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ABSTRACT

We have determined the solubility and behavior of chlorine in hydrous basaltic melts at high pressures (0.5-1.5
GPa) and temperatures (1200-1300 °C) using the chlorine fugacity control method of Thomas and Wood (2021).
By systematically increasing the water content of the melt from 0 to 4 wt% at fixed chlorine and oxygen fu-
gacities we find that addition of HyO leads to an increase in chlorine concentration under all conditions studied.
In order to develop a comprehensive equation for chlorine solubility we combined our data with 60 results on
anhydrous compositions from Thomas and Wood (2021,2023). We define chloride capacity C¢ for each
experiment as:

Cry — Cloto) /75
a == V/fO2
The 70 results were then fitted by stepwise linear regression to an equation containing pressure, temperature

and compositional terms. Terms which did not pass the F-test (a = 0.05) were excluded. This approach led to the

following fit-e uation, with P in GPa and Xsi Xca referring to mole fractions of the oxides on a single cation basis:
4331Xcq —3508X5i +2440X5, —3921Xx —741P
=1.492 + < = T £ K

logCar

The standard error of the fit is 0.083 and R? is 0.963. This equation closely approximates that obtained from
the results on anhydrous compositions by Thomas and Wood (2023). Surprisingly the term in HOq 5 was found
not to be significant, implying that water behaves as an ideal diluent with respect to chlorine.

We used our chloride capacity equation to calculate the activity of NaCl in experimentally-produced hydrous
basalts of known chlorine content. The method involved combining chloride capacities with Na;SiO3 and SiOy
activities derived from the Rhyolite-MELTS program. The results for NaCl activity were found to be in reasonably
good agreement with values obtained from the Thomas and Wood (2023) equation which had been based
predominantly on data from silica-rich compositions. Finally, measurements of the compositions of melt in-
clusions from Etna were used to calculate the activities of NaCl in the inclusions and the salinities of fluids with
which the inclusions would be in equilibrium. From the trapping pressures of the inclusions and their compo-
sitions we find that decompression from 500 MPa to ~50 MPa is accompanied, in this case, by a salinity increase
from <1 wt% NaCl to ~50 % NaCl.

1. Introduction

contributors to the budget of “greenhouse” CO; in the atmosphere and
this has led to the development of an extensive database to describe CO,

In silicate melts, HoO and CO5 are the two volatile components
whose solubilities and behaviour are best understood (Symonds et al.,
1994; De Vivo et al., 2005). In the case of HO, this is due to its
commonly high abundance, the major effects it has on melting and
crystallisation temperatures of melts, and its importance in high tem-
perature hydrothermal ore deposition. The significance of CO5 became
evident with the development of accurate methods of collection and
analysis of volcanic gases (Gerlach and Nordlie, 1975; Heald et al.,
1963a,b). Such volcanic gases have been recognised as important

* Corresponding author.
E-mail address: monika.rusiecka@earth.ox.ac.uk (M.K. Rusiecka).

https://doi.org/10.1016/j.gca.2025.01.020
Received 28 August 2024; Accepted 16 January 2025
Available online 23 January 2025

solubility in a broad spectrum of melts over a wide range of physical
conditions (Brooker et al. 2001; Stanley et al. 2011). The solubility data
for H,0 and CO, have also been developed into generally applicable
models such as H20SOL (Moore et al., 1998) VolatileCalc (Newman and
Lowenstern, 2002) and MagmaSat (Ghiorso and Gualda, 2015).

Due to their significant abundances in volcanic gases and sensitivity
to redox conditions sulfur species in melts have also received consider-
able attention. In silicate melts sulfur dissolves, depending on oxygen
fugacity, either as §%~ or S°* (Fincham and Richardson, 1954). In
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volcanic gases it occurs primarily as SO, or HyS. Recent experimental
work at 1 atm pressure has precisely defined the temperature-compo-
sition-fO, dependences of $2~ and S®* solubility and stability in silicate
melts (Boulliung and Wood, 2022, 2023; O’Neill and Mavrogenes, 2022;
O’Neill and Mavrogenes, 2002). These data enable accurate prediction
of sulfur degassing behaviour and associated redox changes under
crustal conditions (Boulliung and Wood, 2023; Ding et al., 2023) and
facilitate the development of complex melt-fluid degassing models (Ding
et al., 2023).

