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Abstract

Several samples of Cl-rich amphiboles coming from oceanic and sub-continental gabbro 
bodies has been studied in order to compare their microstructural and compositional 
peculiarities and to investigate the fluid-rock interactions in different geodynamic contexts. 
The development of a first group of amphiboles outcropping in the Northern Apennines was 
the result of a hydration event that has been ascribed to oceanic metamorphism. The second 
group was collected from a slice of continental crust subducted during Alpine collision, 
in a subcontinental metagabbro from the Sesia-Lanzo Zone of Italian Western Alps. Their 
development has been ascribed to a hydrothermal event that took place after the exhumation 
of the metagabbro during pre-Alpine lithospheric extension. The Cl-amphiboles are found in 
veins, as granoblastic aggregates in different microstructures, or as rims of zoned amphiboles, 
where brown-amphibole cores (sometimes Ti-rich), and successive green amphibole, are 
rimmed by the Cl-rich amphibole. All amphiboles show edembergite to pargasite compositions 
up to glaucophane and crossites when reequilibrated under HP conditions, with a direct 
correlation between Fe and Na(A) vs. Cl content, and inverse correlation of Mg and Na(M4) 
vs. Cl. A comparison with other Cl-amphiboles that have been observed both in oceanic and 
continental settings, allow discussing the role played by Cl-rich fluids infiltration both in 
oceanic and continental crust, during lithospheric extension. The large variations in Si, AlIV, 
AlVI, Fe, Mg, K and Cl may be related to the combination of different factors, such as Cl-
content and related cristal-chemical constraints, whole rock composition, PT conditions of 
reequilibration, the microdomains where the amphibole grows and the variable aHCl/fluid/aH2O/

fluid ratio of the fluid in equilibrium with the amphiboles at various stages of the metamorphic 
evolution. Amphiboles that locally contain extremely high Cl contents (up to 4% wt) could 
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Introduction

The study of fluids circulating in the Earth’s 
crust and contributing to its transformations is 
extremely important as it can give insights on the 
mechanisms governing fluid rock interactions 
in different geodynamic environments and at 
different structural levels. These fluids can be 
investigated with various methods, but special 
attention needs to be given to the vein filling 
minerals and “hydrous” assemblages. 

Amphiboles are amongst the most common 
hydrous minerals present in mafic rocks 
and in addition, thanks to the large number 
of independent crystallographic sites with 
varying coordination numbers (Ungaretti, 
1981; Hawthorne, 1983; Rossi and Ungaretti, 
1989), various isomorphic substitutions, either 
iso- or etero-valent are possible. The resulting 
wide range of possible compositions allows 
their crystallization in a broad interval of P-T 
conditions making them a sensitive indicator 
of PT variations. Investigating into their 
crystallographic, chemical and geochemical 
characters provides a key to understanding the 
metamorphic evolution of their host rocks and 
the mechanisms of mineral reactions.

Cl-bearing minerals are evidence of the 
Cl content of the fluids circulating during 
metamorphic processes. In particular, Cl-rich 
amphiboles have been recognized in various 
geological contexts and rocks types around the 
world (see Kullerud, 1999). 

In the present article we will focus on the 
comparison between the microstructural and 
compositional character of two groups of Cl-
rich amphiboles included in gabbro bodies 
coming from different paleotectonic scenarios.

The first group of amphiboles is found in 
gabbros from the Northern Apennines (from 
different localities, i.e. Bonassola, Monte 
Capra), and is related to the ophiolitic units. 
These amphiboles developed in mafic rocks 
subsequently to a hydration event ascribed 
to oceanic metamorphism (Riccardi, 1994). 
The second group of amphiboles is found in 
subcontinental Corio and Monastero gabbros 
from the Sesia-Lanzo unit of the Western 
Alps, the widest tectonic slice of continental 
crust subduced during Alpine collision. The 
development of the above amphiboles has been 
ascribed to a hydrothermal event that took place 
after the exhumation of the metagabbros in 
pre-Alpine times and before their subduction 
(Rebay and Spalla, 2001).

Geologic setting and field relations

Ophiolitic rocks surfacing in the outer units of 
the Apennine orogeny (Figure 1) represent the 
remnants of the ancient Jurassic lithosphere of 
the Ligure-Piemontese oceanic basin, originally 
interposed between Europe and Adria plates  
(Decandia and Elter, 1972; Dal Piaz, 1974; 
Beccaluva et al., 1980; Pognante and Piccardo, 
1984; Lemoine et al., 1987; Piccardo et al., 1990).

have been in equilibrium with a locally enriched Cl-fluid. As suggested by the fact that the 
Cl content of amphibole into the veins is generally lower than in amphibole rims far from the 
veins, these equilibrium conditions probably were reached at places where the system was 
locally closed. In addition, hydration reactions consumed the H2O component of the fluid, 
leading to a re-equilibration of the crystallising amphibole with the remaining Cl-enriched 
fluid. Equilibration temperatures up to 350 °C can be attributed to the Northern Apennines 
amphiboles, and up to 550 °C to the ones from the Sesia-Lanzo Zone.

Key words: Cl-amphibole; Northern Apennine; Sesia-Lanzo Zone; Cl-rich fluids.



Periodico di Mineralogia (2015), 84, 3B (Special Issue),  751-777 Fluid rock interactions as recorded by Cl-rich… 753

Figure 1. a) Location of the sampling areas: A = Sesia Lanzo zone, Corio and Monastero metagabbro; B 
= Liguria, Northern Apennine, Bonassola and Monte Capra gabbros. 1 = Helvetic basement; 2 = Penninic 
basement; 3 = Austroalpine basement; 4 = Southalpine basement; 5 = Tertiary intrusive stocks; 6 = Apennines. 
b) PT evolution for the Northern Apennines gabbros (Riccardi, 1997; Molli,1996) in yellow, and for the Sesia 
Lanzo metagabbro (Rebay and Spalla, 2001) in blue. Ornamentation evidences PT conditions at which fluid 
infiltration occurred.
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The ophiolitic rocks outcropping in the Northern 
Apennine sequence comprise gabbros, intruding 
variably serpentinized peridotites. These gabbros 
derive from the fractional crystallization of 
MORB fluids within shallow magmatic chambers 
(Serri, 1980; Piccardo, 1984; Hebert et al., 1989; 
Rampone, 1998; Renna and Tribuzio, 2011). They 
are covered by mono- and polygenic brecciae 
(Gianelli and Principi, 1974), that are often 
intercalated with basaltic lavas (Abbate et al., 
1980; Serri, 1980) locally forming thick, doleritic 
bodies, or displaying pillow structures, often 
associated with ialoclastites and pillow brecciae. 
Single basaltic dykes or dyke swarms are also 
found within the serpentinites, the gabbros and 
the brecciae. These rocks are covered by a 
sedimentary sequence made of clastic rocks, with 
clasts deriving from the ophiolites (Cortesogno 
et al., 1987), followed by jaspers, limestones 
(“Calcari a Calpionelle”) and pelites (“Argille a 
Palombini”), (Abbate and Sagri, 1970; Decandia 
and Elter, 1972; Principi et al., 2004).

