marble 1.41 23.61 2.07
M2–8 Marble 2.05 24.26 2.30
M2–9 Marble 1.96 24.40 2.55
M2–10 Marble 1.98 24.32 2.88
M2–11 Marble 1.97 24.75 3.88
M2–12 Marble 1.94 24.33 4.88

Table 4 Values of d18O (SMOW) and mineral fractionations of
garnet and quartz in samples taken from the calc–silicate rocks

Sample d18O (SMOW) & D(Min-GrtH)

GrtH-1 12.47
GrtH-2 12.58
GrtH-3 10.96
GrtH-4 11.81
GrtV-1 11.17 –0.79
GrtV-2 11.04 –0.92
GrtV-3 11.30 –0.66
GrtV-4 11.98 0.02
GrtV-5 12.63 0.68
GrtV-6 12.10 0.15
GrtV-7 12.37 0.41
Qtz1–1 24.37 12.42
Qtz1–2 24.40 12.44
Qtz1–3 24.38 12.42
Qtz1–4 24.46 12.50
Qtz2–1 6.27 –5.69
Qtz2–2 6.25 –5.71
Qtz2–3 6.05 –5.91
Qtz2–4 6.07 –5.89

GrtH garnet from the host rock; GrtV garnet from both the
foliation-parallel and the foliation orthogonal veins; Qtz1 quartz
from the hydrothermal Qtz1 veins; Qtz2 quartz from the textur-
ally-late Qtz2 veins. Numbers refer to different samples
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The d18O(Grt) from the garnet samples are similar

(values ranging from 11.0 to 12.6&) regardless of their

origin (i.e. host rocks or veins), suggesting that garnet

constituted the main oxygen reservoir in the calc–sili-

cates. The d18O(Qtz1) values are very uniform at

around the value of 24.4&, whereas the d18O(Qtz2)

values show a mean value of 6.1& (Table 4).

The evaluation of the equilibrium conditions be-

tween minerals at the metamorphic peak in calc–sili-

cates was made from the measured O-isotope

fractionations. This was obtained by comparing the

isotopic compositions of the different mineral phases

with respect to the average d18O(GrtH) value of 11.9&

(r = 0.7&) that is considered as representative of the

isotopic signature of the entire calc–silicate rock sec-

tion (Fig. 10; Tables 3, 4). Excluding sample C5 (Ta-

ble 3), the obtained D18O(Cal-Grt) values range

between 3.4 and 5.6 and are not far from those ex-

pected at the peak temperature conditions of ~600�C

(Zheng 1993). This suggests that the lowest d18O cal-

cite in calc–silicates (d18O(Cal) = 15.4–17.6) ap-

proached isotopic equilibrium with the skarn forming

minerals (Fig. 10; Table 3). At about 200�C (the tem-

perature obtained from the fluid inclusion analysis),

quartz in isotopic equilibrium with GrtH would result

in a D18O(Qtz-Grt) value of about 13& (Valley et al.

2003), which is similar to that obtained from the Qtz1

samples (Fig. 10; Table 4). On the other hand, at the

same temperature of 200�C, Qtz2 is not in equilibrium

with the host rock garnet (Fig. 10), and the observed

d18O(Qtz2) can be attributed to precipitation of quartz

from meteoric water (Clayton et al. 1972).

In summary, the following points arise from the

isotopic study: (1) immediately adjacent to the marble/

calc–silicate interface, carbon and oxygen isotopic

shifts (up to 4 and 9&, respectively) occur on a deci-

metre scale, attesting that the contact between marble

and calc–silicate rocks is a major isotopic boundary;

and (2) the isotopic fractionations suggest that the

veins contain minerals that did not everywhere attain

or approach the oxygen isotope equilibrium with the

calc–silicate skarn. In particular, the d18O(Qtz) values

indicate a dramatic change in the nature of the circu-

lating fluid phase during the episode of the Qtz2 vein

segregation.

