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m Redox conditions for terrestrial magmas in comparison
with some oxygen buffers used for experimental control

of the oxygen fugacity. Abbreviations: HM = hematite + magnetite,
NNO = nickel + nickel oxide, IW = iron + wiistite, EPM = Earth primitive
magma (magma ocean). The quartz-fayalite-magnetite (QFM) buffer,
not shown on this diagram, is -0.8 log units below the NNO buffer.
Dashed lines show the equilibrium H;O fraction in H>-Hz0O gas mixtures
for given T and fo,. The Earth primitive magma ocean (EPM), saturated
in metal iron, is the most reduced and is in equilibrium with H-H;O gas
containing 8% water. Komatiites, the oldest lavas found on Earth, have
redox conditions between IW +1 and NNO (Canil 2002), which corre-
spond to a gaseous mixture containing 60 to 99% water. MORB dis-
plays moderately reducing conditions also upper bounded by the NNO
buffer, whereas arc magmas, derived from subduction, are the most oxi-
dized terrestrial lavas and also the most water rich (Carmichael, 1991).
Such increase in oxidation state of magma with time, correlated with an
increase in water content, is a fundamental issue that has motivated
numerous experimental studies.
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[P Variation of the fraction of oxidized species of sulfur
(S¢*/total S) and iron (Fe**/total Fe) with oxygen fugacity
for hydrous dacitic melts at 950°C (sulfur is calculated after Morretti and
Ottonello 2005 and iron after Kress and Carmichael 1991). This diagram
illustrates the sharp change in sulfur redox state centered on NNO + 1,
which strongly contrasts with the smooth increase in ferric iron from
NNO - 4 to NNO + 4. Because arc magmas display fo, conditions
between NNO and NNO + 2, the oxidation state of sulfur can vary
greatly in these magmas, which has a critical influence on their
degassing dynamics (Scaillet and Pichavant 2005).



2FeO + 12 02 =) Fe203.

Figure 10.2 - Shift of the liquidus boundary of
m calcium silicates against the NBO/T of the melt
whose variations result from changes in the
2 proportions of Fe?* and Fe**. Plot drawn by Mysen
[1988] from the CaO-"Fe,0,"-Si0, phase diagram
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Fig. 2. Relationship between Fe?'/Fe'" and type of metal
cation (Ba**, Sr**, Ca’", Mg®"). expressed as Z/Ir' (Z =
electrical charge, r = ionic radius for six-fold coordination;
Whittaker and Muntus, 1970) for metasilicate melt compositions
equilibrated at 1550°C in air.
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Figure 10.12. Iron redox ratio of alkali 2 3
silicate melts at 1400°C in air against SiO, B ]
concentration {Paul and Douglas, 1965]. _ y
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Figure 10.16 - Iron redox ratio against K/(K+Al) ‘@ c ]

for potassium aluminosilicates at constant 78 & % ;

mol % Si0, [Dickenson and Hess, 1981]. ® o L

Experiments made in air at 1400°C with a total ;
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Empirical efforts....
In (Xpe,0,/Xre0) =@ In fo, + /T + ¢ + L dx,

In (xpe,0,/Xpc0) =an fo, + 6T+ ¢+ X dgx,
+e[l-TyT-InT/T,] + fP/T+g (T-T)P/T + hPYT

In (xpe3+/xpe2s) = a In fo + b/T + ¢ + d(AV(A+Si) + e(Fe ' [Fe’*+8i) + ¥ £ x,



Dealing with redox couples: an example from Ite
literature
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(logio, adimensional)
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Moretti and Ottonello (2003), J. Non-Cryst. Sol.




Integrated pre-edge intensity

0.4

® Si-rich glasses S |
- A Basaltic glasses -
0371 :
L el
21 : )
'-:;/M :
0.1+ , :
: % I® o [l =2t
el
I:}l] I i Ao :._-. i A ‘I R — :. W — s : I i i
0.4
IJIFE_.III h

L [°c] -
3 ': ’ v k

L = Ih:’l'cri:nng glasses
02+ ;

L . MNatural :
0.1 1 3 inclisions . o

r C:) = g

r F-IFL-\,II
1T S S S S S S R S R
THLE 71122 TlH2.6 71130 T34  TF1138

Pre-edge centrond position (eV)

.40

0.35

=
=

LA e i

025

3

L

=
Fa,
(* L]

integrated pre-edge intensity
=]

=
.
(=]

0.05

0.00

L TS

HAFe(ll)

. y

[BIFe:II

IFe(ll)

"'\.