The ophiolitic rocks of Northern Apennine, 
preserve evidences of a poliphase retrograde 
evolution followed by re-equilibration under 
amphibolite and then greenschist facies 
conditions associated with pervasive hydration, 
during oceanic metamorphism. The hydrothermal 
alteration of the oceanic lithosphere took 
place from amphibolite- to greenschist-facies 
conditions, when fluids pervasively affected all 
lithologies. All the phases of this hydration are 
accompanied by growth of amphiboles, collected 
from reconstruction of the metamorphic evolution. 
The inferred evolution implies gabbro intrusion at 
moderate depths followed by their exhumation, 
accompanied by intense deformation along shear 
zones under amphibolite facies conditions. The 
last stages imply fluid circulation and exhumation 
up to greenschist-facies conditions associated 
with ductile-brittle deformation (Cortesogno 
and Lucchetti, 1982; 1984a; 1984b; Messiga 
and Tribuzio, 1991; Molli, 1992; Molli, 1996; 
Tribuzio, 1992; Riccardi et al., 1993; Riccardi, 

1994; Tribuzio et al., 2004; Sanfilippo and 
Tribuzio, 2011; Tribuzio et al., 2014). It is likely 
that hydrothermal fluids were ocean derived, but a 
complex interaction with late magmatic fluids has 
also been postulated (Tribuzio et al., 2014) for part 
of the evolution. This retrograde metamorphic 
evolution is associated with high T/P ratios, in 
an extensional regime consistent with an ocean 
ridge environment (Figure 1). Absolute ages of 
ophiolite formation and of the hydrothermally 
assisted metamorphism range between 180 Ma 
and 150 Ma (Beccaluva et al. 1980; Bortolotti et 
al., 1990).

Amphiboles are present in deformed rocks 
(tectonitic flaser gabbros and mylonites), and 
in coronitic, unfoliated rocks. Pseudomorphs 
of green to blue-green amphiboles after mafic 
primary minerals (pyroxene and olivine) are 
widespread. Continuous or discontinuous 
coronitic textures, green or colorless aggregates 
after brown-red amphiboles, and compositional 
zonations of tardo-magmatic amphiboles are 
all the result of the interaction of igneous rocks 
with hydrothermal fluids. Moreover widespread 
fractures (from one mm to several dm wide) 
filled by amphibole crosscut foliated and 
massive gabbros. The different magmatic and 
hydrothermal events are marked by different 
parageneses, all involving amphiboles of different 
compositions, replacing the original igneous 
mineral assemblages. Hydrothermal fluids 
permeated the gabbros not only through fractures, 
but also along grain boundaries or along foliations 
(Riccardi, 1994; Tribuzio et al, 2014). 

At Bonassola, successive fractures associated 
with different hydration episodes are pervasively 
developed and overprinting relationships are 
evident: i) a system of parallel, millimetric veins 
filled by green amphibole is associated to shear 
zones. These veins crosscut at a high angle the 
metamorphic foliation. ii) A later system of 
conjugate fractures, from few mm to some cm 
wide, filled by green amphiboles, crosscut the 
previous veins and the metamorphic foliation. 
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They generally occur as larger, centimetric 
veins surrounded by smaller micro-veins, few 
millimetres wide. The walls of the veins are sharp 
and open, with no displacements. Some of these 
veins may be up to 10 cm wide (Riccardi, 1994; 
Tribuzio et al., 2014).

The Sesia-Lanzo Zone (Figure 1) is a 
polymetamorphic basement mainly consisting 
of continental crust with intruded subcontinental 
gabbros pervasively eclogitised during Alpine 
times. This basement comprises metapelites, 
metagranitoids, scattered mafic and ultramafic 
bodies and marbles (Compagnoni et al., 1977). 
The main Alpine eclogitic imprint is dated at 
75-65 Ma (Duchene et al., 1997; Rubatto et al., 
1999; Meda et al., 2010; Roda et al., 2012) with 
portions that preserve older HP imprints at 85-75 
Ma (Regis et al., 2014 and references therein), 
up to 130 Ma (Hunziker et al., 1992). Little is 
known about the pre-Alpine configuration and 
evolution because of the widespread Alpine 
high pressure re-equilibration. Some relics of 
pre-Alpine granulites and amphibolites have 
been described in the metapelites, both in the 
northern and southern parts of the Sesia-Lanzo 
Zone (Compagnoni et al., 1977; Lardeaux et 
al., 1982; Spalla et al., 1983; Pognante et al., 
1987; Lardeaux and Spalla, 1991; Rebay and 
Spalla, 2001; Rebay, 2003). Lardeaux and 
Spalla (1991) describe the P–T evolution of 
basic and acid “granulitic” relics. A granulite 
facies imprint at T = 700-800 °C, P = 0.7-0.9 
GPa, is followed by an amphibolite (T = 600 
°C, P = 0.4-0.5 GPa) to greenschist facies re-
equilibration (T about 500 °C). 

Consistently, Rebay and Spalla (2001), 
describe the structural and metamorphic pre-
Alpine evolution of the Corio and Monastero 
metagabbros as recording a re-equilibration 
following the emplacement in the deep crust (P = 
0.6-0.9 GPa and T = 850° ± 70 °C), exhumation 
through amphibolite facies conditions (P = 
0.5-0.35 GPa and T = 570-670 °C), with a 
successive greenschist facies imprint (0.25 < 

P < 0.35 GPa and T-550 °C). This exhumation 
was associated with different episodes of fluid 
infiltration in the gabbro, testified by different 
generations of veins. Acid granulite relics are 
present in the surroundings of the Corio and 
Monastero metagabbros, where the Sesia-Lanzo 
Zone (Figure 1) has experienced - at least since 
the early Alpine stages - a common deformation 
history together with the ophiolitic units of the 
Piedmont ocean and the ultramafics of the Lanzo 
Massif (see also Gosso et al., this volume). The 
retrograde pre-Alpine P–T evolution, which is 
reconstructed thanks to its preservation in less 
deformed domains within mostly eclogitised 
rocks (see Gosso et al., this volume), suggests 
that the exhumation occurred under a high 
thermal regime, such as that resulting from 
lithospheric thinning announcing continental 
rifting, as proposed for the Southalpine and 
Austroalpine domains during Permian times 
(Diella et al., 1992; Schuster et al., 2001; 
Marotta et al., 2009).

Rock description and microstructures

Common elements in both Apennines and 
Alps are the type of rocks where the Cl-
amphiboles are found, i.e. intrusives of mafic 
composition, and the microstructural position of 
the Cl-amphiboles. The latters are either found 
in veins or as rims of complexly zoned grains or 
as aggregates in different microdomains. Zoning 
usually involves brown-amphibole cores (Ti-
rich high temperature hornblendes), and green 
amphibole rims (intermediate temperature 
green hornblende), with the Cl-rich amphibole 
rimming the latter. Finally in both cases no other 
Cl-bearing minerals have been detected in the 
studied samples.

Cl-amphiboles are found in a series of different 
microstructures. In the Northern Apennine, 
the study of 15 samples allowed to recognise 
that inFe- and Mg-gabbros (Figure 2 a,b) three 
different microstructures may be distinguished 
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(Figure 3):
a) rims of brown or green hornblende;
b) veins in plagioclase microdomain;
c) acicular aggregates (coronae between mafic 

minerals and plagioclase, or aggregates within 
the plagioclase microdomain);

in the Sesia Lanzo Zone metagabbros (Figure 
4), the analysis of 20 samples allowed to 
recognise that Cl-amphiboles are found:

a) as rims of brown or green hornblende;
b) in veins through plagioclase, pyroxene or 

brown amphibole;
d) as granoblastic zoned aggregates in a 

carbonate bearing microdomain;
e) as acicular aggregates in the plagioclase 

microdomain.
In the Northern Apennines, in Fe-gabbros 

the presence of a green amphibole rim 
pseudomorphing the magmatic brown-
amphibole, and the acicular aggregates usually 
formed at the original grain boundaries on the 
plagioclase microdomain, is strictly associated 
with the presence of veins (Figure 2a).

In addition, a more Cl-rich amphibole rim 
developed around zoned amphiboles (brown 
hornblende core and green hornblende mantle) 
(Figure 3a). Green and colorless acicular Cl-
amphiboles are found as coronae or as rounded 
fibrous aggregates around primary minerals 
(Figures 2 a,b), in microfractures (Figure 3b) 
and along the twinning planes of igneous 
plagioclase (Figure 3c).