As implied above volcanic gases normally comprise more than 90 %
H20 plus CO4, with lesser amounts (<10 %) of SO5 and HsS. They also
contain significant amounts of the halogens Cl and F as HCI and HF,
together with trace amounts of HBr and HI (Pyle and Mather, 2009;
Martin et al., 2012). During cooling and differentiation, the halogens
behave as highly incompatible elements (Edmonds et al., 2009; Pyle and
Mather, 2009) and are generally concentrated in the melt until separa-
tion of a gas or fluid into which they are strongly partitioned. Current
degassing from volcanicity is estimated to emit up to 5.5 Tg/yr of HCI,
and between 0.15 Tg/Yr and 0.58 Tg/yr of HF with much smaller
amounts of HBr and HI (Gerlach 2004; Aiuppa et al., 2009; Pyle and
Mather, 2009; Webster et al., 2018). The released halogens, particularly
Cl, transport trace metals in gaseous form into the environment (e.g., Cu,
Cd, Pb, Scholtysik and Canil, 2021), act as catalysts for the destruction of
stratospheric ozone (von Glasow et al., 2009), and in some cases can
cause major local environmental degradation. For example, a large
amount of F (~8 million tonnes) was released from the 1783 eruption of
Laki in Iceland. These emissions led to the deaths of a large fraction of
Iceland’s sheep and cattle population and an ensuing famine in the
human population. Chlorine, similar in abundance to F (~30 ppm) in
the silicate Earth (Palme and O’Neill, 2013) is a significant ligand in
hydrothermal processes and plays a major role in transporting
economically important metals such as Au and Cu in aqueous solution
(Blundy et al., 2015). Major economic deposits at, for example, Broken
Hill in New South Wales, Australia (Millsteed and Mavrogenes, 2015)
and various porphyry copper deposits (Nash, 1976; Fuge et al., 1986)
have been found to be associated with NaCl-rich fluid inclusions. The
deposits arise from segregation of Cl-rich brines from melts in the later
stages of igneous activity, the economically important metals being
transported as chloride complexes in solution. Halite-rich fluid in-
clusions, also outline the Cu-rich ore zone at Bingham Canyon, Utah,
USA (Moore and Nash, 1974) and are associated with the two most
economically important iron oxide copper-gold (IOCG) deposits in
Chile, Mantoverde, and Candelaria-Punta del Cobre, (Marschik and
Kendrick, 2015).

The properties and distribution of halogens in natural and experi-
mentally produced silicate melts and fluids are, given their environ-
mental, economic and geochemical importance, the subject of broad
interest. Halogens have profound effects on the phase equilibria and
viscosities of melts (Zimova and Webb, 2006; Filiberto and Treiman,
2009; Baasner et al., 2013) leading, for example, to Cl being twice as
effective on a molar basis at lowering the liquidus temperature of basalt
as HyO (Filiberto and Treiman, 2009). Experimental data indicate that
Cl solubility increases with decreasing SiO, concentration and with
corresponding increases in network-modifying cations such as CaO in
the melt (Signorelli and Carroll, 2000; Thomas and Wood, 2023;
Webster and De Vivo, 2002). In an attempt to quantify these composi-
tional effects Webster et al. (2015) performed experiments in which
silicate melts were saturated in hydro-saline liquids under known
pressure-temperature conditions. The data were parameterized as a Cl
solubility model which incorporates the compositional effects of CaO,
MgO and alkalis (Webster et al., 2015). Although an important step
forward, this model retains significant uncertainties because of the lack
of constraints on chlorine fugacity and NaCl activity. Our aim here is to
develop such constraints for chlorine and NaCl behaviour in hydrous
basalts.

Thomas and Wood, (2021) proposed an approach to buffering
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chlorine fugacity in silicate melts using a modification of a well-known
experimental technique (Frantz and Eugster, 1973). This relies on the
fact that Ag has very low solubility in silicate melts so fugacities of the
halogens can be controlled using mixtures of their silver salts with
metallic silver.

