
Why do we make thermodynamic models of 
magmatic phase relations?

Experiments are not always enough!

• Reproduce or interpolate experiments
• In this context, models can be useful, but are often disappointing. The more 

multivariate a problem is, the more useful interpolation becomes.  Models 
can be very useful in synthesizing multiple experimental sources.

• To extrapolate experimental data
• The framework of thermodynamics is most useful in this case.  Arbitrary 

functional forms with little theoretical basis may not extrapolate well in T, P 
and composition.  Thermodynamical-based models of phase equilibria are 
always better extrapolators of experimental data.



Phase equilibria from 0-3 GPa  MM3

SiO2 45.47
TiO2 0.11
Al2O3 4.00
Cr2O3 0.68
FeOT 7.22
MgO 38.53
CaO 3.59
Na2O 0.31

Ol Olivine
Sp Spinel
Opx Orthopyroxene
Cpx Clinopyroxene
Plag Plagioclase

Example: melting of peridotite at shallow mantle pressures: 



• Experimentally determined liquid  
  compositions are indicated by
  symbols.
• Smooth curves are calculated 
  using the pMELTS software 
  package.

Phase equilibria from 0-3 GPa (con’t)
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Ghiorso - Magmatic Process Modeling - Figure 1

Another example: 
crystallization of 
MORB composition 
liquid: 
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Another example: rhyolite:



composition of the starting material. Below, we focus on the

characteristics of the carbonate assimilation mechanism.
The major effects of calcite assimilation, illustrated by

our experiments, are the enhancement of Cpx crystalliza-

tion, the progressive desilication of the residual melt with
increasing carbonate content and the strong enrichment in

alkali. The entire process is controlled by the amount of

Cpx that crystallizes in response to calcite assimilation.
Because olivine reacts out during this process (Fig. 1), Cpx

is the most Mg-rich crystalline phase produced as a result

of carbonate assimilation. Therefore, the extent of the
assimilation process is controlled by the amount of MgO

available in the magma (Barnes et al. 2005). Different

cases may be distinguished, depending on the availability
and concentration of MgO in the bulk magmatic system.

In an olivine-saturated basaltic system, the calcite

assimilation process, according to our experiments (run #7

and #8), can be written schematically as:

2CaCO3 þ 3SiOmelt
2 þMg2SiOolivine

4

! 2CaMgSi2Ocpx
6 þ 2COfluid

2 ð1Þ

This destabilization of olivine in favor of Cpx with

progressive carbonate assimilation has been described in

petrological studies (Barnes et al. 2005 and references
therein). In the case of a magma that is not olivine saturated

(run #6), the calcite assimilation mechanism can be written

as:

CaCO3 þMgOmelt þ 2SiOmelt
2 ! CaMgSi2Ocpx

6 þ COfluid
2

ð2Þ

Reaction (1) and (2) implies that the extent of calcite

assimilation is principally controlled by the MgO content
of the bulk magma (olivine plus melt). Mechanism (2)

leads to a faster depletion in the MgO content of the

residual melt than mechanism (1). Indeed, experiments
with no olivine added show a much stronger decrease in the

MgO content of the liquid than the olivine-added ones
(Tables 1, 2). However, it should be pointed out that nat-

ural carbonates may comprise an important fraction of

dolomitic component, thus providing an additional source
of MgO to be considered in the assimilation chemical

budget.

Both reactions (1) and (2) imply that calcite incorpora-
tion in the magma will consume the SiO2

melt component to

form Cpx. The net result of this process will be a pro-

gressive lowering of the silica content of the melt
(desilication) with assimilation of progressively higher

amounts of carbonate, as observed in our experiments.

Figure 4 illustrates how the degree of silica saturation of
the residual liquid (DQ, after Peccerillo 2005a) decreases

with carbonate addition. The MgO content of the assimi-

lating basalt (olivine + melt) plays an important role in this
process: the higher the initial MgO content, the more

pronounced the silica depletion of the residual melt for a

given amount of carbonate added because a higher pro-
portion of Cpx crystallizes.