In veins the most common paragenesis is green 
Cl-amphibole, chlorite and interstitial colorless 
amphibole; amphiboles rim the veins towards the 
plagioclase microdomain (Figure 3b). When veins 
crosscut primary mafic minerals, there is a partial 
to total replacement by green amphibole (Figure 
3c). Plagioclase is mostly pseudomorphosed by 
albite and crosscut by veins (Figures 2 a,b and 3 
b,c), with the following mineral sequence: large 
idioblastic green amphiboles (Hbl2 in Figure 3d), 
Cl- and Fe-rich amphibole (Figure 3d) and late 
colorless amphiboles.

In Sesia Lanzo metagabbros the Cl-amphiboles 
microstructures partially coincide with those 
from the Northern Apennines.  Successive 
different generations of veins recognizable in 
the field contain distinctive minerals such as Cl-
amphiboles or chlorite. Carbonates (calcite and 

Figure 2. Microphotographs, in plane polarized light, 
of a) Fe-gabbros and b) Mg-gabbros from the Northern 
Apennines (Monte Capra and Bonassola). Plagioclase 
is in both examples not preserved and substituted by an 
intergrowth of albite + epidote + chlorite (plagioclase 
microdomain). Dark green-bluish Cl-amphiboles are 
found as rims around brown to green amphibole, in 
veins crosscutting the plagioclase microdomain and in 
acicular aggregates along the primary minerals.
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ankerite) with lozenge-shaped opaque inclusions, 
and Fe–Ti-oxides are sometimes overgrown, 
and often completely replaced, by Cl-rich 
green-blue amphibole. These amphiboles are 
also found in millimeter to centimeter veinlets 
that crosscut all microdomains (epidote, albitic 
plagioclase, pseudomorphs after plagioclase, 
talc after orthopyroxene), and they rim brown 
and green amphiboles. Locally, they are rimmed 
by a yellowish edenitic hornblende. All these 
observations point to fluid circulation related to 
these fluids to be pre-Alpine.

A second set of veins is chlorite bearing. Its 
relationship with the Cl-amphibole-bearing 
veins has not been observed so far in the 
field, but in coronitic rocks chlorite growth is 
successive to Cl-amphibole. An-rich plagioclase 
is not transformed when crosscut by wide (up to 
1 cm) chlorite veins. In contrast, mafic minerals 
such as orthopyroxene, clinopyroxene and 
brown amphibole are replaced, respectively, 
by talc, green amphibole and chlorite + talc 
+ opaque minerals. Where chlorite veins 
are thin, widespread and closely spaced, a 
pervasive mineral replacement, giving rise to a 
homogenisation of the different microdomains, 
occurs. Plagioclase is replaced by an aggregate 
of albite2, epidote2, amphibole2, and chlorite. 
Retrogressive transformations are more 
effective in shear zones where fine-grained 
epidote, plagioclase, amphibole, chlorite and 
opaques developed.

Figure 3. Microphotographs of details of Cl-amphibole 
textures in Fe-gabbros from Northern Apennines. 
a) zoned amphibole has red-brown hornblende core 
and green hornblende mantle. The green-blue rim 
is Cl-amphibole; b) in veins through plagioclase 
microdomain, green amphibole and Cl-amphibole are 
present; c) Cl-amphibole rims around green amphibole 
and pyroxene, as well as along cleavage of substituted 
plagioclase; d) in veins, green idioblastic hornblends 
(Hbl2) are crosscut by Cl-amphiboles. 



Periodico di Mineralogia (2015), 84, 3B (Special Issue),  751-777 G. Rebay et al.758

In undeformed rocks retaining “magmatic” 
or granoblastic textures, Cl-amphibole rims 
zoned, brown to green hornblende (Figure 
4a), fills veins crosscutting the plagioclase 
and mafic mineral domains (Figure 4b) and 
develops in aggregates replacing the plagioclase 
microdomain (Figures 4 a,c). In rare coronitic 
samples a microdomain characterized by a 
carbonate (calcite, ankerite), with Fe-oxides 
aligned at 120°, testifies the circulation of CO2-
rich fluids.  Dark-green extremely Cl-rich zoned 
amphiboles grow in this microdomain, and 
are rimmed by actinolites and a garnet corona. 
In more deformed rocks this microdomain is 
characterized by an aggregate of granoblastic 
Cl-amphiboles, with a calcic amphibole 
core, a sodic-calcic mantle and a sodic blue 
amphibole rim, all Cl-bearing. In completely 
eclogitised samples, this site is replaced by a 
single crystal of blue amphibole, with small Cl-
amphibole inclusions in the core (Figure 4d). 
Glaucophane may replace brown amphibole, 
actinolitic amphibole and Cl-rich amphiboles, 
completely or partially, starting from the rims. 
In these cases it is possible to locally find Cl-
amphibole that are calcosodic-or sodic (see also 
Table 2) pointing to a recrystallization at high-P 
conditions of amphiboles locally in equilibrium 
with Cl-enriched fluids. These observations 

Figure 4. Microphotographs of details of Cl-amphibole 
textures in Fe-metagabbronorite from Sesia Lanzo 
zone. a) Cl-amphibole (deep blue-green) rimming 
brown-green hornblende (lower left side of image) 
and in the carbonate microdomain. Note the small 
vein across plagioclase microdomain in the upper 
right corner; b) a vein crosscutting all microdomains. 
Cl-amphibole (dark blue) grows only when the 
veins crosses the brown hornblende. Glaucophane 
(Gln) partially substitutes mafic minerals; c) Cl-
amphibole aggregate in the carbonate microdomain 
and overgrowing the plagioclase microdomain; d) Cl-
amphibole thin rim around brown hornblende core in a 
glaucophane crystal.
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indicate that Cl-amphibole developed before HP 
metamorphism, and that only in limited cases 
these amphiboles have recrystallized locally (as 
rims) during the prograde alpine path.

Cl-amphiboles are also found in other 
microdomains:

- in veins, in the plagioclase microdomain 
crosscutting the aggregate of epidote, albite + 
chlorite and amphibole after plagioclase, and 
in mafic mineral microdomains along pyroxene 
cleavage planes;

- as rims of brown hornblende;
- in granoblastic aggregates in plagioclase 

microdomain toghether with chloritoid (in this 
case the Cl-amphibole is sodic or calco-sodic);

- in up to 50 cm wide bands made of green 
amphibole (as a mantle rim between a brown 
amphibole core and an actinolitic rim or in veins 
cutting larger actinolitic amphiboles), probably 
representing amphibole rich veins similar to 
those observed in ophiolites.

Mineral Chemistry

Minerals were analysed with a JEOL JXA-
840A microprobe of Centro Grandi Stumenti, 
Università di Pavia. Natural silicates and oxides 
were used as standards, and 11 elements were 
measured, using the program TASK and the PRZ 
correlation matrix, with an estimated precision 
of 3% on major elements and 10% on minor 
elements. The accelerating voltage was 20 kV 
with a 20 nA current, on a 5 μm area in order 
to reduce matrix effects. The structural formulae 
were calculated using the program AMPH  ETH, 
Zurich; amphibole formulae were recalculated 
on the basis of 23 oxygens, according to the 
method described by Laird e Albee (1981) and 
the IMA classification of  Leake et al. (2004), and 
using a diagram comparing (Na+K)A and AlIV, 
thus visualising the edenitic and tschermakitic 
substitutions which are very important in Cl-
bearing amphiboles (Figure 5). Representative 
mineral compositions of Cl-amphiboles with 

indications of the microstructural domains 
where amphibole are found and the type of 
rocks hosting them are listed in Table 1 for 
the Northern Apennine and in table 2 for Sesia 
Lanzo.

The crystallization of Cl-amphiboles depends 
from several factors: a) the amphibole structure 
(Vollfinger et al., 1985; Makino et al., 1993; 
Oberti et al., 1993 and references therein); b) the 
PT conditions of crystallization; c) whole rock 
composition; d) the composition of the fluids 
(Kullerud, 1996; Kullerud & Erambert, 1999; 
Kullerud et al., 2001).

