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Method for modelling Table S1. List of symbols 
Symbol Description 

𝐶!"#$% Mass concentration of element or compound A in the melt (in wt% for SiO2, TiO2, 
Al2O3, FeO, MnO, MgO, CaO, Na2O, K2O and H2O; in ppm for Cl, S and Cu) 

𝐶!
&'()%*$) Mass concentration of element A in silicate and Fe-Ti oxide crystals (in ppm for Cl 

and Cu) 

𝐶!
+$,-. Mass concentration of element or compound A in the fluid (in wt% for NaCl, H2S 

and SO2; in ppm for Cl, S and Cu) 
𝐶!/00 Mass concentration of element A in MSS (in ppm for Cu) 

𝑀! Molar weight of element or compound A  

𝑋!"#$% Molar fraction of element or compound A in the melt 

𝑋!
+$,-. Molar fraction of element or compound A in the fluid 

𝐹 Melt fraction in the subsystem melt + crystals 
𝑚"#$% Mass fraction of melt in the magma 
𝑚&'()%*$) Mass fraction of silicate and Fe-Ti oxide crystals in the magma 

𝑚+$,-. Mass fraction of aqueous fluid in the magma 

𝑚/00 Mass fraction of monosulfide solid solution (MSS) in the magma 
𝑚*12 Mass fraction of anhydrite in the magma 
𝑚345 Mass fraction of degassed water in the magma 
𝑚6*7$ Mass fraction of degassed NaCl in the magma (ignoring the presence of HCl, KCl 

and FeCl2 in the fluid) 
𝑚054 Mass fraction of degassed SO2 in the magma 
𝑚340 Mass fraction of degassed H2S in the magma 

𝐷!
+$,-.
"#$% Mass partition coefficient of element A between fluid and melt 

𝐷!
&'()%*$)
"#$% Mass partition coefficient of element A between silicate and Fe-Ti oxide crystals and 

melt 



𝐷!
/00
"#$% 

Mass partition coefficient of element A between MSS and melt 

𝐷!
*12(.'-%#

"#$%  
Mass partition coefficient of element A between anhydrite and melt 

𝐷! Bulk partition coefficient of element A between the segregating phases (silicate and 
Fe-Ti oxide crystals, fluid, MSS, anhydrite) and melt 

𝑟 !"#
!"#$#%"

&'()*  Mass ratio of H2S to total S species in the fluid (assuming only H2S and SO2 are 
present) 

𝑟 #%"
!"#$#%"

&'()*  Mass ratio of SO2 to total S species in the fluid (assuming only H2S and SO2 are 
present) 

 
We parametrized the melt composition and melt fraction (F) along the liquid line of descent obtained 

at 200 MPa by Marxer and Ulmer (2019) between 1000 and 700 °C using quintic functions (except for 
TiO2 for which a quartic function was used). The polynomial regressions were anchored to normative 
minimum melt composition of Qz/Ab/Or = 35/40/25 at 680 °C and 200 MPa (Johannes and Holtz, 
1996).  

Sulfur concentration at sulfide saturation (SCSS in ppm) and at anhydrite saturation (SCAS in ppm) 
where computed according to Fortin et al. (2015) and Zajacz and Tsay (2019) for reduced ([S2–/Stot]melt 
= 1) and oxidized ([S6+/Stot]melt = 1)  conditions, respectively. At intermediate oxygen fugacity, the 
speciation of sulfur in the melt and the corresponding SCSS or SCAS were computed following Jugo 
et al. (2010) and Botcharnikov et al. (2011). For numerical practicality (see Eqs. 23,24 below) we added 
binary parameters 𝑏#+## and 𝑏#+,# which equal 1 if SCSS ≤ SCAS and SCAS < SCSS, respectively, 
and 0 otherwise. 

The partition coefficient of sulfur between fluid and melt (𝐷#
&'()*/./'0) for typical arc magma 

compositions was parametrized using the experimental data of Zajacz et al. (2012, 2013) and Masotta 
et al. (2016). For oxygen fugacity equal or below the nickel-nickel oxide buffer (NNO), 𝐷#

&'()*/./'0 
shows to be a simple function of the molar proportion of FeO in the melt (XFeO). The regression yields:  
 

ln𝐷#
&'()*
./'0 = 5.29(±0.03)– 	2.75(±0.15) ∙ 𝑋1/% ++	0.46(±0.15) · (𝑋1/%)" 	 (1) 

 
with a residual standard error (RSE) of 0.15 (Fig. S1). In turn, under more oxidizing conditions (DNNO 
> 0), the dependence of 𝐷#

&'()*/./'0 on melt composition writes as: 
 

ln𝐷#
&'()*
./'0 = 3.90(±0.08) − 9.4(±2.5) ·

𝑁𝐵𝑂
𝑇

– 	20(±6) ∙ 𝐴𝑆𝐼 − 36(±10) · 𝐴𝐿𝐾 − 4.84(±0.76)