T ;S
ok

|{|I-}|

'HZLH L& '%“ A L

EIFe(lll

l i i i i ] ¥ i i I |

)

i ISR WRT A SRR TOF TRN 1 =—10CF TRV 1A NOY TR0 NN TV W0 U ROF W RO . A U DO

L

THED

71125 7113.0 7113.5
centroid position (eV)



1 Y

- ® Maossbauer uﬁ/
0g H® XANES |
L 06 o :
~ I |
. |
o 04 - .
LL I |
I ® ]
0.2 ]

0 i A R S H T E T R
0 0.2 04 0.6 0.8 1

Fe*'/ =Fe (wet chemical analyses)
=> Good compatibility between different techniques

Magnien V., Neuville D.R., Cormier L., Mysen B.O. and Richet P. (2004) Kinetics of iron
oxidation in silicate melts: A preliminary XANES study. Chem. Geol., 213, 253-263.
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m Micro-X-ray near-edge structure (XANES) spectra at the
sulfur K-edge of the glass inclusions (1) to (9) and one
oxidized silicate glass. Photomicrograph of an olivine-hosted glass inclu-
sion. The silicate melt is trapped at high temperature during crystal
growth and quenched as glass (From Meétrich et al. 2002).



The questions...

-How do we write chemical reactions for silicate melts
to account for COMPOSITIONAL dependences?

-Which ‘syntax’ do we use?

-Is the chemical syntax for describing chemical
exchanges directly available from structural studies?
Or is just an (useful) approximation of some major

features?



Outer sphere ion pair Inner sphere ion pair

(complex)

Intact solvation shells Partial disruption of Disruption of solvation
solvation shells shells



Figure 3.2 { Connectivity between
oxygen coordination tefrahedra of Si
with the octahedron of another cation

M through nonbridging oxygens.

Mysen and Richet, 2005 @ PBridging oxygen

%) Nonbridging oxygen
@ Tetrahedral (network-forming) cation
#% Network-modifying cation

Fig. 1. Schematic representation of the geometric relationships of bridging and nonbrid-
ging oxygen and network-forming and network-modifying cations,
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Figure 51 (left). Modified random network model for a “two-dimensional™ oxide g.las_.s. hmqlt open circ

t network-forming cations (Cy), small filled circles represent network-modifying cations (Cpy), and
large open circles represent oxygens (O). The boundaries are through the Cp-O (non-bridging) bonds and
are intended to highlight percolation channels where Cy cations are concentrated. (From Greaves, 1985.)



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

S1—0 polymer in
anhydrous melt

Waler
molecule

Broken Si—0 polymer
in hydrous melt

Nata

|(}|

Mysen and Richet, 2005
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Some observations...

We usually do not perceive the problem of the chemical

syntax as long as:

-we interpret our own data and a few more

=>» Thus we tend to adopt the detected structural

scenario and turn it into the chemical syntax



Some observations...

- But what happens if we want to find
the general chemical mechanism and
set models? (....the problem of many
data from many compositions...)

- How “convert” structural findings into
speciation hypotheses for general
chemical mechanisms?



Acld-base exchanges

The dividing line between the Lewis acids and bases is not
sharp a one, and its theoretical interpretation is obscure

—>Strong role of the molecular structure (hence, bulk
composition)

—>Hard and soft categories...(atomic structures associated with
hard acids and bases are rigid and impenetrable, whereas those
associated with soft acids and bases are more readily
deformable)

.1t i1s not practical if we deal with chemical reactions



For example...
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This acid-base and redox exchange synthesizes many
(combined) reactions:

SOy + 1/20, + CaOyyy & CaSO,m -
SO, *+ 1/202(g) + 1/2Si0, & 1/2Si(SO4)(m +
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So we need 10nS...

“The formation of ions sensu stricto in liquid water is due to
the high dielectric constant of agueous medium (efficient
shielding of charge) as also manifested by the formation of
hydration spheres.

In contrast, none of these concepts is applicable to silicate
melts. The dielectric properties are different, no volumetric
electrostriction is known, electrostatic bond valences are
generally greater to allow for such effects.