According to some authors the Cl content of 
amphibole is principally controlled by the Fe/
Mg ratio (Volfinger et. al., 1985), whereas others 
(Oberti et al., 1983) have pointed out that there 
are several consequences on amphibole structure 
when Cl is incorporated (more K in the A site 
and substitution of Al for Si in the tetrahedral 
site). However, the implications of the two 
models of incorporation of Cl in amphibole are 
substantially different: the first one is based on 
the assumption of a constant composition of the 
fluid, whereas the second implies that variations 
in amphibole Cl content are controlled by the 
aCl-/aOH- .

Cl incorporation in the amphibole structures 
is in the O3 site, more exactly in the satellite 
site O3’ (Oberti et al., 1993). Cl has a large 
ionic radius and substitutes the OH- group. This 
substitution is favoured by an enlargement of the 
tetrahedric chain and of the octahedral ribbon. 
The enlargement of these two structural units 
can be achieved by Al-Si substitution in the 
tetrahedric chain and with the contemporaneous 
entrance of Fe in the octahedral sites (Ito 
and Anderson, 1983; Oberti et al., 1993 and 
references therein). Therefore the chemical 
composition of Cl-amphiboles in terms of Na, 
K, Fe, Al and Si is dependent on Cl content for 
the same whole rock composition and (P) T 
conditions (Morison, 1991; Oberti et al., 1993; 
Kullerud 1996; Sato et al., 1997; Markl and 
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 Table 1. Representative analyses of Cl-amphiboles from the Northern Apennine.

Mg-gabbro

 rims of AMP veins in PL - 1

 Parg-Hb Parg-Hb parg-Hb Ed Mg-Hb Ed-Hb Ed

SiO2 44.21 45.97 47.31 48.40 48.98 46.45 48.41

TiO2 2.26 1.21 1.44 0.38 0.14 0.43 0.33

Al2O3 13.51 9.03 8.18 8.88 5.70 9.24 8.89

Cr2O3 0.01 0.00 0.00 0.00 0.00 0.00 0.00

FeO 10.81 12.18 11.57 10.64 18.42 12.17 11.59

MnO 0.14 0.22 0.20 0.13 0.20 0.18 0.14

MgO 14.02 14.55 15.01 16.15 12.27 15.88 16.09

CaO 11.15 11.66 11.87 11.96 11.57 12.03 12.16

Na2O 2.33 2.15 1.84 1.87 1.26 2.04 1.92

K2O 0.24 0.28 0.21 0.12 0.11 0.13 0.10

Cl 0.18 0.22 0.20 0.20 0.18 0.20 0.16

Tot 99.22 97.42 97.78 98.68 98.79 98.70 99.75

        

Si 6.32 6.75 6.88 6.91 7.20 6.66 6.85

Ti 0.29 0.13 0.16 0.04 0.01 0.05 0.03

Al 2.28 1.57 1.40 1.49 0.98 1.57 1.49

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mn 0.02 0.03 0.03 0.02 0.02 0.02 0.02

Mg 2.99 3.19 3.25 3.44 2.69 3.40 3.40

Ca 1.71 1.83 1.85 1.83 1.82 1.85 1.84

Na 0.65 0.61 0.52 0.52 0.36 0.57 0.53

K 0.04 0.05 0.04 0.02 0.02 0.02 0.02

Cl 0.04 0.06 0.05 0.05 0.04 0.05 0.04

Fe3+ 0.00 0.00 0.00 0.06 0.21 0.43 0.20

Fe2+ 1.10 1.33 1.26 1.04 1.94 1.31 1.02

AlIV 1.68 1.25 1.12 1.09 0.80 1.34 1.15

AlVI 0.60 0.32 0.28 0.40 0.18 0.23 0.34

NaM4 0.10 0.00 0.02 0.00 0.00 0.00 0.00

NaA 0.55 0.61 0.50 0.52 0.36 0.57 0.53
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 Table 1. Continued…

Mg-gabbro Fe-gabbro

veins in PL - 2 aggregates

Mg-Hb Mg-Hb Mg-Hb FeHb-parg FeHb-parg FeHb-parg FeHb-parg FeHb-parg

SiO2 49.07 47.73 48.51 40.79 40.98 40.46 39.48 40.86

TiO2 0.09 0.10 0.10 0.12 0.24 0.13 0.00 0.00

Al2O3 6.88 7.59 7.30 15.34 11.46 12.65 12.01 11.78

Cr2O3 0.00 0.00 0.00 0.05 0.07 0.09 0.08 0.08

FeO 16.04 16.37 13.63 19.97 25.36 27.15 27.11 27.44

MnO 0.21 0.19 0.22 0.27 0.32 0.26 0.13 0.27

MgO 13.13 13.06 13.63 7.74 5.34 4.26 4.09 4.32

CaO 11.75 11.29 11.72 11.51 11.38 11.64 11.47 11.43

Na2O 1.54 1.74 1.74 2.72 2.41 2.49 2.36 2.33

K2O 0.13 0.12 0.13 0.07 0.22 0.16 0.12 0.16

Cl 0.33 0.12 0.41 0.33 0.39 0.44 0.52 0.57

Tot 99.10 98.48 99.53 98.84 98.08 99.63 97.25 99.11

         

Si 7.14 7.01 7.03 6.13 6.38 6.24 6.24 6.34

Ti 0.01 0.01 0.01 0.01 0.03 0.02 0.00 0.00

Al 0.67 1.31 1.25 2.72 2.10 2.30 2.24 2.15

Cr 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01

Mn 0.03 0.02 0.03 0.03 0.04 0.03 0.02 0.04

Mg 2.85 2.86 2.94 1.73 1.24 0.98 0.96 1.00

Ca 1.83 1.78 1.82 1.85 1.90 1.92 1.94 1.90

Na 0.43 0.49 0.49 0.79 0.73 0.74 0.72 0.70

K 0.02 0.02 0.02 0.01 0.04 0.03 0.02 0.03

Cl 0.08 0.09 0.10 0.08 0.10 0.12 0.14 0.15

Fe3+ 0.05 0.13 0.16 0.18 0.30 0.41 0.52 0.42

Fe2+ 1.73 1.60 1.48 2.18 2.90 3.01 3.01 3.04

AlIV 0.34 0.99 0.97 1.87 1.62 1.76 1.76 1.66

AlVI 0.33 0.32 0.28 0.85 0.48 0.54 0.48 0.49

NaM4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

NaA 0.43 0.49 0.49 0.79 0.73 0.74 0.72 0.70
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Table 2. Representative analyses of Cl-amphiboles from the Sesia-Lanzo zone (Corio and 
Monastero).          
  

meta-Fe-gabbro norite

granoblastic aggregates veins in PL veins in PX

Al-rich Al-rich Al-
rich

Al-
rich

Al-
rich

Al-
rich Al-rich Al-rich Fe-

Barr Al-rich Barr Al-
rich

SiO2 36.75 38.88 38.43 37.68 37.68 36.09 37.76 37.86 37.68 38.88 38.20 52.65

TiO2 0.40 0.58 0.29 0.28 0.18 0.52 0.37 0.39 0.30 0.12 0.12 0.29

Al2O3 14.45 12.15 12.44 10.26 14.19 12.49 16.35 14.23 11.72 15.39 15.04 1.66

Cr2O3 0.07 0.09 0.00 0.06 0.00 0.11 0.08 0.08 0.08 0.02 0.02 0.07

FeO 28.02 28.68 26.16 27.24 25.98 30.86 26.79 26.95 27.59 26.93 26.03 17.72

MnO 0.19 0.19 0.11 0.15 0.09 0.23 0.18 0.19 0.13 0.15 0.12 0.04

MgO 2.92 2.65 3.82 3.82 3.32 1.51 2.64 3.25 3.45 2.13 2.42 12.77

CaO 10.43 9.98 10.52 10.73 10.03 10.42 9.92 10.04 10.86 9.47 9.19 11.77

Na2O 3.56 3.75 3.31 3.96 3.39 3.38 3.72 3.77 3.38 3.83 3.24 1.25

K2O 1.22 0.91 0.83 0.95 0.87 1.14 1.00 1.00 1.00 0.92 0.91 0.14

Cl 3.22 2.71 2.83 4.20 2.82 3.09 2.82 3.04 3.76 2.90 2.67 0.13

Tot 101.23 100.57 98.74 99.33 98.55 99.84 101.63 100.80 99.95 100.74 97.96 98.49

 

