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OUTLINE

- Introduction: the problem of volcanic degassing; 
measurements and sources

- « solubility » models (better if we talk about « saturation »)

- Mixing properties of silicate melts

- Polymeric modeling of the iron oxidation state and sulfur
solubility and speciation
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..…and also
iv) Soil Gas measurements of hydrothermal areas
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FTIR measurements of the emissions from the 2750 m. a.s.l. 
cone during the 2002 eruption of Mount Etna (Courtesy of 
Mike Burton, INGV Catania).
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-Large CO2 fluxes contrast with 
relatively little volumes of 
erupted magma 

-Full plume characterization
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Aiuppa et al. (2009)



ICG Thermodynamic school – Erlangen May 2012, 2019



ICG Thermodynamic school – Erlangen May 2012, 2019



ICG Thermodynamic school – Erlangen May 2012, 2019

-30

-28

-26

-24

-22

-20

-18

-16

-14

-12

-10

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5

log(H2O/H2) + log(CO/CO2)
3l

og
(C

O
/C

O
2)

 +
 lo

g(
CO

/C
H4

)

BG
BN
FC
Pisciarelli

370°C

300°C

150°C

saturated
liquid line

vapor separated 
at 100°C

single step vapor 
separation

350°C

CP

saturated
vapor line

PH2O 1 bar 10 bar

100 bar

-30

-27.5

-25

-22.5

-20

-17.5

-15

-12.5

-10

-7.5

-4 -3 -2 -1 0 1

log(H2O/H2)+log(CO/CO2)

3l
og

(C
O

/C
O

2) 
+ 

lo
g(

C
O

/C
H

4) 370°C

340°C

300°C

150°C

saturated
liquid line

vapor separated 
at 100°C

single step 
vapor separation

350°C

CP

saturated
vapor line

PH2O 1 bar

10 bar

100 bar

1997 - Brombach et al. (2000)

Current CSC- This study

Current NAPN- This study

Soufrière de Guadeloupe 
(France)
outlet at 100°C

Solfatara (Campi Flegrei, 
Italy
outlet at 145-160°C



ICG Thermodynamic school – Erlangen May 2012, 2019The thermo-fluid-dynamical modeling (H2O + CO2 fluid) of 
hydrothermal systems 

Enthalpy assessment and 
P-T properties in input

Troise et al. (2019, ESR)
Moretti et al. (submitted)

1 km

T-h plot of the H2O-CO2 mixture 
(85:15)

Real gas at 15 Mpa and 350°C à Single gas, h = 2220 J/g

Ideal mixture  à h = 2000 J/g, but at 15 MpaT is 320°C !!! à So it 
MUST be a two-phase (L+V) sysetm

IDEAL MIXTURE

REAL GAS
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To draw, we look at magma…and its liquid phase:
THE MELT

Oppenheimer et al., 2011 Moretti et al., 2018

Erebus Etna
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Measuring Initial Magmatic Volatiles

What is the challenge in accurately 
measuring/estimating amount of volatiles 

in magmas?

• When gas samples taken at surface, they 
can become contaminated with atmosphere 
or other secondary sources (meteoric waters 
etc…)

• If magma saturated and bubbles formed, 
lost some of its volatile supply prior to 
eruption
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Glasses and Melt Inclusions
• Can measure abundances in 

submarine glasses because little 
to no degassing invoked; magma 
cools on contact with seawater

• Melt inclusions, which are blobs 
of melt (glass) surrounded by 
crystal.  

• Interpretation is that these blobs 
of melt do not lose volatiles 
because “armored” by solid 
crystal.