· 𝐴𝑙# − 36(±12) · 𝐶𝑎#																																																																																																									(2) 
 
with a RSE of 0.47 (Fig. S1), where NBO/T refers to the nonbridging oxygens/tetrahedral cations in 
the silicate melt: 
 

𝑁𝐵𝑂
𝑇

=
𝑋34./'0 + 𝑋5./'0 + 2 ∙ H𝑋+4./'0 + 𝑋67./'0 + 𝑋1/./'0I − 𝑋,'./'0

𝑋#)./'0 + 𝑋,'./'0
(3) 

 
ASI and ALK refer to the aluminum saturation index and the alkalinity of the melt, respectively: 
 



𝐴𝑆𝐼 =
𝑋,'"%8./'0

𝑋+4%./'0 + 𝑋34"%./'0 + 𝑋5"%./'0 	 (4) 

 

𝐴𝐿𝐾 =
𝑋34"%./'0 + 𝑋5"%./'0

𝑋,'"%8./'0 	 (5) 

	 
and Al# and Ca# are compositional parameters inspired from Masotta et al. (2016): 
 

𝐴𝑙# =
𝑋,'"%8./'0

𝑋#)%"
./'0 + 𝑋9)%"

./'0 + 𝑋,'"%8./'0 	 (6) 

 

𝐶𝑎# =
𝑋+4%./'0

𝑋+4%./'0 + 𝑋34"%./'0 + 𝑋5"%./'0 	 (7) 

 

 
Figure S1. Plot of measured vs predicted 𝐷0

+$,-./"#$%using Eqs. 1 and 2 colored according to the DNNO of the 
experiment (left) and the SiO2 concentration of the melt. RSE: residual standard error of the regression. 
 

Sulfur speciation in the fluid was computed as a function of oxygen fugacity, temperature and 
pressure using the equilibrium constant of the reaction 2·SO2(g) + 2·H2O(g) = 2·H2S(g) + 3·O2 
determined experimentally by Binder and Keppler (2011). 

The partition coefficient of chlorine between fluid and melt (𝐷+'
&'()*/./'0) for typical arc magma 

compositions was parametrized using the experimental data of Simon et al. (2004), Zajacz et al. (2012), 
and Botcharnikov et al. (2004, 2007, 2015) and yield: 
 

ln𝐷+'
&'()*
./'0 = 4.26(±0.77) + 0.50(±0.03) ∙ ln µ𝐶𝑙&'()* + 0.59(±0.13) ∙ ln 𝑃 − 	6.53(±0.49) ·

𝑁𝐵𝑂
𝑇

− 	4.37(±0.62) · 𝐴𝑆𝐼																																																																																																														(8) 
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with a RSE of 0.38 (Fig. S2), where µ𝐶𝑙&'()* is the Cl molality of the fluid (mol/kg H2O) and P is the 
pressure in MPa. 
 

 
Figure S2. Plot of measured vs predicted 𝐷7$

+$,-./"#$%using Eq. 8 colored according to the pressure of the 
experiment (left) and the SiO2 concentration of the melt. RSE: residual standard error of the regression. 
  

Each model run starts at the point of water saturation. At the beginning of each run, let us consider 
1 g of magma containing melt ± crystals. Previous models of degassing have considered S and Cl to 
behave are trace elements (e.g., Chelle-Michou et al., 2017). This resulted in the approximation that the 
contribution of their respective species (i.e., SO2, H2S and NaCl) to the mass of the fluid phase remain 
negligible (i.e., 𝑚&'()* = 𝑚:40/;). Here, we employ a more rigorous approach whereby the partitioning 
of S and Cl in the fluid (in the form of SO2, H2S and NaCl) impact on the mass of the fluid and of the 
melt. S and Cl partitioning between melt and the segregating phases (silicates, fluid, anhydrite and 
MSS) was computed in two stages as follows. At start, we assume that no anhydrite or MSS saturate. 
At each step the mass conservation writes as: 
 

𝑚./'0! = 1 −𝑚<;=04'>! −𝑚&'()*! (9) 
 

𝑚&'()*! = 𝑚:40/;! +𝑚#%"! +𝑚!"#! +𝑚34+'! (10) 
 

Where the input 𝐹) is defined as: 
 

𝐹) =
𝑚./'0!

𝑚./'0! +𝑚<;=04'>!
(11) 

 

𝑚:40/;! =
𝐶!"%./'0

10" ∙ H𝑚./'0" −𝑚./'0!I (12) 

 
𝐶#%"
&'()*

)
10? =

𝑚#%"!
𝑚&'()*!

=
𝐶#
&'()*

)
10? ∙

𝑀# + 2𝑀%

𝑀#
∙ 𝑟 #%"
!"#$#%"

&'()*

)

(13) 
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𝐶!"#
&'()*

)
10? =

𝑚!"#!
𝑚&'()*!

=
𝐶#
&'()*

)
10? ∙

2𝑀! +𝑀#

𝑀#
∙ 𝑟 !"#
!"#$#%"

&'()*

)

(14) 

 
𝐶34+'
&'()*

)
10? =

𝑚34+'!
𝑚&'()*!