AgCliiquiay = 2AZ(iquiay + Clz(gas) (€D)]

Coexistence of liquid AgCl and liquid Ag metal at fixed pressure and
temperature buffer the fugacity of Cl,. In theory, the composition of a
coexisting silicate melt can be varied almost at will at a known, buffered,
chlorine fugacity with minimal dissolution of Ag. In practice chlorine
fugacities are so high using the Ag/AgCl buffer that discrete Ca-Mg
chloride liquids tend to segregate modifying the compositions of hap-
lobasaltic melts. In order to suppress the segregation of chlorides, the
AgCl is mixed with AglI to form a mixed halide with a known ratio of Cl to
L. This approach enables the Cl, fugacity to be calculated from a com-
bination of the thermodynamic data for equilibrium (1), the volumes of
the liquid Ag and AgCl, and the ratio of Cl/(Cl + I) in the “sliding” Ag/
AgCl-Agl buffer. It also enables the effect of varying Cl, fugacity at fixed
pressure and temperature to be measured by changing the Agl/AgCl
ratio. Iodine behaves like Ag in that it is virtually insoluble (~ 0.1 wt%)
in all of the silicate melts investigated to date (Thomas and Wood, 2021,
2023).

In their initial study Thomas and Wood, (2021) used the Ag/AgCl
buffer method to study ClI dissolution behaviour in an Icelandic basalt
and a haplobasalt of composition AngoDisgFoso. At 1.5 GPa/1400 °C,
dissolution of Cl was found to obey Henry’s Law with the Cl concen-
tration proportional to the square root of Cl, fugacity and the fourth root
of oxygen fugacity up to at least 1.6 wt% Cl in the basalt and 2.6 wt% Cl
in the haplobasalt. These observations indicate that 2C1 ™ ions in the melt
replace 02~ according to the reaction:

Clige + 0% = 21CT g+ 20150 @
If C1” ions in the melt are dissociated from one another it is straight-
forward to show that, at equilibrium, the concentration of Cl™ in the
melt is proportional to f3° and inversely proportional to f3* as
observed.

In a second study using the AgCl/Ag method of controlling chlorine
fugacity Thomas and Wood (2023) measured the effect of composition
on chloride capacities of silicate melts. They defined chloride capacity

Cc for a melt of fixed major element composition as follows:

Cl(wt.%)
Co = ——=x v/fO
a o fO2
Experimental data on 25 different compositions, predominantly at
1.5 GPa/1400 °C when combined with the earlier results at different
temperatures and pressures led to:

3

logCq = 1.601 + (4470X¢, — 3430Xs; + 2592X5 — 4092X — 894P)/T.
4

In this equation X¢,, Xg; refer to the mole fractions of the oxides of the
subscript elements on a single cation basis, P is the pressure in GPa and T
is temperature K. Equation (4) fits the chloride capacity data (60 points)
with an r? of 0.96 and a standard error of 0.089 (Thomas and Wood,
2023). It also highlights the strong influence of CaO on chloride ca-
pacity, an influence that is implicit in results of nuclear magnetic reso-
nance spectroscopy on quenched glasses (Sandland et al., 2004; Stebbins
and Du, 2002) and explicitly incorporated in the chlorine solubility
model of Webster et al (2015). A more recent EXAFS (Extended X-Ray
Absorption Fine Structure) study of Cl-bearing glasses (Thomas and
Wood, 2023) found changes in the Cl spectrum linked to concentrations
of Ca, Mg, Fe and Na in the glass. This suggests, in agreement with
equation (4), that these major elements affect Cl bonding and hence Cl
thermodynamic properties in melts.
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Chlorine behaviour in silicate melts must, of course depend on the
behaviour of the fluid phases which are released in the later stages of
magmatism. This leads to two important questions. Firstly, is the chlo-
ride capacity of a melt dependent on the concentration of H,O and if so,
what is the dependence? Secondly, how does the chlorine content of the
melt affect the activity of NaCl and other chloride species in the melts
and the fluids they release?