We can use “Phase Equilibria” or… 
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Then we need « solubility » models or to 

be more precise modeling of gas-melt 

interactions able to precisely calculate the 

saturation surface of the H2O-CO2-H2S-

SO2 (+ Cl, F) – silicate melt system and 

see how magma degasses under varying 

P and T 
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demands first experiments…then “thermodynamics”

• Solubilities are strongly pressure dependent
• Solubilities do not vary much with composition
• CO2 has very low solubility compared to H2O (~30x lower)
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Silver and Stolper (1989) and Stolper (1989) considers the reaction:
H2O(m) + O2-

(m) = 2 OH-
(m) (1)

-2 ln (XOH,m)2 + ln [XH2O,m(1- XOH,m - XH2O,m)] = (2)
A’ + B’ XOH,m + C’ XH2O,m

A’, B’, C’ from fitting of IR data on H2O speciation

Question: is (2) a true thermodynamic equilibrium constant ?
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and Stolper, 1989)

CO2(fluid) + O2-
(m) = CO3

2-
(m) (1)

Basalts: CO2 as carbonate ion only
Rhyolites: CO2 as molecular CO2 only

Then, it is considered that:
K = XCO32-,m / (fCO2

XO2-,m) (2)
K = K° exp[(-DV°(P-P°)/RT) - (DH°/R) (1/T – 1/T°)] (3)

Surprisingly, XO2-,m is given as:
XO2-,m = 1 - XCO32-,m !!! (4)

(but what about  2 O-
(m) = O°(m) + O2-

(m) ???? )
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• In natural systems, melts are saturated with a multicomponent vapor phase
• H2O and CO2 contribute the largest partial pressures, so people often focus
on these when comparing pressure & volatile solubility

Solid lines show solubility at
different constant total pressures

Dashed lines show the vapor
composition in equilibrium with
melts of different H2O & CO2

From Dixon & Stolper (1995)



ICG Thermodynamic school – Erlangen May 2012, 2019Let us consider ideal gas (PTOT = PH2O + PCO2) and let us forget 
speciation phenomena in the melt phase (very simple 
approach!)

PCO2 = KH,CO2 CCO2

with
KH,CO2= 1.647 bar/ppm

PH2O = 103.57 WH2O 
1.9532 

Look at violet points and lines in 
the next slide !
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The penguin is unhappy and wants more accurate equations for both liquid 
and gas phases !
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Baker and Moretti (2011) Jugo (2005)

1/2S2 + 4/2O2 +

So, we also need to describe RedOx properties

Constant fS2
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Depolymerization of Silicate Melts to 

accommodate volatiles (e.g. water)

Question: how much we need to know about structure ?
Answer: the amount of knowledge enough to describe speciation (e.g., same as in 

aqueous solution) and write reactions
Comment 1: this implies consistent choices for the thermodynamic state of reference
Comment 2: it also implies the choice of a well performing model for melt mixing

properties
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Intact solvation shells Partial disruption of 
solvation shells

Disruption of solvation 
shells

Outer sphere ion pair Inner sphere ion pair

(complex)

Silicate melts are not liquid water…
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The “thermochemical knowledge” of a melt system 
does not seem to require the microstructural 

“complexity” that can be revealed by many 
spectroscopic investigations: the structural 

“characterization” exceeding that required for the 
description of acid-base properties (e.g, in the 

Lux-Flood notation for oxide systems) may be 
not useful. 

How deep need we to go with connections between 
structure and chemical thermodynamics ?
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In silicate melts acid-base properties are expressed in terms of Lux-
Flood formalism:
Acid + O2-ó Base (1)
(Ottonello et al., 2001; Moretti, 2005; Moretti and Ottonello; 2003;
Ottonello, 1997: “Principles of Geochemistry”; Flood and Forland,
1947; Fraser, 1975; 1977).
In oxide systems, “reaction” 1 is the analogous of the Bronsted-Lowry
one in aqueous solutions:
Acidó Base + H+ (2)
In aqueous solutions the electrode of reference is the “normal
hydrogen electrode”, whereas in silicate melts the reference electrode
is the “normal oxygen electrode” (Ottonello et al., 2001), i.e.:
1/2O2 + 2e-ó O2- (3)

This is the main redox couple in oxide melts.