The only and apparent similarity arises from adoption of
analogous symbolic notation for melt species that uses negative
charge, therefore, the thermodynamic identities look like ions”



So, we need 1ons to write chemical
reactions...but...

e the connectivity of the silicate structure is such that cations and anions
have actual charges lower than formal ones, and the residual charge
distribution from bonding of bridging oxygen to silicon allows oxygen
bonding with other cations.

e This makes the relative contribution of nonbridging and bridging oxygens
to the oxygen coordination of the other cations poorly known (Mysen and
Richet, 2005) and highlights the impossibility to readily distinguish solute
and solvent like in aqueous solutions.

e The anionic framework of silicate melts, in fact, makes solute and solvents
so intimately related that one cannot identify a solvation shell and
identify directly, from structural studies, the complexes needed to define
acid-base reactions.



20~ & 00 + 02 Vs. 2Q" & Q"1 + Qnl

(Polymerization Vs. Connectivity)




Nevertheless...

...to understand what determines acid-base
behavior and to write and inspect chemical
reactions we have to assume an
understanding of the bonding, structure, and
properties of individual molecules also In
melts (with Its pros and cons...)



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

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) may be not useful.



Which acid-base ‘syntax’ to describe reactivity in melts?
In (essentially aprotic) silicate melts acid-base properties are
expressed in terms of Lux-Flood formalism:
Acid + O% <& Base (1)

“Reaction” 1 recalls the Bronsted-Lowry formalism for agueous
solutions:

Acid < Base + H* (2)



Which redox ‘syntax’ to describe reactivity in melts?

In aqueous solutions the electrode of reference is the
“normal hydrogen electrode”, whereas in silicate melts
the reference electrode is the “normal oxygen
electrode” ,l.e.:

1/20, + 2" <> 02 (3)

Even If the main redox couple in oxide melts is given by
iron, reaction (3) follows the syntax based on the O2-
exchange



5 O Mrwa and Monta (2002)
\\\\ © Miwa and Mornta (2002): comrected forb.s. C'l'.'l‘ —- [Clt*-]Pﬂ-ﬁl J'."l[:'l::'].a..] L
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02 ? Virtual or real ?

Joumal of Non-Crystalline Solids 357 (2011) 170-180

" ; i . =
Contents lists available at ScienceDirect [GUENAL D1}

=
NOM-CRYSTALLINE 50UDS

Journal of Non-Crystalline Solids

journal homepage: www.elsevier.com/ locate/ jnoncrysol

Bridging, non-bridging and free (0%") oxygen in Na,0-SiO, glasses: An X-ray
Photoelectron Spectroscopic (XPS) and Nuclear Magnetic Resonance (NMR) study

H.W. Nesbitt #*, G.M. Bancroft ®, G.S. Henderson ¢, R. Ho 3, K.N. Dalby 2, Y. HuangP®, Z. YanP

As has been proposed for CaSiO; glass and for sodic and potassic glasses containing La, we suggest that
0%~ is present in sodic glasses at small concentrations. The 0°~ content correlates with increased soda

content and may be associated with, and instrumental in development of, three dimensional percolation
channels in the glasses
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Calculated from data in Park and Rhee (2001)



5.3.1. Calculation of O-species distribution
The distribution of BO, NBO and O°~ in melts may be portrayed
according to the reaction:

Q°+ 0" =207 (2a)

where 0° represents BO, 0°~ represents “free” oxygen and O
represents NBO. The equivalent reaction employing neutral entities is:

Si0, + 2Na,0 = >Na,Si0,. (2b)

The mass action equation associated with reaction (2a) is:
K3 = (Oygo)” / [(Ogo)(Omo)] (3)

Nesbitt et al. (2011)

=>» Free-oxygen = oxide ion..attached to some metal cation




Polymeric nature of anion matrix: Toop-Samis and Masson models

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 1onic species of oxygen, metal
cations and 1onic polymers of monomeric units Sioé“'.

