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Major goals for volcanology:Major goals for volcanology:
•• global evolution and degassing of magma bodiesglobal evolution and degassing of magma bodies

•• modeling and simulation of volcanic processesmodeling and simulation of volcanic processes

Major goals for industrial applications:Major goals for industrial applications:
•• glass, ceramics, steel, cement, metallurgy, …glass, ceramics, steel, cement, metallurgy, …

Major goals for Civil Protection:Major goals for Civil Protection:
•• impact of volcanic eruptions, volcanic and diffuse impact of volcanic eruptions, volcanic and diffuse 
degassingdegassing

•• pollution by volcanic gasespollution by volcanic gases

Major goals for ore deposits and exploration Major goals for ore deposits and exploration 
geochemistry…geochemistry…
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Volatile components in magmas

Analysis of volcanic gases
Direct sampling

Air borne IR-measurements

Satellite linked  spectroscopic 

measurements 

Analysis of volcanic glasses 
Extraction methods, spectroscopy, 

electron and ion microprobe

The most abundant volatile components

H2O CO2 SO2 HCl

Pinatubo
Philippines (6/91)

89% H2O
7% CO2
3% SO2
1% HCl

Mount St. 
Augustine:

Alaska (7/79)

97% H2O
2% CO2

0.2% SO2
0.4% HCl

Merapi
Indonesia (79)

90% H2O
7% CO2
2% SO2
1% HCl



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).



CO2/SO2

methodmethod
CO2 : IR spectrometry   SO2 (HCl, H2S): electrochemical sensor

Acquisition frequency: 1s; low power consumption; 
High concentration = high accuracy

Future perspective: real time continuous monitoring



Aiuppa et al. (2009)



•hydrothermal liquids hosted in the hydrothermal systems,
which are frequently interposed between the magma batch
stationing at depth and the surface.

Conceptual geochemical model of White Island [Giggenbach, 1987]





The absence of typical 
magmatic gases (i.e. SO2, HCl, 
HF) and the relatively high 
contents of CH4 suggest that 
Solfatara fluids were stored  in 
an hydrothermal environment 
before discharging.

Average chemical composition of Bocca Grande fumarole 
during1998-2000 (the data are expressed in mmol/mol)

T °C 161
H2O 843600
CO2 154100
H2S 1360
N2 475
H2 364
CH4 23.2
He 1.27
CO 0.51
Ar 0.49
O2 0.24



Di Muro et al. (In prep.)



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



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… 



Campi Flegrei Melt/glass inclusions

A-Monte Spina

Nisida Pomici Principali

Agnano-Monte Spina



Stromboli MIs

100 mm

 

Etna MIs





Basaltic magmas

(Wallace, 2005)



Understanding solubilities and saturation properties 
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)



Solubilities with more than 1 volatile component present 

• 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)



Baker and Moretti (2011) Jugo (2005)



 In real basalts there is less chlorine (luckly!)  saturation 
with brine is avoided!



The message: Integrated and synergetic approach
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Fedorov and Pilon 
(2002; JNCS)

Stromboli



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…



Depolymerization of Silicate Melts to 
accommodate volatiles (e.g. water)

Mysen and Richet, 2005



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 How deep need we to go with connections between 
structure and chemical thermodynamics ?structure and chemical thermodynamics ?



In silicate melts acid-base properties are expressed in terms of Lux-
Flood formalism:
Acid + O2- 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:
Acid 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- O2- (3)

This is the main redox couple in oxide melts.

Back to basicsBack to basics



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 SiO4
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The message:

1. Silicate melts are polymerized liquids

2. Polymeric units are highly reactive

Polymerization and redox state are intimately interrelated. This affects melt properties,
including oxidation state, volatile solubility et cetera.
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Ottonello and Moretti
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The HThe H22OO--COCO22--HH22SS--SOSO22 saturation modelsaturation model

Moretti and Papale (2004)
Chemical Geology

Gas phase
H2O, CO2, SO2, H2S

homogeneous equilibrium (chemical reactions)

(SUPERFLUID – Belonoshko et al., 1992)

Liquid phase
H2O + CO2 saturation

(Papale, 1999)

Liquid phasemass balance

reactive and/or
dissolution effects

Redox
conditions

Gas phase
H2O, CO2, SO2, H2S

homogeneous equilibrium (chemical reactions)

