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From quartz vein to fluid inclusion
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Optical microscopy, IR, UV

Water-gas-salt system

microthermometry

Raman : gas, Cl

EOS
Liquid-Vapour modelling
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Paleo-hydrochemistry

Paleo-hydrogeochemistry on 10-9 g of paleofluid

Controls of paloefluid chemistry?                                     
Fluid- mineral equilibria/ disequilibria ?

Immiscibility, fluid mixing ? 
Fluid Sources 

P ? T ? Depth? Thermal gradient? Heat exchange ? 

Gas ?

Cations ? Anions ? Metals ?

pH ? fO2 ? fS2 ?



Meteoric fluids

Crustal fluids

Meteoric fluids

Mantle fluids

mantle

crust

Thermal evolution of the continental crust in subduction zones

Development of accretion prism

Low geothermal gradient

Relief formation



Meteoric fluids

Crustal fluids

Transition from crustal thickening to crustal thinning
formation of metamorphic core complexes, horts and grabens,

crustal cooling during thinning



Meteoric fluids

Crustal fluids

Mantle fluids 

and heat

Partial melting
High geothermal gradients

Gravitational collapse



Continental convergence
Thickening, and accretion

Incipient melting

Increase of temperature
due to radioactive decay

Partial melting

Formation of an anatectic
layer

Pervasive melt migration

Network of granitic veins
(sills/ dykes feeding larger

Intrusions)

Exhumation / crystallization 

of the partially molten crust
Orogenic collapse

Extension of the upper 

crustVanderhaeghe, 2001

Sense 
of melt migration



Divergent collapse (Vanderhaeghe and Teyssier, 2001)

synchronous with late exhumation
gravitanional collapse of the 
overthickened crust
may be divergent or convergent

with or without (brittle) extension of
the upper crust
Normal faulting

Ductile thinning of the lower crust

>> nearly isothermal 
decompression, followed by rapid 
cooling

magma

Shallow brittle 
to ductile transition



Gravitational collapse accompanied by shallow 
intrusion of leucogranites

>> nature of the fluids involved in the local 
heat transfer, and cooling ??



Northern Portugal

Fluid typology in past geothermal systems related to granites
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Hercynian granites



Northern Portugal
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Metamorphic peak
conditons

P

T

Progressive exhumation
Decompression and

abnormal heat flows

Local abnormal heat flows 
Effects of quick penetration 

of cold meteoric waters

25°°°°C
/km



continental collision
Europe (Sardinia-Corsica) 
/Africa (Adria)

Late stages
1- exhumation of the MCC 
complexes

2- melting, granite 
intrusions and large thermal 
anomalies

Northern Apennines belt



The Apuan MCC

Tuscan nappe
Sediments (Trias-Miocene)- marls, 
limestones
Post D1 veins coeval of folds, and
Crosscutting the foliation (Macigno
formation)

Apuan metamorphic complex:
- Apuan Apuan UnitUnit
sample II-1: pseudo-macigno formation. 
sample II-4: Scisti sericitici group.
- Massa Unit (Massa Unit (siliclastic sequencesiliclastic sequence))
sample IV: Rippa mine (hydrothermal 
veins, Hg)
sample II-5: Breccia level (detachment 
fault)
- BasementBasement (phyllites,quartzites, 
schists)  sample II-3.

II-1

II-4
II-5

II-3

IV

sediments

Tuscan Nappe

Works in progress

in coll. C. Montomoli, G. Ruggieri
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Northern ApenninesFluid distribution in the Alpi Apuan

- Massa Unit,Massa Unit, BasementBasement:
aqueous-carbonic fluid,

- cataclasite zone: 
saline fluid,

- Apuan Apuan UnitUnit: 
aqueous fluid

Tuscan nappe : H20-CH4/ H2O-
salts

Montomoli et al., 2001



Biotite-Tourmaline-pyrite-
Graphite-rec. Qz

QuartzBiotite

Tourmaline

Quartz lens

(Larderello)Biotite zone : veins and recrystallized quartz lenses



20 µm

10 µm10 µm

QuickTime™ et un décompresseur
Photo - JPEG sont requis pour visualiser

cette image.

Fluid inclusion types
Larderello
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Aqueous carbonic inclusions
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LarderelloRaman results

���� main trend: 
CO2-CH4 end-members

���� 3 types of FI analysed:

Vc-w, Lw+/-c, Lw-(c)-h

- group 1: CO2 rich FI (> to 75 
mol%), with several trends 
either parallel to the CO2 - CH4

axis or to the CO2 - N2 one.

group 1

- group 2: enrichment in CH4 

for Bru-3138, Sas 10-4027 and 
SPO 9-2900.

group 2
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- aqueous-carbonic fluid:
CO2 : origin in the carbonate levels under high T (>400°C), 

mixing with mantellic CO2 (?)
CO2 + CH4 + H2O: origin = deep fluid equilibrated with host 

rocks, fluid-graphite interaction.

- aqueous fluid: two end-members and products of mixings
• high salinity: interaction with evaporitic levels.
• low salinity and TH: meteoric fluid.
intermediate salinity due to the dilution  of brines 
+ products of unmixing of aqueous-carbonic fluids

General trends

- penetration of surficial fluid under high geothermic gradients ⇒⇒⇒⇒
cooling of the metamorphic pile
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Ruggieri et al.,99 

Chlorite zone
(intermediate levels)

Boiling and fluid mixing
(condensation, mixing of the products
of boiling, and parent fluids
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Similarities between
old and active geothermal areas

Link with collision events, 
and MCC style deformation
Abnormal heat flows in relation
with late partial melting
Penetration of cold meteoric waters 
and cooling of the overheated crust 
Mixing of pseudo-metamorphic or contact metamorphism
fluids with meteoric waters (and secondary brines when evaporites)
Geometry of active systems (size, fluid percolation style) 
may be deduced from past systems and conversely

Crustal fluids

Meteoric fluids

Larderello
Hercynian belt
Sushwap