20" < 0,°+0_*°

/

Si0;” +Si0;” < Si,05 +0%

AG mixing — [(O_)/Z] RTInKponm



Theory: the polymeric model

On the basis of simple mass balances we can link the
three oxygen species to the melt composition and
therefore to the melt compositions

(0°)- 4Ng,, - (0°)
(02_): (1_ NSioz)_(OT_)

0 F (4K, ~1)+ (0" J2+2Ngo, )+8Ngq, (Ngo ~1)=0

Kp=(0°)(0*)/(O)’
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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

In a chemically complex melt or glass the ability to transfer fractional electronic charges
from the ligands to the central cation depends in a complex fashion on the melt or glass
structure, which affects the polarization state of the ligand itself. Nevertheless. the mean
polarization state of the various ligands (mainly oxide ions O™ and O™ in natural silicate
melts) and their ability to transfer fractional electronic charges to the central cation are
conveniently represented by the "optical basicity" of the medium, 1.e. ratio I/h™, where h is
Jorgensen's (1962) function of the ligand in the polarization state of interest, and h* is the
same function relative to the ligand in an unpolarized state (mainly free O® ions in an
oxidic medium; Duffy and Ingram, 1971):

h _ L-p _ Viree =V glass
h' 1-p \
with vgee = 1S, — 3P, absorption band of the free p-block cation:
Valass — 1S, — P, absorption band measured 1n the glass:
v*¥ =18 — 3P, absorption band in a free O*" medium.

A=

' free =V



The reciprocal of optical basicity A of a cation (1.e. "basicity moderating parameter" y of
Dufty and Ingram. 1973) represents the tendency of an oxide forming metal M to reduce
the localized donor properties of oxide 1ons, and 1s related to the optical basicity of the

medium by:

yo = Ly X1y
. ‘Zo‘ X Ao
where Z,; = formal oxidation number of cation in MO
Zo = formal oxidation number of oxide 1on in MO

Iy = stoichiometric ratio between number of cations and number of total oxide

1ons 1n the medium.



Table 1. Optical basicity A and basicity modemting prameter of the central cation ¥ acconding O varkoas
spufoes. Pauling s and Sanderson's electrones stlvitkes (Poulimg , 1932, 1960; Sanderson, 1967T) ae dso llated. A,
¥ xa shimensiconal; ye oV (From Ottosello o of , X0 ),

Dbl A h ol A
{1 2 (3 4 i 5 {6l i (7

Ha [ A0 0 3% 256 250 215 155
LizO (e I D |0 0,74
B:y 042 il 442 238 2.0 A4
[ FeTL 1S FAS 1.15 I.15 |15 nET nAT .59 EE ]
MzO 078 078 OJE OTR O7TE OJE 128 128 .2 150
Add g 0 £ " sl 0 55 59 | &% 167 1.5 e,
Sl 48 s AR CiAe 48 i 4= 3 D 209 |.B ol s

Ttk LT 06l 061 058 172 | 54 |.6 1 600
Crds .70 ) 172 |.6 1 58
MnO 0594-1.03 D= 0% 059 059 | 69 | 6% 1.5 2m
Fold 086108 103 |00 103 05 i 45 209 ] 354 1.8 200
Fedly 0T3R4l 0.TT 121 048 (AR 209 209 1.8 210
ol 3 | | Sy | Ss 1.F 2,10
Tn A8 2 0 209 1.8 2.0
Cas) HE R 230 230 |5 2 50
Lol 0.E2-098 058 172 172 | .6 284
Sr) 1.0 | 3 na7 | 1 660
Sn) 0 4E 205 209 | & Al
Bz 115 115 115 118 1.2 DE9 0.9 (.78
PO (4K 09 209 |8 304

(1) Daffy (19925 (2) Young &r al. {1992) (3) Duaffy and Ingram (1974ab); (4) Sosinsky and Sommenille
{ 19865; (%) Gaskdl (1 982y (&) Otionello ef af. (2000); eq. (4.19) (note e A=y") (T Ooncllo er af. (2001 );
obtained by non linear minimization of e thermodynamic activity data in maltcomponent meks,
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T=1600°C ; P=1 bar_ /
K»=0.0003 fo Ca0-SiO,
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0 0.2 0.4 0.6 0.8 1

X SiO,

Ottonello and Moretti (2004) J. Phys. Chem. Solids
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modified quasi-chemical model
(Pelton and Blander, 1986)
10 FAf-ee--- this work; InKp=-15372/T
20 +
-30 +
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-50 + £
Fa o o U o - oy

Ottonello et al., 2001




Hybrid Polymeric Model

T =1600°C
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Back to basics: amphoteric behavior of trivalent iron

FeO + 1/40, © FeO,

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

(From the Fraser’s approach to Europium)

|:ef’nJrelt + e_ g Feﬁ:elt + |:eC);,melt +e < I:erznzlt + 2C)rzn-elt +
1 . 1 _ 1 1
Eoielt = Zoz,melt +€ = _Og,melt &>e + ZOZ.melt =
1 1
Fe?;elt + Eoﬁ;elt = Feﬁ:elt +Zoz,melt I:eog,melt < |:erznzlt + gorzn-elt + %OZ,melt

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.