(SUPERFLUID – Belonoshko et al., 1992)

Liquid phase
H2O + CO2 saturation

(Papale, 1999)

Liquid phasemass balance

reactive and/or
dissolution effects

Redox
conditions

Gas phase
H2O, CO2, SO2, H2S

homogeneous equilibrium (chemical reactions)

(SUPERFLUID – Belonoshko et al., 1992)

Liquid phase
H2O + CO2 saturation

(Papale, 1999)

Liquid phasemass balance

reactive and/or
dissolution effects

Redox
conditions

Gas phase
H2O, CO2, SO2, H2S

homogeneous equilibrium (chemical reactions)

(SUPERFLUID – Belonoshko et al., 1992)

Liquid phase
H2O + CO2 saturation

(Papale, 1999)

Liquid phase
S saturationS saturationS saturationS

mass balance

reactive and/or
dissolution effects

Redox
conditions

(Moretti et
al., 2003)al., 2003)

FeII/FeIII model
(Moretti, 2004)



Theory of the revised and extended HTheory of the revised and extended H22OO--COCO22
saturation model  saturation model  (Papale, Moretti & Barbato, 2006)(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



MIs show processes of CO2
addition and dehydration 
(fluxing)

 Shift in total/initial volatile 
content  many degassing 
paths

Papale, 2005



Sat.Mod. N. of curves wTH2O wTCO2
_______________________ (wt%) (wt%)
SWCD 1 0.100 0.50
SWCD 2 0.110 0.80

0.114 3.80
SWCD 3 0.111 0.50

0.102 0.80
0.105 3.10

SWCD 4 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…



S as 
sulphide

S as 
sulphate

S solubility: the ConjugatedS solubility: the Conjugated--ToopToop--Samis (CTSFG) modelSamis (CTSFG) model
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Model calculation

Katsura and
Nagashima (1974)

Katsura and Nagashima (1974), Tholeiite, 1250°C

SO2 (i) = 0.21%

Slope = -1.5

Slope = 0.5

for QFM > -1

Moretti and Ottonello (2005 GCA)
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CaO-SiO2
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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 The CTSFG solubility model: features of the sulfide and 
sulfate capacity surfacessulfate capacity surfaces

 
Kilauean Tholeite
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Kilauean Tholeite

8
8.5

9
9.5
10

10.5
11

11.5
12

12.5
13

13.5
14

14.5

0 1 2 3 4 5 6 7 8 9 10
H2O (wt%)

lo
g 

C
SO

4

1050°C

1100°C

1150°C

1200°C

3 kbar
2 kbar

4 kbar

1 kbar

0.5 kbar1 bar

5 kbar
a)

0.1 kbar
Arc Basalt

8

9

10

11

12

13

14

15

16

0 1 2 3 4 5 6 7 8 9 10 11
H2O (wt%)

lo
g 

C
SO

4

1150°C

1100°C

1050°C

1000°C

1 bar 0.5 kbar

1 kbar

2 kbar
3 kbar

4 kbar
5 kbarb)

0.1 kbar

Andesite

11

12

13

14

15

16

17

18

19

0 1 2 3 4 5 6 7 8 9 10
H2O (wt%)

lo
g 

C
SO

4

850°C

900°C

950°C

1000°C

1 bar

0.5 kbar

1 kbar

2 kbar

3 kbar

4 kbar

5 kbar

0.1 kbar

c)

Rhyolite

11

13

15

17

19

21

23

0 1 2 3 4 5 6 7 8 9 10
H2O (wt%)

lo
g 

C
SO

4

800°C

850°C

900°C

1 bar

0.5 kbar
1 kbar

2 kbar
3 kbar

4 kbar

5 kbar

d)

0.1 kbar

750°C

700°C

     
2

1

2

2
1

2
S

2
1

2
2

3

2Ssulfatewt%,sulfidewt%,totwt%,
fO

fSCfSfOCSSS 26  

Lesne, 2008



Baker and Moretti (2011)



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



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

Volatile mixed “solubility” Single-step volatile separation

(applicable to glass inclusions) (applicable to the geochemical
sensing of volcanoes)
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The Kilauea example…The Kilauea example…

Summit SO2 emission 
rates (1987-2000; Elias 
et al., 1998, Gerlach et 

al., 2002).
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open system degassing 
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primary magma
CO2

tot = 6.5 wt%
closed system deg.