Si 5.82 6.18 6.17 6.23 6.03 5.90 5.85 5.96 6.72 6.09 6.09 6.11

Ti 0.05 0.07 0.04 0.04 0.02 0.06 0.04 0.05 0.05 0.01 0.01 0.04

Al 2.70 2.28 2.35 2.00 2.68 2.41 2.99 2.64 1.67 2.84 2.83 2.24

Cr 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.02 0.00 0.00 0.01

Mn 0.03 0.03 0.02 0.02 0.01 0.03 0.02 0.03 0.02 0.02 0.02 0.02

Mg 0.69 0.63 0.91 0.94 0.79 0.37 0.61 0.76 1.17 0.50 0.58 0.84

Ca 1.77 1.70 1.81 1.90 1.72 1.82 1.65 1.69 1.62 1.59 1.57 1.89

Na 1.09 1.16 1.03 1.27 1.05 1.07 1.12 1.15 1.01 1.16 1.00 1.06

K 0.25 0.18 0.17 0.00 0.18 0.24 0.20 0.20 0.17 0.18 0.19 0.21

Cl 0.86 0.73 0.77 1.18 0.76 0.86 0.74 0.81 0.73 0.77 0.72 1.03

Fe3+ 0.68 0.48 0.42 0.20 0.57 0.70 0.60 0.59 0.35 0.41 0.63 0.40

Fe2+ 3.03 3.33 3.09 3.57 2.91 3.52 2.87 2.96 3.01 3.12 2.84 3.35

AlIV 2.18 1.82 1.83 1.77 1.98 2.10 2.15 2.04 1.28 1.91 1.91 1.89

AlVI 0.52 0.45 0.52 0.23 0.70 0.30 0.84 0.61 0.39 0.94 0.92 0.36

NaM4 0.23 0.30 0.19 0.10 0.28 0.18 0.35 0.31 0.38 0.41 0.43 0.11

NaA 0.86 0.86 0.84 1.17 0.77 0.90 0.77 0.85 0.64 0.75 0.57 0.95
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Table 2. Continued…

meta-Fe-gabbro norite

veins in AMP rims of AMP aggregates

Fe-
Barr

Fe-
Barr

Cross Al-
rich

Fe-
Barr

Al-
rich

sl46i sl6237 Act Act

SiO2 40.44 41.59 38.78 36.87 40.36 38.50 36.87 36.45 46.52 49.48

TiO2 0.06 0.09 0.42 0.32 0.09 0.00 0.32 0.24 0.30 0.16

Al2O3 8.45 9.15 12.24 11.83 7.02 15.89 11.83 13.51 5.80 5.77

Cr2O3 0.19 0.24 0.13 0.18 0.27 0.05 0.18 0.03 0.09 0.04

FeO 25.00 25.42 27.33 26.00 24.83 24.69 26.00 23.93 23.09 15.94

MnO 0.14 0.15 0.20 0.14 0.17 0.15 0.14 0.06 0.18 0.25

MgO 5.05 4.81 3.30 2.64 4.62 3.57 2.64 4.26 8.18 13.77

CaO 10.22 10.28 10.62 8.94 9.92 8.97 8.94 10.23 9.17 8.13

Na2O 2.43 2.59 3.22 4.43 2.38 2.98 4.43 1.62 2.88 2.53

K2O 0.56 0.54 1.05 1.17 0.45 0.51 1.17 3.25 0.41 0.18

Cl 2.20 2.24 3.70 3.84 2.34 2.07 3.84 4.69 1.22 0.19

Tot 94.74 97.10 100.99 96.36 92.45 97.38 96.36 98.27 97.84 96.44

 

Si 6.64 6.66 6.18 6.22 6.84 6.00 6.22 6.00 7.73 7.58

Ti 0.01 0.01 0.05 0.04 0.01 0.00 0.04 0.03 0.03 0.02

Al 1.64 1.73 2.30 2.36 1.40 2.92 2.36 2.62 0.29 0.51

Cr 0.03 0.03 0.02 0.02 0.04 0.01 0.02 0.00 0.01 0.01

Mn 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.01 0.01 0.02

Mg 1.24 1.15 0.78 0.66 1.17 0.83 0.66 1.05 2.80 2.72

Ca 1.80 1.76 1.81 1.62 1.80 1.50 1.62 1.80 1.85 1.71

Na 0.77 0.80 1.00 1.45 0.78 0.90 1.45 0.52 0.36 0.46

K 0.12 0.11 0.21 0.25 0.10 0.10 0.25 0.68 0.03 0.04

Cl 0.61 0.61 1.00 1.10 0.67 0.55 1.10 1.31 0.03 0.06

Fe3+ 0.55 0.46 0.39 0.16 0.38 1.07 0.16 0.51 0.00 0.00

Fe2+ 2.88 2.94 3.25 3.52 3.14 2.15 3.52 2.78 2.18 2.33

AlIV 1.36 1.34 1.82 1.78 1.16 2.00 1.78 2.00 0.27 0.42

AlVI 0.28 0.39 0.48 0.58 0.24 0.92 0.58 0.62 0.02 0.09

NaM4 0.20 0.24 0.19 0.38 0.20 0.50 0.38 0.20 0.11 0.11

NaA 0.57 0.57 0.81 1.07 0.58 0.40 1.07 0.32 0.25 0.35
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Bucher et al., 1998; Kullerud & Erambert, 1999; 
Liu et al., 2009): there is a positive correlation 
between Cl and Fe, Al, K and Na(A) (or A site 
occupancy) and a negative correlation between 
Cl and Mg, Si and Na(M4) (or Mg/(Mg+Fe) ratio). 
These trends are observed in both the Northern 
Apennine and Sesia Lanzo amphiboles, but are 
very evident in the Sesia Lanzo amphiboles, 
whose Cl contents span over a wide range as 
they can have up to 4 wt% Cl (Figures 5, 6 and 
7). Cl-amphiboles are more common in Fe-Ti 
rich rocks than in Mg rich ones, as evidenced 
by their abundance in Fe-gabbros and rarity in 
Mg-gabbros. In the latter they have the highest 
Cl contents. In the Northern Apennines Mg-
gabbros, Cl-amphiboles with Cl contents of 0.05 
- 0.18 wt% are found in veins and as rims of mafic 
minerals. They vary from Edenites, to Edenitic 
hornblendes, to Pargasites.