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.

Fe' | Nen |Fe™ > _cauons
LFe'“ J “n_. |FeO; [> anions+ [Fe* Y cations
Fe'" 1 a’? K, Y cations
o X
Fe" ) | Kfs! |K;%a2, > anions+K;*Y cations

Ratio of activities Ratio of activity coefficients
(qreo/@reo15) (Feo15/ G0)
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Fig. 4.14: fO2 estimates based on thermochemical model (eqn. 4.61) (4.13) and those
based on Sack equation 4.86 (b). The dataset is the same used for model calibration, in

hnth racac



8 +
E 0 e &
@ + e +1-rl-+ + 4
£ -5 i
S
L +
¢ 10 £
g /

_15 1 B} T

-15 -10 -5 0 5

Lag fO; (thermochemical medel)

Fig. 4.15: Comparison between fO, estimates based on thermochemical
model and estimates of the Kilinc equation. Dataset is the same adopted

in ranctraininn irnn entiilihria in mnlten cuctame

2000

1800 &

1800

1400 P e

1200

T calculated {°C)

o] 8
Q
g [+ ]

1000
8
o

op

800
8C0 1000 1200 1400 1600 1800 2000

T experiment (°C)




@ Kress and Carmichael (1991)

2 ¥ Kress and Carmichael (1988)
' AFudali (1965)
¥ Kilinch et al, (1983)

O Mysen et al. {(1984)
O Paul and Douglas (1965a)
+ Sack et al, (1980)

- Shibata (1967)
# ¢ Thornber et al. (1980)

Log (Fe?'/Fe>} (calculated)
[~

-1 | aDyaretal, (1967)
“~. . = Kress and Carmichael (1989)
' ' _ # Lange and Carmichael (1987}
-2 .é" - M Mo et al. (1982)
¢ Dingwell and Brearley (1988)
% Kennedy {(1948)
-3 s T
-3 -2 -1 0 1 2 3

Log(Fe®*/Fe*) (measured)

Fig. 4.13: Iron redox ratio in quenched melts and glasses equilibrated with a fO2
buffered atmosphere at various T conditions.
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Let us introduce the amphoteric behavior of water, 1.e. an acidic

dissociation:

H,O + 0% & 20H-

Which can be coupled to the basic dissociation (see Fraser):

2H* + 0% & H,0

By subtracting:

H* + 0% & OH

K=

TOT
N Ny —Ngy- IN

* n n — 2 * n
. H* i OH H,0
IIOH_ E cations
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Fig. 7ab. Relative proportions of oxygens of the Fincham-Richardson (1954) notation (a) plotted against the
compaositional parameter in the binary join Nasy, Al Si3,05. Water-denved species dissolved in the same com-
positional range have been plotted in b). Note the comparable amount of OH and OH" for the albitic composi-
tion (x=1).

Moretti (2005, AoG)

At parity of water content, high free hydroxyl
concentration is expected in more basic melts, In
agreement with Xue and Kanzaki (2004), Behrens et al.
(2004) for water diffusivities etc...



Iron redox ratio in hydrous silicate melts is also origin of
controversies. Current hypotheses about the role of water on the
Felll/Fell value are:

-Water does not affect ferric to ferrous ratio.
-Water causes a decrease of the ferric to ferrous ratio.
-Water causes an increase of the ferric to ferrous ratio.

==> Parameterization of the ferric to ferrous ratio should consider
the “impact” of water on melt acid-base properties and then
polymerization together with the effect of pressure on the previous
reactions.



Fe3*/ SFe

New experimental evidences
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About the effect of water on the iron oxidation state of melts...

Redox models simply relating Fe?*/Fe3* to fO, are not applicable !

Moretti (in prep.)