FeO/Fe2O3=5

1987

2000

By assuming a CO2 flux of 9000 tons/day, 
constant through years (Gerlach, 2002), the 
following S/C molar average ratios can be 
computed:
year 1987: S/C = 0.03 
year 2000: S/C = 0.0075

 From 1987 to 2000: downward 
migration of 7 Mpa (about 300 m.) of 
the main degassing surface  (i.e., fresh 
magma arrival?) and onset of more 
oxidized conditions



Moretti and Papale (2004) Chem. Geol.
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Modelled CO2
gas/H2Ogas mass ratios 
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Oppenheimer et al. (2011)



Problem: mafic enclaves  excess volatiles   high plume SO2/H2S 

Montserrat – Soufrière Hills



Edmonds et al. (2008)

“….volatiles are supplied from a quenching, vesiculating mafic magma 
against a cooler, more crystalline andesitic magma in the crust “



Aiuppa, Moretti  et al., 2007

Open-conduit conditions (e.g., Etna…)



 

Aiuppa, Moretti et al., 2007

Open-conduit conditions (e.g., Etna…)



Aiuppa, Shinohara, Giudice, Liuzzo, Moretti (2011, JGR)



Partition coefficents (H2O-Cl exps)

Alletti et al, 2009



In the ionic-polymeric approach we set the following equilibria:

½H2O(gas) + Cl-
(melt)  HCl(gas) + ½O2-

(melt)

which can be also derived from:

¼O2(gas) + Cl-
(melt)  ½Cl2(gas) + ½O2-

(melt)

by considering the following dissociations and redox couples:

½H2O(gas) ½H2 (melt) + ¼O2 (melt) [Water dissociation]

HCl(gas) ½H2 (gas) + ½Cl2 (melt) [Hydrogen chloride dissociation]

½Cl2 + e- Cl- [Chlorine electrode]

¼O2 + e- O2- [Oxygen electrode]

Hirosumi and Morita (2000; 
for  chlorine)
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HClgas + 1/2K2Omelt  KClmelt + 1/2H2Ogas (1)

KClmelt  KClgas (2)

From their equilibrium constants:

12/12 loglogloglogloglog
2

2

Ka
a

a
Kaa

melt

gas

gasmelt OK

gasOH

HCl
KClKCl 

Gas fluxing determines the detected K-enrichment by stripping K to the gas phase as 
KCl. 

=> the measured K variability reflects the K-gain, by some portions of the magmatic 
system, that superimposes to the normal trend of fractional crystallization.

By considering KCl and HCl as the most important gas species, the following 
chemical reactions can be written:

If K2O=const   increases due to CO2-fluxing and dehydration  

 increases, hence increases 

2/1
2 gasOH

HCl

a

a
gas

meltKClX
meltKCla

Moretti et al. JPet (accepted)



Marini, Moretti & Accornero 
(2011) RiMG 73

S-species and 
reactions 
involved in the 
full tracking of 
volcanic 
degassing… 

High reactivity

many 
degassing paths



Ohmoto-Rye, 1979





Nordstrom and Munoz, 1986

Degassing…

Marini et al. 
(2011)

(closed s.)



We MUST know how YSO42- and YS2- are related to P, T and 
composition

Taylor, 1986

Taylor, 1986

Degassing…



Set by taking pyrrhotite…

Considered to be valid for FeS liquids (…it also 
approximates FeOS liquids)

Sulfide separation…

Ohmoto and Rye, 1979

…as for degassing: depends on fO2 conditions for FeS saturation!



Metrich & Mandeville (2009)



Marini, Moretti & Accornero (2011)



Marini, Moretti & Accornero (2011)



Etna

Marini, Moretti & Accornero (2011)
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Etna





The magmatism of the Neapolitan area 
(Phlegraean district =  Ischia + Procida + Campi 

Flegrei and Somma-Vesuvius) 
is related to the NW subducting Ionian plate

Ischia

C F

The Plio-Quaternary Italian 
magmatism is related to the 
complex geodynamics of the 
Mediterranean basin induced 
by convergence between 
African and Eurasian plates

Faccenna et al., 2004





Aiuppa,Bertagnini, Metrich, Moretti, 
Di Muro, Liuzzo, Tamburello (2010)



Pino, Moretti, Allard, Boschi (2011, JGR)



Panel a): traces of the subduction-related compression and extension fronts along the 
Apennines chain (modified after Acocella and Funiciello, 2006); Is = Ischia; Pr = 
Procida; CF = Campi Flegrei; SV = Somma-Vesuvius; Vv = Vavilov; Et = Etna; Pn = 
Pantelleria.