As a consequence of the influence of Cl 

content on other cations, Cl-amphiboles have 
a wide range of compositions and are classified 
in many different types (following Leake et al., 
2004). In the Northern Apennines all the Cl-
amphiboles are calcic and range in composition 
from Edenites to Hornblendes.  In Sesia Lanzo, 
where the Cl contents are more extreme, and 
Cl-amphiboles recrystallize at different times 
and PT conditions, they can be either calcic 
(from Edenites, Pargasites to Hornblendes to 
Actinolites in rims, veins or acicular aggregates 
on plagioclase), calco-sodic (Fe-Barroisites and 
Barroisites in rims or overgrowing veins), sodic 
(Crossites and Glaucophanes, overgrowing 
veins or in the plagioclase domain aggregates 
toghether with epidote and chloritoid) or Al-
rich amphiboles (Pargasites to Sadanagaites, 
according to Thompson, 1982). The presence 
of Na- and Ca-Na- amphiboles in Sesia Lanzo 
metagabbro is not only an effect of Cl content on 

Figure 5. Na(A) vs AlIV in amphiboles from the Northern Apennines (red and yellow symbols, indicating 
Fe-gabbro and Mg-gabbro respectively) and Sesia Lanzo (blue symbols). Different symbols represent 
microdomains where Cl-amphiboles are observed. Yellow circle = rims of brown or green amphibole; yellow 
lozenge = veins in plagioclase (1); yellow triangles = veins in plagioclase (2); red squares = acicular and 
granoblastic aggregates. Blue star = granoblastic aggregates; blue lozenge = veins in plagioclase; blue triangles 
= veins in pyroxene; blue crosses = veins in amphibole; blue circles = brown or green amphibole rims; blue 
square = aggregates on plagioclase. See text for a detailed explanation of textures.
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Figure 6. Cl vs AlIV (a), Cl vs A site occupancy (b) and Cl vs Mg/(Mg+Fe) in amphiboles from the Apennines 
(column 1) and from Sesia Lanzo and Apennine for comparison (column 2). Note the different scales, and the clear 
compositional trends associated to Cl content in amphibole. In column 2 yellow symbols represent amphiboles 
from the Northern Apennines to facilitate comparisons. See Figure 5 caption for explanation of symbols.
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Figure 7. Na/(Na+Ca) vs Al/(Al+Si) in Cl amphiboles from the Northern Apennines and Sesia Lanzo zone (a), 
and within a single sample of meta Fe-gabbronorite from SL zone, according to microdomain in (b). Symbols 
as in legend and Figures 5 and 6. The red crosses identify amphibole with intermediate textural positions and/
or very low Cl-contents.



Periodico di Mineralogia (2015), 84, 3B (Special Issue),  751-777 Fluid rock interactions as recorded by Cl-rich… 767

amphibole composition, but also a consequence 
of successive amphibole recrystallization at 
different PT conditions (namely, growth at 
low P, medium to low T conditions during 
exhumation and then recrystallization at HP 
conditions, see Rebay and Spalla, 2001; Rebay, 
2003; Rebay and Messiga, 2007 and Gosso et 
al., this volume), as testified by the relationships 
between composition and microstructures, and 
composition and growth stage (Figures 6 and 7).

In Mg-gabbros Cl-amphiboles pseudomorphing 
brown Hornblendes have Cl contents between 
0.20 and 0.25 wt%, being Pargasitic Hornblendes 
with AlIV and Na(A) contents between 1.1 and 
1.7 apfu and 0.5-0.6 apfu respectivey, with Ti 
between 0.1 and 0.3 apfu. Green amphiboles in 
veins are Edenites, Edenitic Hornblendes, Mg-
Hornblendes up to Actinolites (see Figure 3d 
and Table 1). The first three types of amphibole 
have Cl of 0.1-0.2 wt% and are cut by fractures 
where hydrothermal fluids circulated causing 
the crystallization of Cl-rich Mg-Hornblendes 
(Cl up to 0.4 wt%). In later fractures colorless 
actinolitic Hornblendes and Actinolites have 
less edenitic substitution and AlIV between 0.05 
and 0.34 apfu.

The maximum Cl content is found in the 
acicular aggregates present in Fe-gabbros: 
they are Fe Pargasitic Hornblendes in which 
Cl reaches 0.6 wt%, and with AlIV between 1.7 
and 1.9 apfu, Na(A) between 0.7 and 0.8 and the 
lowest XMg of 0.2-0.5.

Within the major trends, in the different 
analysed samples, Cl contents of amphibole are 
not only dependent on the available quantity 
of Cl in the system and on (P) T conditions of 
formation: they also change according to the 
microstructure in which they develop or to the 
whole rock composition (Figures 6 and 7). 

In the Northern Apennines, Cl-amphiboles 
always have Cl < 1wt%, and Cl content are usually 
positively correlated to AlIV and (Na + K)A, that 
is to say, from Edenitic to Pargasitic substitution 
(Figure 6) and to Fe content of amphibole.

In Fe-gabbros they are found in late aggregates 
and in veins. In the aggregates constituting 
coronae between amphibole and plagioclase 
microdomain, Cl content is higher in rims than 
in cores of each crystal of the aggregate. The 
Cl content increases also towards the mafic 
minerals (Figures 5 and 6).

Amphiboles in veins have a wide compositional 
range. Within a single vein, multiple generations 
of often zoned amphibole are recognised thanks 
to their superposition relationships. The earliest 
amphiboles are Edenitic Hornblendes with high 
edenitic substitutions (Na(A) = 0.7 apfu) and Ti 
around 0.1 apfu, suggesting that the first fractures 
were formed under high T hydrothermal 
conditions. Later amphiboles are characterized 
by a decrease in Ti and Na(A), suggesting a 
progressive lowering of temperatures. XMg in 
veins is similar to that of the green metamorphic 
amphiboles in the host rock. It is higher in Mg-
Al gabbros than in Fe-Ti gabbros, suggesting 
a strict control of the bulk rock composition 
on amphiboles in veins. Within this general 
behaviour, in less deformed samples amphiboles 
in smaller veins have different composition 
according to the microdomain crosscut by the 
vein: the ones on plagioclase have higher Al and 
Na contents, those on pyroxene have higher Fe 
and Mg. These same variations and Cl contents 
have been already observed in present day 
ocean in the MARK area gabbros (Mével and 
Cannat, 1991; Gillis et al., 1993; Coogan et al., 
2001; Cortesogno et al., 2004) and described 
by Tribuzio et al. (2014), in the Northern 
Apennines.

In the Corio (Sesia Lanzo) metamorphosed 
Fe-gabbronorite (see Table 2 and Figure 7), 
the Cl amphiboles growing in veins crossing 
the plagioclase microdomain always have 
Al/(Al+Si) > 0.3, whereas those in the same 
veins have Al/(Al+Si) = 0.1 when crossing 
the pyroxene microdomain, even if they 
have comparable Cl contents. This is in good 
agreement with the different compositions of 
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the microdomains, as plagioclase is more Al-
rich than the mafic minerals. Cl-amphiboles 
rims around hornblendes have the highest 
K contents at comparable Cl contents, as 
hornblendes have the highest K content of 
all amphibole. This points to the influence of 
amphibole composition when reactions depend 
on diffusion at the intergranular scale along 
short distances. Cl-amphiboles from carbonate-
bearing microdomain and rimming Hornblendes 
have the highest Cl contents, Al/(Al+Si) 
between 0.16 and 0.3 and V2O5 up to 2.5 wt% 
(EDS, semiquantitative analyses).

Na amphiboles after Cl-amphiboles in 
veins are Fe-Glaucophanes in the plagioclase 
microdomain, with a lower Na/(Na+Ca) 
than the Crossites in the carbonate-bearing 
microdomain, which have, on the other hand, 
higher Si contents. A similar evolution is 
observed in the rims around pyroxene, where 
Na-Ca amphibole develops, during the prograde 
evolution, following an Actinolite rim, with 
higher Si and lower Al contents than those that 
develop after the carbonate growth.

A comparison with other Cl-amphiboles 
observed both in oceanic and continental 
settings and ascribed to the infiltration of 
Cl-rich fluids is presented in Figure 8. The 
analysed amphiboles show large variations in 
Si, AlIV, AlVI, Fe, Mg, K and Cl, and this may 
be related to the ratio aHCl/fluid/aH2O/fluid of the 
fluid in equilibrium with the amphiboles at 
various stages of the metamorphic evolution 
of the gabbroic rocks. Amphiboles that locally 
are characterized by extremely high Cl contents 
could thus suggest equilibration with a locally 
enriched Cl-fluid, probably formed in places 
where the system resulted locally closed, and 
are more common in continental settings than 
in oceanic ones, as evident also in the examples 
discussed here. In such a case hydration reaction 
consumed the H2O component of the fluid, 
leaving a Cl-enriched fluid re-equilibrated with 
the crystallising amphibole. This also suggests 

that the volumes of fluids interacting with the 
continental crust could be lower than those 
interacting with the oceanic crust. As a matter 
of fact, the Cl content of amphibole in veins is 
generally lower, whereas the highly variable Cl-
contents of rims may be extremely high.