Centroid energy (eV)

Iron redox model: unexpected features

We can explain, for example, the increase of oxidation with
decreasing T. This depends on oxygen fugacity, that is, on

7113.0
Métrich et al., 2006
71128 o=
i
1126 s A400-20°C
2112 4 - Natural inclusions
T and matrx glasses
7112.2
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Calculated Fe™ />Fe ratio
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S solubility: the Conjugated-Toop-Samis
(CTSFG) model (Moretti and Ottonello, 2005)
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Theory of the S solubility model (CTSFG)

Sulfide-metal oxide reactions:

|\/|o(|_)+ Ls ,(G) < Ms( o

Gas-liquid reactions: Flood and Grjotheim (1952)
thermochemical cycle:

NOX
_ v anneal
In ksz—,sof— o Z; Ni InAC klvlo_(sz—,sof—),i
1=
v+ V n
Ni - NOX B
Zv il

wihoro N N+ ranrocont olactiricallyv oni iva|ent

The model
1
= annealing).
Bs [ fo, JZ = e) D

kMiO-MiS = f
Ay | Ts,

available.

computes Canneal.
Kmo-(s2.soazy COnstants are from ptionicor
Independent thermodynamic compilations when

(entropies of pmputed

ts)

Sulfate-metal oxide reactions:

1

MO(L) +8,(G) + 30,(G) < MSO, (L)

a L oy
kMiO-MiSO4 = foz% fsz% = exp(ai +:)_—'— AR\'lll_ (P —l)j

Au,0

I TTICITATTT ATTU TNXITUTTAT UovuUTnl \J.Jd“l'}.
200 <0 +0*
O- are singly bonded (or non-bridging) oxygens
» O°% are doubly bonded (or bridging) oxygens
e O?% are free oxygens

The Toop-Samis (extended) model is applied




The S solubility (CTSFG) model: verification
and check of the simplex and its features

Simple metallurgical slags Natural-like melts (sulfur content)

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



S solubility at P: considering volumes for systems
In which they have never been determined !

INKGZgm = T—%T(AVm + AV, )P

: 1

1-bar InK

Our value for the (partial) molar volume of
VM, s0, = VM, 0t Vs0, Veo,is57.71 cm3/mol at 1673K... must be
A* A* checked experimentally (no data at present)

AVgo s, = VM% %, —VM7 < =41 (cm*/mol)




The CTSFG solubility model: features of the sulfide and
sulfate capacity surfaces
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The CTSFG model for sulfur: bulk performance and
suggestions for experimentalists

0
+ Anhydrous dataset (P = 1 bar)
_ -2 4 1081 compositions
°
% 4 < Hydrous dataset (\{ia} Papale
3 model) 60 compositions
S a)
o 6
© -20%
S -8 -
(@)
S +20%
10 - R’ = 0.946 (1141 data)
oy, x= 0.205
'12 T T T T
12 -10 -8 -6 -4
log Csurige (€XpeErimental)
Limits

log Csurfate (calculated)

20
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25
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@ Hydrous dataset (via Papale
model) 49 compositions

R? = 0.990 (221 data)
oyx= 0.278

Annealing volumetric terms added
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log Csurate (EXperimental)

Moretti and Ottonello (2005)

- Most data are at 1 bar ! => more data at pressure are needed

- Few data for sulfate solubility (high fO,) even at 1 bar !

-Lack of experimental data on partial molar volumes of sulfide and sulfate liquid species
- Need of fS, probes for high-P pressure vessel experiments



- log(Cg) cell model

Lehmann and Nadif, 2011

Figure 3. Plot of sulfide capacity calculated
with the cell model vs. sulfide capacities
from experimental data. Double arrows
indicate the C; ranges covered by different
oxide systems.
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Are complex approaches really needed for data interpretation?

Tholeite, 1400K . H,0%=3%wt; CO,=1%wt; St°'=0.5%wt

10000
O
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~ .
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? | Sy A - g
M < 0 ey
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Scaillet and Pichavant (2003) Geol. Soc. Spec. Publ. 213
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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. “Complex” models may reveal it.
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STRONG ROLE OF
COMPOSITION (e.g. H,0O
content) ON SULFUR
SPECIATION !

Never forget this!