Panel b): structural sketch map of the Campanian Plain and surrounding Apennines 
(modified after Orsi et al., 2003).
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Moretti et al., 2012 (accepted in J.Pet.)
D’Antonio et al., 2012 (under 
review in Contrib. Min. Pet.)



Structural map

Campi Flegrei caldera



Campi Flegrei caldera

Ground movement at
Pozzuoli - Serapeo
over the past 2 ka







Solfatara



Sulfur Production in Solfatara Volcano (Naples)





COCO22 t dt d--11 1500         100             300           2001500         100             300           200
HH22O/COO/CO22 fumarolesfumaroles 2.2         23.4            3.7            5.32.2         23.4            3.7            5.3
HH22O t dO t d--11 3300       2340           1100         10603300       2340           1100         1060
Condensation       J dCondensation       J d--11 7.3x107.3x101212 5.2x105.2x101212 2.4x102.4x101212 2.3x102.3x101212

Cooling of liquid    J dCooling of liquid    J d--11 1.1x101.1x101212 7.7x107.7x101111 3.6x103.6x101111 3.5x103.5x101111

Thermal energy  Thermal energy  J dJ d--11 8.4x108.4x101212 5.9x105.9x101212 2.8x102.8x1012     12     2.7x102.7x101212

Solfatara    Nisyros  Vesuvio  VulcanoSolfatara    Nisyros  Vesuvio  Vulcano

The energy released by the DDS (mainly through steam condensation) are very 
large, and cannot be neglected in the thermal balance of a volcanic system. 

CO2 flux and thermal energy release

Courtesy of Chiodini G.
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Moretti et al. under review in EPSL

Unrest: Petrologic & geochemical modelling



Geo-volcanological picture of the A–MS magmatic feeding system and of the CFc sector involved in the 
eruption. The A–MS system can represent a useful proxy to sketch present and future scenarios in which 
magmas and their gases interact with the hydrothermal system. 

Arienzo et al., 2010;  Chem. Geol.

De Siena et al., 2010

Zollo et al., 2008
Seismic attenuation

Melt Inclusions

Seismic Tomography

= +

Magma System Architecture

Ubrest: Petrologic & geochemical modelling
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Unrest: Fluid geochemical modelling



___________________________________________________________________ 

Melt composition (#)    ( wt.%, volatile-free ) 

SiO2   TiO2     Al2O3      FeOtot     MgO    CaO     Na2O       K2O 

59.04      0.46        17.14         3.83           0.68        2.42        4.22          7.64 

________________________________________________________ 
Constrained features of the magma body after rise and emplacement at 4 km-depth 

P = 100 MPa (&);   T = 1173 K (§);     logfO2  = NNO+1.2  (#) 

H2OTOT = 3.5 wt%  (£);   CO2
TOT = 2 wt%  (£);     STOT = 0.013 wt%  (£) 

____________________________________________________________________ 

Computed conditions 

H2Ogas    = 31.61 wt%  H2O/CO2  (mol) = 1.14 

CO2
gas    = 68.01 wt%  H2S/CO2 (mol)  = 0.004 

SO2
gas      = 0.16 wt%  SO2/H2S   (mol) = 0.4 

H2Sgas    = 0.22 wt%   

 

melt+gas = 2008 kg/m3 

melt      = 2511 kg/m3 

mgas      = 3 wt% 

Vgas/Vtot = 0.21 

__________________________________________________ 
Composition of the deep gas separating from the trachytic body 8 km deep  

P = 200 Mpa (@);   T = 1223 K (§);    logfO2 = NNO+1.2 (#) 
 
H2Ogas    =  21.21 wt%   H2O/CO2  (mol) = 0.66 

CO2
gas    =  78.59 wt%  H2S/CO2  (mol)  = 0.00058 

SO2
gas      =  0.17 wt%  SO2/H2S  (mol)  = 2.26 

H2Sgas    =  0.04 wt% 

______________________________________________________________________ 
#: from MI studies (Arienzo et al., 2010) and experimental petrology (Roach, 2005); 
&: from MI studies (Arienzo et al., 2010; Mangiacapra et al., 2008) and geophysical observations (Berrino, 
1994; De Siena et al., 2010; Woo and Kilburn, 2010); 
§: from experimental petrology (Roach, 2005); 
£: from MI studies (Arienzo et al., 2010); 
@: from MI studies (Arienzo et al., 2010; Mangiacapra et al., 2008) and seismic tomography (Zollo et al., 
2008). 