Calculations based on amphibole thermometry 
suggest temperatures of equilibration of the Cl-
amphiboles up to 350 °C for the amphiboles 
from the Apennines, and up to 550 °C for those 
from the Sesia-Lanzo Zone (Rebay and Spalla, 
2000; Riccardi, 1994).

Discussion

Cl-rich fluids in different geological contexts
Cl-amphiboles (Ito and Anderson, 1983; 

Mével, 1984; Vanko, 1986) found in present day 
oceanic rocks (Fe-Ti gabbros, diorites, foliated 
amphibolites) have positive Cl-Fe and Cl-K and 
Cl-AlIV correlations (Dick and Robinson, 1979; 
Kaminemi et al., 1982; Mével, 1984). These 
correlations are more evident in rocks with Cl 
contents > 1-2 wt%. Amphiboles that are poor 
in Si and Mg and rich in Al and Fe are therefore 
those that can accommodate the maximum Cl 
(Mével, 1984).

As already pointed out, Cl-amphibole 
crystallization is dependent upon various factors: 
1) chemical composition of the whole-rock 
system; 2) chemical composition and evolution 
of the circulating fluids; 3) structure of the 
amphibole; 4) P-T conditions of crystallization. 
The most favourable “chemical” conditions for 
the growth of Cl-amphibole are those offered by 
the most differentiated rocks (Fe-Ti gabbros and 
diorites), and by the presence of evolved, Cl-rich 
hydrothermal fluids. 

The content of Cl in Fe-Ti gabbro from 
Northern Apennines amphiboles is less than 
1%. Usually it is well correlated with AlIV, 
Fetot and (Na+K)A, i.e. consistent with the 
Edenitic substitution (see Figure 6). Relating 
the chemical composition of amphiboles 
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with their growth history during the complex 
metamorphic evolution, it is clear that amphibole 
composition depends upon T of crystallization, 
fluid phase composition (Tribuzio et al., 2014) 

and microstructural domain in which they 
crystallize. Microprobe and single crystal 
X-ray diffraction data (Riccardi, 1994) on 
these amphiboles show evidence of the fact 

Figure 8. Cl vs XMg and A site occupancy in different Cl-amphiboles from the world (redrawn after Kullerud, 
1999) with present wok data added for comparison. 1 = Krutov, (1936); 2, 3, 4 = Data from Kullerud (1999 and 
references therein); 5 = Dick and Robinson (1979); 6 = Sharma (1981); 7 = Kamineni et al. (1982); 8 = Vielzeuf 
(1982); 9 = Ito and Anderson (1983); 10 = Vanko (1986); 11 = Rao and Rao (1987); 12 = Suwa et al. (1987); 
13 = Castelli (1988); 14 = Mora and Velly (1989); 15 = Morrison (1991); 16 = Tracy (1991); 17 = Enami et al. 
(1992); 18 = Oen and Lustenhouwer (1992); 19 = Sonnenthal (1992); 20 = Jiang et al. (1994); 21 = Kullerud 
(1995, 1996); 22 = Léger et al. (1996); 23 = Sato et al. (1997); 24 = Northern Apennine, Bonassola and Monte 
Capra, this work; 25 = Sesia Lanzo Zone, Corio and Monastero, this work.
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that all have: 1) low  Na(M4), indicating low P 
conditions of formation; 2) low Ti contents and 
edenitic substitution in Cl absent amphiboles 
due to a progressive T decrease; 3) a higher 
cummingtonitic substitution (Ca(M4)<1.34 apfu) 
in Fe-Ti gabbros than in Mg- Al gabbros; 4) an 
increase in Fetot, AlIV and A site occupancy at 
the increase of Cl.

In the Northern Apennines gabbros, 
metamorphic reactions following the ductile 
deformation event (Molli, 1996) are all related to 
hydrothermal fluid infiltration. LREE and trace 
element composition of amphiboles suggest that 
the fluids derived from marine waters (Riccardi, 
1994; Tribuzio et al., 1995; Tribuzio et al., 1997; 
Tribuzio et al., 2014). 

The chemical evolution of amphiboles 
developed after the ductile deformation event 
in oceanic gabbros is clearly indicative of a 
temperature decrease, from amphibolite- to 
greenschist-facies to very low-grade conditions. 
This is suggested also by the decrease in edenitic 
substitution and Ti contents. 

The low Na(M4) content suggests an evolution at 
low P conditions. It is convenient to point out that 
the late amphiboles are sometimes characterized 
by an increase in tschermackitic and/or edenitic 
substitution. However such increases are strictly 
associated with higher Cl or Fe3+ contents.  In 
all the lithologies, the chemical changes of 
amphiboles with time are the same as in veins and 
in the country rock, suggesting that the same fluid 
phase permeated the rock through the veins and 
the crystal boundaries.

Coronitic and pseudomorphic amphiboles 
postdating magmatic and HT minerals allow 
the recognition of the influence exerted by 
the microdomain in which they grow on their 
composition. In this case, not only the intergranular 
fluids, but also the domain in which nucleation 
takes place, play an important role.  For instance, 
coronitic amphiboles around Ti-Pargasites, are 
more Al-rich towards plagioclase than towards 
pyroxene, indicating diffusion-assisted growth 

at high temperatures. In coronitic amphiboles, 
Edenitic substitution decreases towards the rim, 
where Edenitic Hornblendes and then Actinolites/
Tremolites indicate a decrease in T to greenschist-
facies conditions. The increase in Fe3+ content can 
be related to fluid circulation.

In the Sesia Lanzo Zone metagabbros, the 
chemical evolution of amphiboles indicates 
a decrease in temperature from granulite- to 
amphibolite- to greenschist-facies (see Rebay 
and Spalla, 2001 for a detailed description 
of PT conditions of these rocks). In this case 
hydrothermal fluid circulation is confined to the 
late pre-Alpine evolution, during final stages 
of exhumation. Peculiar of this situation is the 
presence of Cl-bearing sodic amphiboles that are 
present only as pseudomorph after pre-Alpine 
Cl-amphiboles and grow during the prograde 
Alpine evolution, pointing to remobilization of 
Cl at granular scale. In this case Cl is found only 
in rims of pre-existing Cl-bearing amphiboles. 
Differently from the Apennines, in Sesia Lanzo 
Zone gabbros the carbonate microdomain hosts 
the amphiboles with the highest Cl contents (up 
to 4 wt%).

Formation of saline fluids during fluid-rock 
interaction - a summary

As pointed out above it is likely that the 
systematic compositional variations observed 
in Cl-amphiboles are in part related to gradual 
variations in the composition of the equilibrium 
fluid during growth. As pointed out by Kullerud 
(1999), potential mechanisms of enrichment in 
Cl in a fluid are:

1. fluid immiscibility, where the Cl-bearing 
fluid separates in two phases, one Cl-rich 
and the other Cl-poor;

2. fluid filtration;
3. preferential extraction of H2O;
4. dissolution of Cl-rich minerals.
The most likely mechanism prevailing in the 

studied rocks was the preferential extraction 
of H2O from a Cl-bearing fluid in both cases. 
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H2O was consumed during crystallisation of OH 
bearing minerals (among which amphiboles, as 
testified by the observed zonations). Several 
fluid influxes allowed the formation of complex 
zonations, as the originally open system became 
closed after different fluid influx episodes. For 
the subcontinental gabbro of the Sesia Lanzo 
Zone, the observed growth of Cl-amphibole, 
not only in veins but also in carbonate-bearing 
microaggregate, could suggest a further acting 
mechanism: that is, a Cl-bearing fluid could 
have split into two immiscible fluids due to CO2 
addition.