Baker & Moretti (2008)



Application to S speciation and fO, determination

..the S*+ 20, & SO,* equilibrium computed by the
CTSFG model is then applied to an independent set of data:

D QFM (calculated)

8

a) Validity range of
6 - D 1SKa technique
4 in melts.
2 - % %
0 | -

O Model calculation
2
-4 O X Wallace and
6 - Carmichael
(1994) equation
'8 I I
-8 -6 -4 -2 0 2 4 6 8
DQFM (experimental or estimated)




The H,0-CO,-H,S-SO, saturation model

Gas phase
H,O, CO,, SO,, H,S
homogeneous equilibrium (chemical reactions)
(SUPERFLUID - Belonoshko et al., 1992)

o S

Sads "

N Q% § 7%

%?f Q§,§,~° Redox 75

§ Be & conditions '
H,O + CO, saturation “ Sl\;at;tha;yotn
reactive and/or (Moretti e
(Papale, 1999) dissolution effects al., 2003)
Moretti and Papale (2004) Fell/Fe!'' model

Chemical Geology

(Moretti, 2004)




Theory of the revised and extended H,0O-CO,
saturation model (papale et al., 2006)

Fully non-ideal
Fluid phase of any composition in the system H,0+CO,

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

Equilibrium equations

Pe_pL_p

T Tt =T
G L oL
fio = fr,0 = Pu,0Yh,0P = 71,0%m,0 Thyo

G _ L . oL
fco2 = fco2 = Pco, Yeo, P = 7 co, Xco, fco2

Mass balance
equations

YH,0 T Yeo, =1

T T
XHZO o XHZO . Xco2 o Xco2

Yu,0 = Xu,0  Yeo, = Xeo,




The revised H,0-CO, saturation model (Papale et al.,
2006)

Excess Gibbs free energy of the liquid: G- NZ Zx X w

=1l j=i+1
i antc: oG *
Activity coefficients: . 4 RT Iny,
Water: i et

L —t—
The model computes H,O.,-oxides interaction
parameters and  CO,.,-oxides Interaction
~*cof parameters. All other oxide-oxide interactions are
from Ghiorso et al. (1983)

_\J._)\HZO_)\COZ} L L)\)\ VVJ \&4)
i#H,0,CO,=1j#H,0,CO,=i+1

RT In7/Hzo =(1- XHZO)X

Carbon dioxide:

n
_ "\ns(0)
RT In Yco, = - Xco, )Xy ,oWh,0c0, ~ XH,0 - Xu,0 ~ Xco, ) Z X'WHZOi
|¢C02

n
+(1_XC02)(1_XH20_XC02) ZXWé%), +|n ZXW&))Z
i=H,0=1 |¢H 0=1
n-1
2
-@1- Xn,0 ~ Xcoz) Z XiXJ'WiJ' (23)

i=H,0,C0,=1 j#H,0,CO, =i+1




Rhyolite (comp. from Blank et al. 1993)
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dissolved S (ppm)

Volatile mixed “solubility”
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(applicable to glass inclusions)
Moretti et al. (2003) Geol. Soc. Spec. Publ. 213

Single-step volatile separation
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(applicable to the geochemical
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Papale and Moretti, work in progress
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Never forget this!

Baker & Moretti (2008)



FeO + %25, @ FeSi,y + 720, | FeSyuig) @ FeSyy

8o and ar,s from “built-in” polymeric modeling and Flood
and Grjotheim thermochemical cycle
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Table 7. Ranges of coloring ions concenirations (in wi% of oxide) and redox pairs ratios (in %)
in SLS container glasses produced in Italy (data from SSV).

- Glass type FE;O; tot SUg}tm Cr203 Fe?*/F €iot S*f, Sm
Colorless (3.015-0.07 0.20-0.30 . 1 -30 —
Half white 0.1-0.2 0.08-0.20 traces 30 40 —
Emerald green 0.4-0.6 0.04-0.05 0.150.25 43 56 —
Yellow graen UVAG 0.4-10 0.01-0.03 0.06 0.13 70 80 7590
. Amber 0.3-0.5 0.04-0.06 0.03 0.06 74 82 8565
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Fe-S mutual interactions

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, O% 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:

8Fe* +8%

melt melt

+407%, < 8Fe% +S0O%

melt melt 4, melt

SO et +8Feis, +1205,, < Sy, +8Fe0,

melt melt 2,melt
If you write:

0%, +8Fe0 < SZ;

melt T 4FeZOS,melt

so that O% 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

| Andesite SIS dry
QFM buffer
P =2 kbar 6t
0.8 S /S 25H,0wW%%
0.6 -
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5 Fe'/Feq dy
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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




Geo-Volcanological applications

-Mt. Erebus Volcano

-The deep source of Italian magmas

-Mt. Etna volcano

-Magmatic Degassing and Sulfur Isotopes
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FeO/FeOs (calculated)

y = 0.0008 + 3.5979!
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Why the lava lake is even further reduced ?
Late (1-10 bar) FeO/Fe,O, increase (no more ol & cpx crystallization)

FeO( t F6203 (lig) Fe3o4 (magnetite)

liq)

~1wt% crystallisation of magnetite => about a log unit drop in fO,




XANES spectroscopy: pre-edge study of Fe-K edge spectra
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Redox determination by pre-edge

f:eor;'@t nttu-re: ---------------------- deconvolution

1450~ pre-edge of Fe-K edge XANES
Pca spectra => 2 contributions from Fe
02 %9 in 2+/3+ state
§f02: e o
S Used to determine iron redox (wilke et

al., 2001, 2004, 2007; Galoisy et al., 2001; Berry et
al., 2003; Magnien et al., 2004,2006,2008; Cochain

et al., 2009)

500d agreement with
the Moretti (2005)
model

Red circles:
Measurements difficult
under O, atm=>
crystallization




5 105 1|4 I
[ I 1,2 L
4105 [ 2
> [ 2 [
= I = 1L
) n L
c [ 1S -
2 3105 £ 08F[
: L — L
I | O i
9 i | @ 06F
L 2105 [ = _
T L L
© - 0,4 +
= 1105 [ Z 02F
I ] 0f ]
¢ J N R B AR T R S B
7050 7100 7150 7200 7250 730 7100 7150 7200 7250 7300
Energy, eV Energy, eV
Procida  Pro78ollor2_01 0.47 20 Oui Oui
Procida  Procida78ol20orl_01 0.47 21 Oui Oui
Volcanic site Sample Fe*'/Fetot  Volcanic site Sample Fe*'/Fetot  Volcanic site Sample Fe’'IFetot
Veswio VES3 a DX 1 1 Ischia C184 185 BIG 01 0.44 Procida PRO780L4 at _the right 01 0.39
Veswio VESO1 0.49 Ischia C186 01 0.41 Procida PRO780L6 01 0.51
Ischia C187_Big_01 0.42 Procida PRO780L7_new_01 0.49
Ischia C188 0.38 Procida  Pro78ollor2_01 0.47
Ischia C189asterix_01 0.47 Procida  Procida78ol20rl_01 0.47
Ischia C1890belix_01 0.46
Ischia C190moyen_01 0.51
Ischia C191 01 0.3
Ischia C192bigDX 01 0.34

Ischia C193bigl 01 0.38



Measured Intensity
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S4* 1 peak appears as soon as you start measuring, at the expense of the S6*
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Figure 10 A 122BC 4 SEC99
€ 2001 eruption (KANES) @ BN 97-88

A 122 BC (BD estimated) @ BN 97-98 (HD estimated)
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migo e al., 2o0s)
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nS (mmol/kg)
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nS# (mmol/kg of melt)
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Sulfur chemical behavior AND isotopic composition largely
depends on (equilibrium or near-equilibrium) redox
conditions

—parameterization of sulfur speciation becomes a major
Issue aldo for isotopes (large fractionation factors are
Involved) !.

= Not simple, linear, behaviors should be expected for S
Isotopic composition in a phase (..because of the interplay
with temperature and bulk isotopic composition -
source...)
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Degassing...
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Sulfide separation...
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We MUST know how Yﬂz- and Y§2- are related to P, T and

composition




—AVOID EMPIRICAL LAWS, such as :

b
Suies = alogfso,

S Is too reactive !

...we need to measure and then parameterize SO,
and S% in melts!

=> we need to well account for fO, and composition



400 j. # Post-caldera rhyodacite
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“Free energy” is needed...to work well

Nordstrom and Munoz (1986) Geochemical Thermodynamics




Nordstrom and Munoz (1986)
Geochemical Thermodynamics
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Merci de votre attention

Andy Warhol, 1985