Thomas and Wood (2023) addressed the first of these questions by
using 23 experimental data points on Cl partitioning between hydrous
phonolite and fluid at pressures below 0.2 GPa (Alletti et al., 2014) to
show that HoO contents up to 4.3 wt% should have little effect on
chloride capacity. Use of the data required a number of assumptions
about speciation in the fluid, however so this conclusion was only pro-
visional. In order to address the second question about NaCl activity,
Thomas and Wood (2023) performed experiments in which anhydrous
phonolite melt was saturated in NaCl at 1GPa/1100 °C. These yielded
compositions of silicate melts at NaCl activity of 1.0. These were com-
bined with 100 data points from Webster and De Vivo (2002) and
Webster et al (2015) in which silicate melts were saturated in hydro-
saline NaCl-KCl melts at 0.1 to 700 MPa and temperatures of 700 to
1250 °C. Because the compositions of the hydrosaline melts were not
given in the latter studies, Thomas and Wood assumed a constant NaCl
activity of 0.8 for these points. The combined dataset was used to derive
pressure-temperature-compositional effects on NaCl activity:

log(Cl) = log(ayac) + 0.06 — (2431Xcq + 3430Xs; — 2592X5, + 3484Xy,
+ 4092X; — 2417)/T.
5)

Xca Xs;j refer to the mole fractions of CaO and SiO, with all mole fractions
on a single cation basis and (Cl) is the chlorine content of the melt in
weight %. Although equation (5) fits the data reasonably well, with r? of
0.85 and standard error of 0.124, the data do not provide any useful
constraints on the effects of HoO content of the melt on NaCl activity.

In summary, given the importance of Cl in transporting metals in
both hydrothermal solutions and in volcanic gases our goals are to
determine the influence of H»0, the major component of such gases and
fluids on the behaviour of Cl in silicate melts. The first part of the study
involves measurements of the chloride capacities of hydrous melts at
fixed chlorine and oxygen fugacities as HoO content increases. The
second goal is to determine the effects of HyO dissolved in the silicate
melt on the activity of NaCl and the partitioning of NaCl into the brine
which coexists with and segregates from the melt.

2. Experimental procedure

A series of experiments was conducted using starting material with
the composition of basalt from Reykjanes Ridge, Iceland (Norris and
Wood, 2017, Thomas and Wood 2021, 2023). Three powders were
prepared with three different water contents. The starting materials
were prepared from mixtures of analytical grade oxide (SiOz, TiOo,
MgO, Al»0s3, Feg 950) and carbonate (Na;CO3, CaCO3) powders. Pow-
ders were ground under ethanol for 2 h. Then the mixtures were
decarbonated overnight by heating from 400 to 800 °C at the rate of 2
°C/min. Water was added as Al(OH)3; and iron was added as Fe(.gs0O
after the powders were decarbonated. Next the powders were ground
again under ethanol for at least 2 h. A small fraction of each powder was
melted at 1400 °C in air at 1 atm to verify the starting composition. A
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small fraction of each powder was also placed in an AuggPdy capsule
and melted at 1.5 GPa and 1300 °C to check water contents (Table 1).
The starting composition and water contents were verified using EPMA.

Chlorine fugacity was controlled by mixing Agl and AgCl in 80:20
proportion following the procedure developed by Thomas and Wood
(2021). The fugacity of Cl can then be obtained from Thomas and Wood
(2021) as (pressure in GPa):

1140 p p? Cl
logfCl, = — ——+2.961 + 2150 — — 208 — + 2log[——],. 1.
0g Clz T +2.961 + 50 T 08 T + Og[Cl Iy halide (6)
—2lo [_Ag
gAg+PtJmetal

The starting silicate compositions were ground with the Agl/AgCl
buffer in the buffer:silicate ratio of 75:25 and packed into 2.5 mm OD
(outer diameter) and 1 mm ID (inner diameter) graphite capsules. The
graphite capsules were placed together with a graphite lid on top of a
layer of AgoCO3 in a 3 mm OD Pt capsule. During the experiment the
AgoCO3 decomposes to metallic Ag, CO5 and O, which buffers the ox-
ygen fugacity at, or close to (depending on Hy0O content), the CCO
buffer. The Pt capsule was placed in a 4 mm OD AuggPdyg capsule which
was packed with the starting silicate material mixed with graphite
(Figure in supplementary information).