If olivine is absent and the MgO melt component is not

high enough to crystallize Cpx, or in the case of a system
under-saturated with respect to Cpx, then calcite will ini-

tially dissolve as:

CaCO3 ! CaOmelt þ COfluid
2 ð3Þ

leading to the formation of calcium-rich liquids. This pro-
cess is clearly revealed by runs # 4 and #5 in which the CaO

content in the residual liquid reaches values as high as *20

wt%. Mechanism (3) leads to melts with CaO/Al2O3 $ 1
(charges 4–4, 5–5, Table 1) at relatively elevated MgO

concentrations (i.e., 6–7 wt%). Danyushevsky et al. (2004)
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Fig. 3 Whole rock compositions of Mt. Vesuvius eruptive products
plotted in a TAS diagram. Fields marked by I, II and III represent the
3 Periods indicated after Ayuso et al. (1998). I: 25–14 ky; II: 8 ky-
AD79; III: AD79 (Pompeii eruption)—1944 (last eruptive event).
Note the increasing degree of silica-undersaturation of the erupted
products from Period I to Period III. b Experimental residual liquids
plotted as a function of the different amount of added carbonates:
diamonds carbonate-free; squares 2–5 wt% carbonates; circles 8–14
wt% carbonates; triangles 15–19 wt% carbonates. Full symbols
represent experiments at *200 MPa, while open symbols correspond
to the experiments at 1 atm or 500 MPa. Contours for each 200 MPa
series are shown to facilitate the understanding of the figure. ‘‘Near
liquidus’’ points represent runs #4 and #5, which present very low
crystal contents and therefore illustrate near liquidus conditions

730 Contrib Mineral Petrol (2008) 155:719–738
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after, Iacono-Marziano et al. (2008)

Example: Daly hypothesis - Generation of tephrites and  phonolites by 
assimilation of limestones into alkali basalts
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crystallization simulated using MELTS
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wt% H2O generates the composition 
plotted as the green circle (compare to 
experiments)

• equilibrium crystallization of that 
carbonated composition generates the 
blue curve



• To investigate phenomena that are difficult or 
impossible to examine experimentally

• This is the key reason to develop a thermodynamic model.  Examples:

• We wish to model melting associated with adiabatic decompression, yet 
we cannot perform a sequence of melting experiments at fixed entropy 
content.

• Experiments are done at fixed oxygen fugacity, but we are interested in 
evolution of the system at fixed oxygen content?

• We wish to explore the consequences of crystallization under isochoric 
conditions, and it may not be possible to impose experimental constraints 
that mimic this condition.

But, what is the real advantage of 
thermodynamic models?
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Example: Adiabatic melting (ΔQ = 0):
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… Adiabatic melting 
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dH = dE + PdV +VdP

= dQrev − PdV + PdV +VdP
= dQrev +VdP

… Adiabatic melting 



… Adiabatic melting 

dT
dP

= ΔV
ΔS

Clapyron equation
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Ghiorso - Magmatic Process Modeling - Figure 1Example: Oxygen buffer: closed versus open system:



Example: MORB crystallization: heat output:
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Ghiorso - Magmatic Process Modeling - Figure 3Example: High-silica rhyolite crystallization: heat output:



from: Daniele Bianchino, http://vulcanoalbano.altervista.org

Colli Albani, Roman province
Composition from Freda et al. 
(2011, BV, 73:241-256)

Geologic, petrographic and geochemical data with mass 
balance calculations, supported by experimental data for 
Colli Albani magma compositions, provide evidence for 
significant ingestion of carbonate wall rocks by the 
Pozzolane Rosse K-foiditic magma. 

http://vulcanoalbano.altervista.org
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Example: Colli Albani, calcite assimilation, 100 g initial magma, 1200 °C



Composition for modeling is taken from 
Deegan et al. (2010, JP, 51:1027-1051)

Merapi, Indonesia
• Parental magma: crystal-rich 

basaltic andesite, compared to 
the potassic-foidite from  Alban 
Hills.

• Like Colli Albani, the explosivity 
of the eruptions of Merapi are 
fueled by assimilation of crustal 
carbonates
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Example: Merapi, Indonesia, calcite assimilation, 100 g initial 
magma, 1100 °C


