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∆"# + % ∆&# + ' ∆(# + )%*+,# = 0

Esempio di equilibrio di fase (e) con j end-members:

Mg2Si2O6 +  NaAlSi2O6 =  Mg2SiO4 +  NaAlSi3O8

enstatite        jadeite forsterite       albite  
(pirosseno)            (pirosseno)               (olivina)         (plagioclasio)

,# =/0 1232
45

12= coefficiente di attività

32= frazione molare
(composizione chimica)

62= coefficiente stechiometrico



A cosa serve?
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Now let’s go sampling

100 km

10 km
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Geochemistry and mineral chemistry

Martinique, bulk rock analyses

Cooper et al (2016, CMP)

Bulk rock chemistry:

- consistent with cumulate origin

- suggest fractional crystallization from 
magmas related to the erupted volcanics

Plagioclase: An75 – An98

Olivine: Fo60 – Fo82

Clinopyroxene: augites with mg# = 60 – 92

Spinel: magnetites and minor spinel s.s.

magnesio-hastingsite

magnesio-hornblende

All islands, olivine and plagioclase



Pressure estimates

Which methods are suitable for 
mafic/ultramafic cumulate rocks?

Method Uncertainties Main issues

Cpx-Opx
(e.g., Putirka 2008) ± 2.8 kbar • large uncertainties

• only few samples have cpx

Amph-plag 
(e.g., Molina et al 2015) ± 2.3 kbar • systematic deviations from experiments

Cpx-melt
(e.g., Neave & Putirka 2017) ± 1.4 kbar • only few samples with equilibrium melt

• not reliable when T < 1100°C

Single cpx 
(e.g., Putirka 2008) ± 3.1 kbar • large uncertainties

• likely dependent on composition

Single amph 
(e.g., Ridolfi & Renzulli 2012)

± 1.1 kbar?
± 4.3 kbar? • likely dependent on composition



Single-reaction geothermobarometry

R1)  Mg2Si2O6 +   CaAl2SiO6 =    Mg2SiO4 +   CaAl2Si2O8
c-enstatite      Ca-tcherm.         forsterite anorthite

R1)     ΔG0
1 + R T ln K1 =  0

ΔG1 = ΔG0
1 + R T ln K1

ΔG0
1 = ΔH0

1 – T ΔS0
1 + P ΔV0

1

K1 =  ----------------------
aMg2SiO4 aCaAl2Si2O8

aMg2Si2O6 aCaAl2SiO6



r1) Mg2Si2O6 + CaAl2SiO6 = Mg2SiO4 + CaAl2Si2O8

r2) Fe2Si2O6 + CaAl2SiO6 = Fe2SiO4 + CaAl2Si2O8

r3) Mg2Si2O6 + NaAlSi2O6 = Mg2SiO4 + NaAlSi3O8

r4) Mg2Si2O6 + 2 CaAl2SiO6 = CaMgSi2O6 + CaAl2Si2O8 + MgAl2O4

r5) Mg2Si2O6 + NaAlSi2O6 + 2 FeAl2O4 = Fe2SiO4 + NaAlSi3O8 + 2 MgAl2O4

r6) 2 Fe2Si2O6 + 2 NaFeSi2O6 + FeAl2O4 = 2 Fe2SiO4 + 2 NaAlSi3O8 + Fe3O4

T0 = 870 ˚C 

Average P takes into account:
- uncertainties

i)     analytical errors
ii)    activity-composition relations
iii)   thermodynamic properties of 

pure end-members
- correlations

The positions of the reactions in 
P-T space are correlated (they share 
end-members)

The solution is found when:
- The reactions are consistent
- The residuals of the activities and     

enthalpies are minimized

Multiple-reaction geothermobarometry (e.g., average P method)
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Tested on: phase equilibrium experiments in andesitic, basaltic and peridotitic 
systems

P-T range: P = 0.5 – 9.5 kbar; T = 950 – 1250 ºC

Equilibria: Spinel + Clinopyroxene + Olivine + Plagioclase

Ziberna  et al (2017, Am Min)

Application of avP to the experimental samples



No deviations with temperature and composition

Ziberna  et al (2017, Am Min)

Application of avP to the experimental samples
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r1) Mg2Si2O6 + CaAl2SiO6 = Mg2SiO4 + CaAl2Si2O8

r2) Fe2Si2O6 + CaAl2SiO6 = Fe2SiO4 + CaAl2Si2O8

r3) Mg2Si2O6 + NaAlSi2O6 = Mg2SiO4 + NaAlSi3O8

r4) Mg2Si2O6 + 2 CaAl2SiO6 = CaMgSi2O6 + CaAl2Si2O8 + MgAl2O4

r5) Mg2Si2O6 + NaAlSi2O6 + 2 FeAl2O4 = Fe2SiO4 + NaAlSi3O8 + 2 MgAl2O4

r6) 2 Fe2Si2O6 + 2 NaFeSi2O6 + FeAl2O4 = 2 Fe2SiO4 + 2 NaAlSi3O8 + Fe3O4

T0 = 870 ˚C 

Application of avP to the xenoliths



Application of avP to the xenoliths
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Application of avP to the xenoliths
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Variations of petrological variables with depth



Integration with seismic models
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Calculated seismic properties (using Hacker & Abers, 2004)

Grenada xenoliths:
! (density) = 2.84 – 3.20 g/cm3

Vp (P wave velocity) = 6.63 – 7.58 km/s

>"4?'6#,@AB:

Grenada 
xenoliths
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La modellizzazione termodinamica diretta viene utilizzata per predire come la 
mineralogia e le proprietà chimico-fisiche delle rocce e dei magmi variano in 
funzione delle condizioni (P, T, fO2, etc).

I principi su cui si basa sono gli stessi della termobarometria classica.

I software di modellizzazione termodinamica più utilizzati in petrologia sono:

- MELTS (http://melts.ofm-research.org/index.html)

- PERPLE_X (http://perplex.ethz.ch)

- THERMOCALC (http://www.metamorph.geo.uni-mainz.de/thermocalc/)

Modelli termodinamici diretti
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