Back to basics
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Polymeric nature of anion matrix: Toop-Samis model

In polymeric models for silicate melts, it is postulated that, at each
composition, for given P-T values, the melt is characterized by an
equilibrium distribution of several ionic species of oxygen, metal
cations and ionic polymers of monomeric units SiO44-.
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On the basis of simple mass balances we can link the
three oxygen species to the melt composition and
therefore to the melt compositions

Theory: the polymeric model 
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Join lnKp = A/T+B R2 T range Notes

A B C (°C)
_______________________________________________________________________
K2O - SiO2 -31708 0 - 1127-1527 (1)

-29540 0 - 1223 (2)
-36967 0 0.9922 1500-1800 (3)

Na2O- SiO2 -23336 0 0.9995 1000-1800 (3)
CaO - SiO2 -15372 0 0.9958 1000-2000 (4)

-14807 0 0.9943 1000-2000 (2)
MgO - SiO2 -9809.5 0 0.9955 1400-2000 (3)
ZnO - SiO2 -6460.1 0 - 1400-2000 (3)
MnO - SiO2 -6183.8 0 0.9596 1000-2000 (3)

-5649.1 0 - 1600 (1)
PbO - SiO2 -5330.0 0 0.5825 1000-1800 (3)

-4098.1 0 - 1273 (5)
FeO - SiO2 -3600.0 0 0.9973 1000-2000 (4)

Fe2O3 - SiO2 7569.5 - 7.2752 0.9350 1000-2000 (5)
TiO2 - SiO2 4667.3 -3.2092 0.9107 1500-1900 (3)
ZrO2 - SiO2 2685.9 - 6.382 0.9658 1400-2000 (3)
NiO - SiO2 1507.7 - 1.7772 0.9825 1500-2000 (3)

Al2O3 - SiO20 - 1.4059 - 1000 – 2000 (3)
B2O3 - SiO20 - 1.0660 - 1000 – 2000 (3)
_______________________________________________________________________
(1) Ottonello (2003); (2) Ottonello and Moretti (2003), based on experiments of Eliezer et al. (1978);
(3) Ottonello and Moretti (2003), based on the Modified Quasi Chemical parameterization of
Pelton et al. (1995); (4) Ottonello (2001); (5) Ottonello et al. (2001)
_______________________________________________________________________

Ottonello and Moretti (2004)
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Ottonello et al., 2001
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Toop-Samis model embodies ideal and excess Gibbs free energy 
contributions to the Gibbs free energy of the liquid MO-SiO2 mixture 
in a single term

è the amount of Gibbs free energy necessary to open a liquid solvus 
at high SiO2 content can be seen as an elastic energy contribution 
which, for a chain of        monomers extending to a distance x may be 
expressed (e.g. Bates and Fredrickson, 1999)

Extended as: 
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A « crude » approximation…
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Even simple interaction parameters along limiting binaries cannot be reduced to 
fitting coefficients of mathematical minimization routines, but must be formally 
linked to the intrinsic atomistic properties of the interacting ions and molecules 
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depolymerizing role of water has been overrated with 
respect to its actual acid-based properties in melts.
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Moretti and Papale (2004)
Chemical Geology
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saturation model  (Papale, Moretti & Barbato, 2006)

•Fully non-ideal

•Fluid phase of any composition in the system H2O+CO2

•Liquid phase of any composition from two/three components to natural (12 components)

Equilibrium equations
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(Papale et al., 2006)

Tamic et 
al., 2001
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MIs show processes of CO2
addition and dehydration 
(fluxing)

è Shift in total/initial volatile 
content à many degassing 
paths

Papale, 2005
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Sat.Mod. N. of curves wTH2O wTCO2
_______________________ (wt%) (wt%)
SWCD1 0.100 0.50
SWCD2 0.110 0.80

0.114 3.80
SWCD3 0.111 0.50

0.102 0.80
0.105 3.10

SWCD4 0.112 0.54
0.105 0.96
0.110 2.82

0.112 4.38

Barsanti et al. (2009, JGR)

KILAUEA

…shifting degassing paths…
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!???!
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……..

Empirical efforts….
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That’s the way electron transfer operates. It is not evident from the
equilibrium involving macroscopic components: to get that you must
adopt the ionic notation.

FeO + 1/4O2 ó FeO1.5

In the above reaction the redox potential is expressed by the 
oxygen fugacity . But how does the electron transfer take place?
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Iron redox model

The message:

1. Silicate melts are polymerized liquids

2. Polymeric units are highly reactive

Polymerization and redox state are intimately
interrelated. This melt affects properties, including
oxidation state, volatile solubility et cetera.
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S as 
sulphide

S as 
sulphate

S solubility: the Conjugated-Toop-Samis (CTSFG) model
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Theory of the S solubility model (CTSFG)
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in which they have never been determined !