Discussion

The occurrence of wollastonite-bearing rocks in the

inner aureole of the Monte Capanne pluton documents

infiltration of chemically reactive fluids that preferen-

tially flowed through the calc–silicate rocks (e.g. Ferry

et al. 1998, 2001). Metamorphic assemblages are

characterised by the coexistence of vesuvianite and

epidote within the wollastonite zone, indicating ex-

tremely high H2O/CO2 conditions (X(CO2)fluid < 0.05)

in the permeating fluids and, hence, demonstrating that

the wollastonite-zone rocks were infiltrated by a great

amount of aqueous fluids during the skarn minerali-

zation (e.g. Nabelek et al. 1984; Nabelek 2002). On

the other hand, the mineral assemblages found in the

overlying diopside-grade marbles together with the

lack of evidence of an isotopic shift indicate that fluid

flow in the overlying marbles was very limited. This

suggests that the marbles formed a closed or nearly

closed system with respect to the fluid phase and that

Fig. 9 Diagram of d13C (PDB) versus d18O (SMOW) of calcite
taken along the marble/calc–silicate transition exposed at
Procchio

Fig. 10 Plot of D18O(Min-GrtH) versus d18(Min) of the different
mineral phases (Min) found both in veins (Grt and Qtz) and in
the host rocks (Cal)
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fluid composition was internally buffered (see also

Heinrich 1993; Nabelek 2002). Accordingly, the calc–

silicate–marble contact (and hence the wollastonite

reaction boundary) represents a major boundary be-

tween a high fluid–flux region on its high grade side

(Wo and Grs zone) and a low fluid-flow one on its

lower grade side (Cpx zone).

Fluid source

The mineral equilibria and the fluid inclusion data

indicate that growth of the peak mineralogical assem-

blages occurred at T ~ 600�C, suggesting an intimate

linkage between fluid production and the mineral

zonation in the Monte Capanne inner aureole. The

earliest fluids detected at the metamorphic peak of the

wollastonite zone document that they consist of hy-

persaline brine coexisting with a CH4 vapour phase,

similarly to that already documented in other calc–

silicate thermal aureoles (e.g. Heinrich 1993; Olsen and

Ferry 1995). Infiltrating fluids are thus CO2-free,

although a large amount of CO2 should have been

produced through the wollastonite-forming reaction in

the inner aureole:

CalþQtz!Woþ CO2: ð4Þ

This occurrence has been already reported by

Heinrich (1993), who argued that CH4 and CO2 fluids

never coexisted in calc–silicates, being CO2 suddenly

lost during the progress of the decarbonation reaction

(4), which is primarily driven by the infiltrating aque-

ous fluids (e.g. Cui et al. 2003). Marbles are in fact

impermeable to aqueous fluid infiltration (see e.g.

Heinrich 1993; Buick and Cartwright 2002; Nabelek

2002; Cui et al. 2003), since calcite–calcite dihedral

angles are unfavourable for pervasive grain boundary

flow whereas they favour transit and removal of lo-

cally-generated CO2–bearing fluids produced during

decarbonation reactions (Holness and Graham 1995).

Textural relationships indicate that the brine and the

vapour-rich CH4–bearing inclusions were simulta-

neously trapped in the solvus H2O-CH4–salt (see also

Heinrich 1993). In the H2O-NaCl system, the immis-

cibility region is greatly increased by the addition of

CH4 (Duan 2003; Diamond 2003) and dramatically

widens at the P–T conditions inferred for the meta-

morphic peak in the thermal aureole of the Monte

Capanne pluton (P < 2 kbar and T~600�C; Lamb et al.

1996, 2002). It is well known that when magma crys-

tallizes, immiscible fluids separate from the melt as

high-density brine and low-density vapour (Candela

1989; Shinoara et al 1989; Cline and Bodnar 1991, 1994;

Cline and Vanko 1995; Kelley and Früh-Green 2001;

Heinrich et al. 2004). The cooling Monte Capanne

pluton should have exsolved low d18O fluids, with d18O

in the 6–15& range (Zheng and Hoefs 1993). In the

calc–silicate inner aureole, the systematic depletion in

the d18O(Cal) values approaching the intrusion–wall

rock contact suggests a high degree of recrystallization

during infiltration of 18O-depleted fluids. Furthermore,

the constancy in the d18O values of garnet found both

in veins and in the matrix calc–silicates (with an aver-

age value of 11.9&; Table 4) suggests that progress of

the decarbonation reactions occurred in a fluid-buf-

fered open system that promoted isotopic exchange

with a fluid exsolved directly from the crystallising

Monte Capanne pluton.