X
X

The shallow body 
crystallizes and cools in 
20-30 years !

Simulation performed for a 
magma crystallizing and 
degassing (open-system) 
continuosly  no volatile 
rejuvenation

Calculation scaled to 
2x1011 kg of magma.



Moretti et al., Under Review in 
EPSL

Unrest: Fluid geochemical modelling



___________________________________________________________________ 
Melt composition (#)    ( wt.%, volatile-free ) 

SiO2   TiO2     Al2O3      FeOtot     MgO    CaO     Na2O       K2O 

59.04      0.46        17.14         3.83           0.68        2.42        4.22          7.64 

________________________________________________________ 
Constrained features of the magma body after rise and emplacement at 4 km-depth 

P = 100 MPa (&);   T = 1173 K (§);     logfO2  = NNO+1.2  (#) 

H2OTOT = 3.5 wt%  (£);   CO2
TOT = 2 wt%  (£);     STOT = 0.013 wt%  (£) 

____________________________________________________________________ 

Computed conditions 

H2Ogas    = 31.61 wt%  H2O/CO2  (mol) = 1.14 

CO2
gas    = 68.01 wt%  H2S/CO2 (mol)  = 0.004 

SO2
gas      = 0.16 wt%  SO2/H2S   (mol) = 0.4 

H2Sgas    = 0.22 wt%   

 

melt+gas = 2008 kg/m3 

melt      = 2511 kg/m3 

mgas      = 3 wt% 

Vgas/Vtot = 0.21 

__________________________________________________ 
Composition of the deep gas separating from the trachytic body 8 km deep  

P = 200 Mpa (@);   T = 1223 K (§);    logfO2 = NNO+1.2 (#) 
 
H2Ogas    =  21.21 wt%   H2O/CO2  (mol) = 0.66 

CO2
gas    =  78.59 wt%  H2S/CO2  (mol)  = 0.00058 

SO2
gas      =  0.17 wt%  SO2/H2S  (mol)  = 2.26 

H2Sgas    =  0.04 wt% 

______________________________________________________________________ 
#: from MI studies (Arienzo et al., 2010) and experimental petrology (Roach, 2005); 
&: from MI studies (Arienzo et al., 2010; Mangiacapra et al., 2008) and geophysical observations (Berrino, 
1994; De Siena et al., 2010; Woo and Kilburn, 2010); 
§: from experimental petrology (Roach, 2005); 
£: from MI studies (Arienzo et al., 2010); 
@: from MI studies (Arienzo et al., 2010; Mangiacapra et al., 2008) and seismic tomography (Zollo et al., 
2008). 



3 scenarios can be reasonably hypothesized:

-Only deep gas reaches the surface, fluxing the shallow system
-The 4 km-deep (solidified) magma is experiencing re-melting
-The 8 km deep magma is rising from the large regional reservoir

 Petrologic data show that Phlegrean eruptions regularly follow episodes of new magma arrival and 
subsequent mixing in the shallow system  Timing is very Fast

Possible scenarios and future (?) evolutions

Perugini et al., 2010



Orsi et al. 2004



Monte Nuovo; Averno2< 4.30 - 20 – 0.10 – 0.150 - 500Small

Astroni 64.3 - 52 - 50.1 – 0.30.15 – 0.40500 - 1000Medium

Agnano-Monte Spina> 5> 5> 0.3> 0.40> 500Large

Type eruption(s)MagnitudeTEM
(kg*1011)

VDRE
(km3)

VTephra
(km3)

A1cm
(km2)

Size

Size and style of a future eruption

Orsi et al., 2009; E. Planet. Sci. Lett. 

Possible Eruptive Scenarios



Carta di rischio 

Hazard and Risk



Alert Tresholds and Actions for Risk Mitigation - Vesuvius

Hazard and Risk
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Thanks for your attention!

Andy Warhol, 1985