In the Northern Apennines, veins within 
the gabbro were associated with migration of 
seawater-derived H2O-rich fluids along micro-
fractures and grain boundaries. Cl-amphibole 
forming reactions were triggered by fluids, 
but in most cases they were active locally, 
as suggested by the amphibole compositions 
varying in different microdomains or along a 
single vein crosscutting different microdomains. 

In Sesia Lanzo, Cl-amphibole bearing veins 
are common in widely re-equilibrated Fe-Ti 
gabbros. All the veins are pre-eclogitic, as 
testified by the growth of HP minerals (garnet, 
glaucophane, chloritoid) at the vein boundaries 
and crosscutting microdomains. 

The definition of the postgranulitic – pre-
eclogitic fluid phases is important as it can offer 
a hint on the setting in which the gabbro was 
exhumed. Metamorphic assemblages indicate 
that the gabbro intruded in the mid crust, 
recrystallized at granulite facies PT conditions 
and was exhumed, through amphibolite- and 
greenschist-facies conditions to low depths, 
under a very high TP ratio, typical of divergent 
margins (Rebay and Spalla, 2001). Even though 
isotopic or fluid inclusion analyses are lacking for 
the Sesia Lanzo rocks, it is nonetheless possible 
to make some considerations about fluids on the 
basis of parageneses, their superpositions and 
the textural evolution of rocks, from low strain 
to high strain domains.

Most of the minerals found in veins are 
hydrous silicates, implying that water was an 
important component of the hydrothermal fluid 
phase. The occasional presence of carbonates 
is evidence of occurrence of a CO2 fraction in 
the fluid. Carbonates predate Cl-amphiboles, 
therefore it is possible that there were different 
timing of fluid circulation carachterized by 
different composition. Indeed Cl-rich fluid did 
permeate the gabbro partially. 

Ideally the Cl concentration in the fluid could 
be deduced from the Cl content of minerals, once 
the pH and the partition coefficient between 
fluid and mineral is known (Kullerud, 1996 
and references therein). Unfortunately, in the 
absence of fluid inclusions analyses, inferences 
on the composition of fluids cannot reasonably 
be made, because amphibole is the only Cl-
bearing present phase, with a composition 
also influenced by crystal-chemical factors, as 
explained above (with strong correlations Fe-
Cl, K-Cl ed AlIV-Cl). 

The zoning of Cl-amphiboles, with rims 
richer in Cl than cores, could be, alternatively, 
due to two different mechanisms. Assuming 
a closed system, the Cl-bearing fluid would 
progressively be enriched in Cl while the 
less Cl rich amphiboles crystallize. With the 
crystallization of the first amphiboles, the fluid 
would have higher aCl /aH2O in equilibrium with 
the amphiboles. This could explain also the fact 
that the Cl richer amphiboles often form thin 
discontinuos rims between green Hornblende 
and Actinolite.This texture indicates that fluid 
circulation occurred not only through veins, but 
also along grain boundaries at the low pressure 
amphibolite facies conditions. However the 
occurrence of an open system, in which the Cl 
content of the fluid increases with time due to 
an external source that gets richer in Cl content 
(brines?), cannot be excluded.

The lack of quantitative isotopic data on 
the fluid allows to make only conjectures on 
the possible origin of such Cl enriched fluids 
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in a thinned continental crust. Two principal 
reservoirs are envisageable:

• fluids coming from nearby units that are 
being metamorphosed and are dehydrating 
(Heinrich, 1982)

• hydrothermal fluids coming from an 
external source, such as, for example, 
brines in an extensional setting.

Indeed, whereas CO2 rich and aqueous 
fluids are very common in every metamorphic 
environment, the presence of extremely Cl rich 
brines is not so common, unless in granulite 
facies environment and when magmatic fluids are 
involved. Even if reference to a nearby large acid 
intrusions postdating the gabbro emplacement are 
lacking, it is interesting to note that acid prealpine 
dykes are present within the metagabbros 
crosscutting the granulitic fabric and developing 
chilled margins (Rebay and Spalla, 2001).

Conclusions

Two kinds of conclusions can be drawn 
integrating of petrological and structural analyses 
on rocks containing Cl-rich amphiboles from 
the ophiolitic rocks of the Apennines and the 
continental rocks of the Alps: i) crystallochemical 
considerations on Cl-incorporation in amphiboles 
and the role of Cl-bearing fluids and ii) insights 
on the tectonometamorphic evolution traced by 
these amphiboles. Cl-amphibole composition is 
simultaneously controlled by several interplaying 
factors, whose predominance may vary in 
different portions of the same gabbroic body:

1) crystal-chemical factors pose constraints 
on amphibole structure that directly influence 
their composition as the Cl content is positively 
correlated to the edenitic substitution in 
amphibole;

2) in coronitic rocks, where reactions take 
place at the submillimetric or millimetric scale, 
amphibole composition is dependent also on the 
composition of the microdomains where they 
develop, and not only on the bulk composition of 

the host rock.
3) the Cl-amphibole composition is dependent 

on the fluid composition evolution. The assumed 
transition from open to closed system may give 
rise to different Cl concentrations in the fluid, 
and therefore to different Cl contents in the 
amphibole, as probably indicated by Cl zoning in 
late, granoblastic amphibole and rims.

4) Finally Cl-amphibole composition is 
dependent also on the PT conditions at which 
amphibole crystallize.

The interactions between the above factors 
are difficult to assess quantitatively, even though 
it is possible in single cases to evaluate which 
is the predominant one. For example, taking 
into account that in the Northern Apennines Cl 
contents of amphiboles are always higher in 
Fe-gabbros than in Mg-gabbros, and that Fe is 
positively correlated to Cl, it is likely that the 
factors 1) and 2) predominate there within each 
step of re-equilibration during exhumation.

Our results demonstrate that multiscale 
structural analisys, separating deformation 
gradients, once the relative chronology of 
superposed fabrics has been established, allows 
the individuation of significant samples allowing 
the deciphering of the tectonometamorphic 
evolution in both orogenic belts (Alps and 
Apennines). In the Northern Apennines case such 
an approach allows to discriminate the specific 
stage in which Cl-rich fluids interacted with 
rocks, during the oceanic metamorphic evolution. 
In the Sesia Lanzo Zone it allows to distinguish 
Cl-rich amphiboles grown during the pre-Alpine 
evolution in the context of a Permian lithospheric 
thinning from those growing during burial in 
the subduction system. In both the considered 
examples, the Cl enriched fluids permeate the 
gabbroic rocks once they were exhumed at 
the upper crust structural levels in a divergent 
geodynamic setting with an anomalously high-T 
gradient. In the Northern Apennine case such 
high T gradient implies the thermal influence 
of the ridge zone, whereas the case of the Sesia 
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Lanzo Zone is consistent with a thinned crust 
during the initial phases of a continental rift. The 
hydration is achieved by fluid circulation through 
main conduits (represented by decimetre up to 
metric amphibole-rich veins and bands where 
deformation is concentrated), and also, on a 
smaller scale, through a network of millimetric 
to submillimetric veins pervading undeformed 
domains of the intrusive bodies. This shows that 
hydrothermal circulation takes place at shallow 
crustal level in contrast with the localization of Cl-
bearing phases in shear zones occurring in deep 
crustal granulites. In veins permeated volumes 
the chemistry of the system is not homogenized 
at the microdomain scale, and therefore within 
a single hand-specimen equilibrium is attained 
at the microdomain scale, even though the fluid 
circulation may be widespread. Finally, in less 
deformed domains, fluids also circulated along 
grain boundaries. All these considerations point to 
the fact that in collisional orogenic belts remnants 
of hydration of the oceanic and continental crust 
in divergent geodynamic settings can be found. 
Evolution in Sesia Lanzo Zone shows that Cl 
stored in amphibole in divergent environment 
remains available during the prograde path in 
the subduction zone, demonstrating that the 
hydration of originally anhydrous rocks is one 
of the most powerful mechanisms to recycle 
“surface” fluids in the deep crust and mantle once 
PT conditions for dehydration are reached.
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