Based on the arguments discussed above, we infer (1)

that the felsic magma of the Monte Capanne was the

source of fluid for skarn development in the Procchio

area, and (2) that CH4 was derived from C-bearing,

highly saline magmatic fluids and trapped in fluid inclu-

sions along with the brine (e.g. Kelley and Früh-Green

2001). In this context, precipitation of graphite in calc–

silicates from C-bearing magmatic fluids should have

thus occurred through the reaction (Luque et al. 1998):

CO2 þ CH4 ! 2Cþ 2H2O; ð5Þ

which produced at the same time a graphite-bearing

aqueous fluid and the consumption of part of the gas

(CO2 + CH4) exsolved from the magma. However, we

can also not exclude a local source for CH4 from the

existing graphite through the reaction (Nabelek 2002):

2Cþ 2H2O! CO2 þ CH4; ð6Þ

which could have been promoted by the aqueous fluid

infiltration in calc–silicates.

Despite the fact that there is some scatter in the

data, the isotopic fractionations suggest that the cir-

culating fluids shared the same cooling history as the

aureole during the waning stage of the thermal meta-

morphism. This is attested by the fact that the low-

temperature (T ~200 �C) fluids associated with the

Qtz1–bearing hydrothermal veins were in isotopic

equilibrium (D18(Qtz1–Grt) = ~13&) with the calc–

silicate host rocks during cooling of the Monte Cap-

anne intrusion. On the other hand, the isotopic signa-

ture of the texturally-late Qtz2 veins, documents a

marked isotopic disequilibrium between the precipi-

tating fluids and the calc–silicate host rocks (Fig. 10),

indicating that the magmatic fluids were progressively

replaced by fluids of meteoric origin that deeply cir-

culated near the cooling intrusion.
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Infiltration mechanism

In order to define the infiltration mechanism driving

metasomatism and skarn formation in the inner ther-

mal aureole of the Mount Capanne intrusion, we

consider the following: (1) the infiltrated brines did not

permeate the overlying marbles, and (2) the pathways

of fluid flow are presently tracked in the field by dis-

tribution of the wollastonite-bearing rocks (Ferry et al.

1998, 2001; Nabelek 2002).

The patterns of wollastonite distribution in the calc–

silicate rocks of the Procchio area show prominent

evidence of fracture-controlled fluid flow during skarn

formation, documenting that fracturing assisted min-

eral crystallization at the metamorphic peak; this pro-

cess occurred despite inhibiting factors such as the

elevated temperature (T~600�C). Wollastonite distri-

bution also shows that the pre-metamorphic lithologi-

cal contacts were zones of elevated permeability that

favoured fluid access along the main planar, subhori-

zontal anisotropies parallel to the intrusion–host rocks

contact. A notable component of fluid flow also oc-

curred across layering, through subvertical fractures

that cut through the calc–silicate layers.

The fracture systematics indicate a nearly radial

pattern of fracturing and the fracture abundance

abruptly decreases moving from the inner calc–silicate

beds to the outer marbles. This sudden decrease of

fracture abundance also corresponds to a concomitant

decrease in the amount of veining that in marbles is

limited only to low-temperature quartz segregations.

Our data thus suggest that the contact between marble

and calc–silicate rocks in addition to being a mineral-

ogical and an isotopic boundary also constituted a

major structural/rheological boundary, separating in

the inner aureole brittle deforming rocks below from

ductile deforming ones above.

The contrasting rheological behaviours of the marble

and calc–silicate rocks can be primarily explained by

considering the fact that modes of deformation in calc–

silicates and marbles during pluton emplacement were

dominated by garnet and calcite rheology, respectively.

With garnet being much stronger than calcite in dry

conditions (e.g. Ranalli 1995), the rheological contrast

between these two minerals was responsible for the

brittle fracturing of calc–silicates and the ductile flow in

marbles as long as high temperatures were maintained

during active deformation in the Monte Capanne ther-

mal aureole. Pluton growth might have had a further

impact on the modes of deformation of the calc–silicate

inner aureole, because the occurrence of both tightly

folded leucocratic dykes and radiating fractures set

oriented perpendicular to the pluton/host rock margin

suggests fast strain rates operating during emplacement

of the Monte Capanne intrusion (see Johnson et al.

2001; Albertz et al. 2005). In this view, fast strain rate

during emplacement-related deformation may have

enhanced the brittle behaviour of the inner, high-

strength calc–silicate aureole of the Procchio area.

We infer that after the metamorphic peak was at-

tained in the thermal aureole, ductilely deformed

marbles acted as barrier to fluids exsolved from the

crystallizing intrusion, causing build up of the pore

fluid pressure and promoting hydrofracturing (e.g.