=
𝐶+'
&'()*

)
10? ∙

𝑀34 +𝑀+'

𝑀+'
(15) 

 
The bulk partition coefficient for S and Cl between melt and the segregating phases (crystals and fluid) 
writes as 
 

𝐷!" = 𝐷!
#$%"&
'($)

"
∙
𝑚𝑓𝑙𝑢𝑖𝑑𝑖

1 − 𝑚𝑚𝑒𝑙𝑡𝑖
	 (16) 

 

𝐷*$" = 𝐷*$
#$%"&
'($)

"
∙
𝑚𝑓𝑙𝑢𝑖𝑑𝑖

1 − 𝑚𝑚𝑒𝑙𝑡𝑖
+ 𝐷*$

+,-.)/$.
'($)

"
∙
𝑚𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑠𝑖

1 − 𝑚𝑚𝑒𝑙𝑡𝑖
(17) 

 

with 𝐷*$
9:;<=>?<
@A?= = 0.1 to account for the partitioning of Cl in amphibole and biotite. Considering 

an equilibrium fractionation model, the concentration of Cl and S in melt at any step is given 
by: 
 

𝐶#./'0) =
𝐶#./'0M

𝐷𝑆𝑖 +𝑚./'0! ∙ H1 − 𝐷𝑆𝑖I
(18) 

 

𝐶+'./'0) =
𝐶+'./'0M

𝐷𝐶𝑙𝑖 +𝑚./'0! ∙ H1 − 𝐷𝐶𝑙𝑖I
(19) 

 
The corresponding concentrations in the equilibrated fluid phase are 
 

𝐶𝑆
𝑓𝑙𝑢𝑖𝑑

𝑖 = 𝐶𝑆𝑚𝑒𝑙𝑡𝑖 ∙ 𝐷!
#$%"&
'($)

"
(20) 

 

𝐶𝐶𝑙
𝑓𝑙𝑢𝑖𝑑

𝑖 = 𝐶𝐶𝑙
𝑚𝑒𝑙𝑡

𝑖 ∙ 𝐷*$
#$%"&
'($)

"
(21) 

 
The system of non-linear equations Eqs. 8–21 with 14 unknowns was solved at each degassing step 
using a Newton method. At the second stage, if 𝐶#./'0) exceeds SCAS or SCSS, 𝐶#./'0) is fixed to the 
minimum of the two values and 𝐶#

&'()*
) is recalculated according to Eq. 20. The excess sulfur is 

partitioned into anhydrite or MSS. In such case, the mass conservation writes as: 
 

𝑚./'0! = 1 −𝑚<;=04'>! −𝑚&'()*! −𝑚4PQ! −𝑚6##! (22) 
 
With  
 

𝑚4PQ! = 𝑏#+,#! ∙
𝐶#./'0M ∙ 1 − 𝐶#

./'0
) ∙ 𝑚./'0! −	𝐶#

&'()*
) ∙ 𝑚&'()*!

10?
∙
𝑀+4 +𝑀# + 4𝑀%

𝑀#
(23) 

 

𝑚6##! = 𝑏#+##! ∙
𝐶#./'0M ∙ 1 − 𝐶#

./'0
) ∙ 𝑚./'0! −	𝐶#

&'()*
) ∙ 𝑚&'()*!

10?
∙
𝑀1/ +𝑀#

𝑀#
(24) 



 
The new system of non-linear equations defined by Eqs. 8,10–15,17,19,21,22–24 with 13 unknowns 
was solved using the same Newton method as before. 

In contrast to S and Cl, Cu was treated as a trace element able to partition between melt, silicates, 
MSS, and fluid. The partition coefficient of Cu between silicates + Fe-Ti oxide and melt was fixed at 
0.2 (following Liu et al., 2015). The partitioning of Cu between MSS and melt, and fluid and melt were 
according to Li and Audétat (2015) and Tattitch and Blundy (2017), respectively. The bulk partition 
coefficient for Cu writes as: 

 

𝐷*%" = 𝐷*%
#$%"&
'($)

"
∙
𝑚𝑓𝑙𝑢𝑖𝑑𝑖

1 − 𝑚𝑚𝑒𝑙𝑡𝑖
+ 𝐷*%

+,-.)/$.
'($)

"
∙
𝑚𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑠𝑖
1 − 𝑚𝑚𝑒𝑙𝑡𝑖

+ 𝐷*%
4!!
'($)

"
∙

𝑚𝑀𝑆𝑆𝑖
1 − 𝑚𝑚𝑒𝑙𝑡𝑖

 

 
and the evolution of the Cu concentration in the melt is: 

 

𝐶+(./'0) =
𝐶+(./'0M

𝐷𝐶𝑢𝑖 +𝑚./'0! ∙ H1 − 𝐷𝐶𝑢𝑖I
 

 
from which we can calculate the concentrations of Cu in the different phases. 
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