( )ò +-+=¢ --
-
-

P

1
gm

'
MS,O

'
MS,O

TP
MS,O dPΔVΔV

RT
1TBAKln

1-bar lnK

Our value for the (partial) molar volume of  
VSO3 is 57.71 cm3/mol at 1673K… must be 

checked experimentally (no data at present)
3

υ
24

υ
2 SOOMSOM VVV +=

++

/mol)(cm41VVΔV 3
SMSOMS-SO

υ
24

υ
224

=-=
++



ICG Thermodynamic school – Erlangen May 2012, 2019

SiO2 Al2O3

CaO

25

50

75

25 50 75

25

50

75

-5.18
-5.15

-3.52
-3.84

-4.81
-4.98

-4.21

-5-5.
5

-4.
5 -4 -3.5 -3

-2.5

-2.5
-3.83

-4.1-4.33

-4.58
-4.60

-3.7

-3.71

-4.04

-4.17
-4.38

-4.64 -4.12

-3.98-4.2

-2

b)

SiO2-Al2O3-CaO, T = 1500°C

SiO2 Al2O3

CaO

25

50

75

25 50 75

25

50

75

-4.43

-5
.5 -4.

5
-4 -3.5 -3 -2.5

-2.5

a)

-2

-5

-2.28

-4.30
-4.22

-4.10

-3.62 -3.60

■

Moretti and Ottonello (2003), Metall. Mat. Trans. B Moretti and Ottonello (2005)

Simple metallurgical slags
(log Cs contouring)

Natural-like melts (sulfur content)
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Moretti and Ottonello (2005)

The CTSFG solubility model: features of the sulfide and 
sulfate capacity surfaces
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Baker and Moretti (2011)
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Moretti et al. (2003)

Baker & Moretti (2011)

<= Non linear behavior

<= Linear (stoichiometric)

behavior
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Moretti et al. (2003) Geol. Soc. Spec. Publ. 213

Mass partitioning in Nature is non-linear. The expected linearity 
required by theory (stoichiometry in this case) is embodied, not 

cancelled. Models must account for it.

Tholeite, 1400K . H2Otot=3%wt; CO2
tot=1%wt; Stot=0.5%wt
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-2
melt4,

2
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-2
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melt SOFe8O4S8Fe +Û++ ++

SO Fe O S FeOmelt melt melt melt melt4
2 2 2 2

28 12 8, ,
- + - - -+ + Û +

meltmeltmelt OFeSFeOSO ,32
22

,4 48 +Û+ --

If you write:

We can also study the mutual redox exchanges between more redox
couples (when existing…) such as Fe, Ni, S and so on… But even when
studying mutual interactions, O2- and therefore oxygen species via
Toop-Samis equilibrium, intervene through the normal oxygen electrode
(see Moretti and Ottonello, 2003 JNCS). For example, if you consider Fe
and S redox equilibria you should write the following ionic equilibria:

so that O2- cancel out, you make a very huge mistake, since you are
mixing different notations, confusing species with components and
therefore mixing up standard states!
Remind that the basis of redox reactions in melts is the “normal
oxygen electrode”

Fe-S  mutual interactions
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Remember, it is the following connection:

acid-base properties => polymerization

polymerization => redox state

redox state  => solubilities

solubilities => acid-base properties, and so on…

That promotes our full understanding of the role 
of bulk composition on the partioning of 

volatiles in magmatic systems
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We usually do not perceive the problem of the chemical syntax as long as we

interpret our own data and a few more

è Thus we tend to adopt the detected structural scenario and turn it into the 

chemical syntax

à we do not provide a thermodynamically coherent frame for acid-base e 

redox properties solving for speciation issues in melts/glasses and 

describing the ongoing chemistry

à in general, too many structural attributions to the same REACTIVE species 

(FeIIIO2-, FeIIIO4-, FeIIIO5- …) or no attribution at all (undifferentiated Fe3+ for 

all three-valent iron complexes)

à inconsistent notations in the same reaction mechanisms à different 

standard states mixed-up