Norris and Henley 1976; Knapp and Knight 1977;

Etheridge 1983; Connolly 1997; Cox et al. 2001) in the

garnet-bearing calc–silicates. The occurrence of a rhe-

ological boundary acting as a barrier to fluids (see also

Ord and Oliver 1997; Sibson and Scott 1998) coupled

with fluid overpressuring is thus here interpreted as a

major factor leading to hydrofracturing and, hence, to

exotic fluid infiltration and skarn mineralization in

calc–silicates (Fig. 11). Reaction-enhanced permeabil-

ity resulting from the volume reduction of solids during

decarbonation and devolatisation reactions could have

also contributed to increase in the pore fluid pressure

in calc–silicates (Rumble and Spear 1983; Yardley and

Lloyd 1995; Connolly 1997; Marchildon and Dipple

1998), especially during the wollastonite-forming

reactions (Zhang et al. 2000).

Once infiltration started, cyclic fluid pumping in-

duced by active deformation during pluton emplace-

ment should have enhanced some form of feedback

between fluid production, hydrofracturing (and seal-

ing) in calc–silicates and ductile flow in the marbles.

Fluid infiltration dominantly occurred through layer

(foliation)-parallel pathways that forced horizontal

Fig. 11 Cartoon showing the pattern of fluid infiltration in the
inner aureole of the Monte Capanne pluton. Fluid exsolved
vertically from the pluton (dashed black arrows) flowed laterally
in a channel defined by the more permeable calcsilicate rocks,
sandwiched between pluton below and the impermeable marbles
above (modified and re-adapted after Jamtveit et al. 1993)
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fluid flow. This resulted in an interconnected fracture

network, which provided an efficient permeability

system for focusing fluids exsolved from the crystal-

lizing Monte Capanne intrusion (Fig. 11). Cooling of

the intrusive body caused the progressive embrittle-

ment of the thermal aureole (Hanson 1995), deter-

mining the cessation of the rheological heterogeneity

(the ductile-brittle boundary at the marble–calc–sili-

cate interface) responsible for the maintenance of the

pore fluid overpressure in the inner aureole. This re-

sulted in diffuse fracturing of the thermal aureole,

which caused the permeability increase in the marbles

and infiltration of external (meteoric) fluids that pro-

gressively constituted the dominant fluids circulating in

the inner aureole (Fig. 11). The paleohydrology of the

thermal aureole surrounding the Monte Capanne

intrusion thus documents a progressive transition from

a magmatic fluid source to a meteoric one, such a

process being controlled by the permeability distribu-

tion and evolution induced by the dynamics of the

cooling intrusion (see also Hanson 1995).

This reconstruction may provide insights into the

deep structure of the long-lasting (from about 3.8 Ma

to the present) active geothermal fields of southern

Tuscany (Mongelli et al. 1998) (Fig. 1). In particular,

data from the thermal aureole of the Monte Capanne

pluton suggest that the dominantly sub-horizontal

permeability distribution in the deepest portions of the

Larderello geothermal field (e.g. Cameli et al. 1993;

Batini et al. 2003) likely corresponds to high-perme-

ability horizons, where circulation of hot magmatic

and/or metamorphic fluid is assisted by hydrofracturing

(see also Vanorio et al. 2004). We infer that fluid

overpressure responsible for hydrofracturing could be

in part the consequence of vertical contrasts in the

rheological properties of the basement rock hosting the

geothermal field (alternating carbonate, calc–silicate

and pelitic protoliths; Pandeli et al. 1991) that are

maintained by the continuous advection of heat driven

by multiple magma inputs from Pliocene onward (Dini

et al. 2005). Active pluton emplacement in a litholog-

ically heterogeneous rock section is thus here proposed

as the major process responsible for both the mainte-

nance of fluid overpressuring and the permeability

creation through hydrofracturing at depth in the geo-

thermal field of Larderello. In this scenario, the ther-

mal and mechanical gradients associated with

emplacement and cooling of the Pliocene–Pleistocene

intrusives can be considered as a major cause for

generating the fracture-controlled permeability field

connecting the deep fluid reservoir with the surficial

(meteoric) fluid circuit, and hence the maintenance of

the hydrothermal circulation in the geothermal field.

Conclusions

The prograde metamorphic sequence described in the

inner aureole of the Monte Capanne pluton documents

infiltration of disequilibrium fluid exsolved from the

cooling intrusion. These fluids permeated an initially

dry thermometamorphic calcareous rock section along

fracture-generated conduits, attesting structurally-

controlled fluid flow during skarn formation in calc–

silicates. Fluid flow was dominantly sub-horizontal,

primarily controlled by the horizontal structures at the

top of the pluton. Evolution of the thermal gradients in

the contact aureole regulated the modes of deforma-

tion (ductile flow vs. fracturing) and, hence, the frac-

ture-induced permeability creation and distribution

within the aureole.

Three major results arise from this study: (1) a

highly heterogeneous distribution of permeability (and

hence heterogeneous fluid flow) is expected during

pluton emplacement; (2) permeability distribution is

primarily controlled by the rheological properties of

the hosting rock section during transfer of heat and

deformation induced by magma emplacement in the

crust; and (3) the hydrodynamic regime at the pluton

roof is dominated by horizontal fluid flow.
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Appendix: analytical techniques

Fluid inclusion analysis

Samples representative of the host rocks and of the

different vein sets were prepared as 200 lm doubly-

polished wafers. They were firstly observed with a

polarizing microscope to define the types of fluid

inclusions, the populations and their genetic relation-

ships. Fluid inclusion analyses were done using: (1)

microthermometry, (2) Raman laser microprobe, and

(3) SEM-EDS analyses. Microthermometry was car-

ried out by using a Linkam THMSG600 freezing–

heating stage at the Istituto di Geologia Ambientale e

Geoingegneria of CNR at the University of Roma ‘‘La
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Sapienza’’. The calibration of the stage was made using

pure natural CO2 inclusions for low temperatures and

synthetic fluid inclusions for high temperatures,

respectively. Reproducibility of the triple point of CO2

at –56.6�C was ±0.1�C. Low temperature (Te, Tm) data

were determined with a 0.5–1�C/min rate, whereas high

temperature (Th, Tms) data with a heating rate of

5–10�C/min, respectively. A Confocal Labram Multi-

channel microspectrometre of the Jobin-Yvon ltd. at

the Dipartimento di Scienze della Terra, Siena Uni-

versity, was used to collect Raman spectra. The

514.5 nm was used as excitation line by an Ar+ ion

laser. A Scanning Electron Microscope (SEM) study

was also performed. The EDS spectra were obtained

on opened fluid inclusions. Samples were prepared

according to Salvi and William-Jones (1990). The

composition of the powdery mass that precipitates in-

side the cavities was defined by means of EDS analy-

ses. In few cases, solids inside the inclusions were also

analyzed. Qualitative EDS analyses were performed

using a Cameca SX50 electron microprobe fitted with 5

WDS spectrometers and 1 EDS Link eXL detector at

the Istituto di Geologia Ambientale e Geoingegneria

of CNR at the University of Roma ‘‘La Sapienza’’.

Isotope analysis

Analyses of calcites and silicate minerals were done at

the laboratories of Mass Spectrometry at the Istituto di

Geologia Ambientale e Geoingegneria of CNR at the

University of Roma ‘‘La Sapienza’’. Oxygen isotope

data of silicate samples were produced by laser fluori-

nation (Sharp 1990), reacting 1.5–1.8 mg fragments in a

F2 gas atmosphere. A 15 W CO2 laser, operating at a

wavelength of 10.6 m to irradiate the samples, and

pure fluorine desorbed at 320�C from hexafluoropo-

tassium–nickelate salt (Asprey 1976) as a reagent were

employed. The O2 produced during laser fluorination

was purified of excess fluorine and transferred to a cold

finger with a 13 A molecular sieve. Further, oxygen gas

purification was achieved by desorbing oxygen from

the molecular sieve at –110�C using a liquid nitrogen–

ethanol mixture. The purified gas was then transferred

to a Finnigan Delta plus mass spectrometer for oxygen

isotope analysis. A lab standard calibrated against NBS

28 standard was measured several times during the

analysis session; its standard deviation after 15 repeti-

tions is equal to 0.1. An amount of 100–150 lg of

powdered calcium carbonate were used for oxygen and

carbon isotope analysis. The extraction of CO2 was

done using the automated Kiel II - Finnigan carbonate

device. The calcium carbonate reacted in phospho-

ric acid (H3PO4) at 72�C until all carbonate was

completely digested; resultant CO2 was purified of

contaminant water vapour and then analyzed on a

Finnigan Mat 252 mass spectrometer. Results are

generally reproducible to ± 0.1& or better. The oxy-

gen and carbon isotope compositions are reported as

deviation in part per mil relative to the SMOW

(Standard Mean Oceanic Water) and PDB (Pee Dee

Belemnite) standards, respectively.
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