The experiments were conducted in an end-loaded ! inch piston
cylinder apparatus at the University of Oxford. At 1.0 and 1.5 GPa CaF,
was used as the pressure medium while the experiments conducted at
0.5 GPa used the NaCl-borosilicate glass assembly. The 4 mm OD
AugoPdyg capsule was placed in the centre of the graphite furnace in a
pyrophyllite outer sleeve with crushable MgO pieces above and below
the capsule. Temperature was controlled by an alumina-sheathed C-type
thermocouple (at 1.0 and 1.5 GPa) and by a mullite-sheathed welded S-
type thermocouple (at 0.5 GPa) introduced through a hole in the MgO
piece above the capsule and separated from the capsule by a 0.5 mm
thick alumina disc.

3. Analytical procedures

The experimental run product capsules were placed in epoxy resin
and ground to expose the charge inside the inner graphite capsules. The
samples were ground and polished using baby oil as a lubricant and oil-
based diamond suspensions to avoid chlorine loss. The charge was
composed of glass, Ag-rich metal blobs and a metal chloride-iodide
phase. The silicate glasses, metal chloride-iodide phase and the metal
blobs were analysed using the CAMECA SXFive-FE electron microprobe
at the Department of Earth Sciences, University of Oxford. An acceler-
ating voltage of 15 kV, 4nA beam current and a 20 pm defocused beam
was used for the analyses of the glass and chloride-iodide and 15 kV,
20nA beam current and a 1 pm focused beam was used to analyse the
metal blobs. The standards used were albite (Si, Al, Na), wollastonite
(Ca), fayalite (Fe in the glass phase), elemental Fe (Fe in metal and
chloride-iodide), thallium bromoiodide (I), sanidine (K), periclase (Mg),
TiO,, elemental Ag and Pt, and high purity synthetic NaCl crystals (Cl).
Secondary standards used were St. John’s Island olivine and labradorite
crystals. Counting times were 30 s on the peak and 15 s on the back-
ground for most elements except Cl (60 s peak and 30 s background), Mg
(40 s peak and 20 s background) and Na (20 s peak and 10 s
background).

The concentrations of HyO and CO», together with Si and Mg were
analysed in 5 samples mounted in 2 gold-coated epoxy mounts using the

Table 1
Chemical composition of the starting materials on anhydrous basis.
Si0, TiOy Al,O3 FeO MgO CaO NayO0 K20 H,0
ICB-2 50.66 + 0.26 1.01 £+ 0.03 14.42 £ 0.18 9.74 £ 0.13 9.23 + 0.09 12.73 £0.14 215 +£0.11 0.05 + 0.02 2.67 + 0.45
ICB-4 50.68 + 0.22 1.02 £+ 0.03 14.06 += 0.14 9.75+0.14 9.36 + 0.08 12.87 £ 0.10 217 £0.12 0.08 + 0.03 4.38 £ 0.41
ICB-8 51.41 £0.23 1.01 +£0.04 13.20 +0.13 9.61 +0.13 9.46 + 0.10 12.93 +0.19 2.31+0.10 0.06 £+ 0.02 6.29 + 0.33
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Cameca IMS-7f GEO at the NERC Ion Microprobe Facility at the Uni-
versity of Edinburgh. A primary beam of 1°0~ ions with a beam current
of 5nA and an impact energy of 18 kV was used for a spot size of ~ 10
pm. Raw counts of 'H, 2C and 2Mg were normalised to the rate count of
30gi. Normalized count rates were converted into H,O and CO, contents
using calibration curves produced from analyses of well-characterised
standards (N72, M47, M10, M5, M21, M36, M40, Shishkina et al.
2010, and 519-4-1, Hauri, 2002). The H0 contents of the remaining
samples were estimated by difference from EPMA analyses using the
samples analysed by SIMS and a set of anhydrous samples of the same
compositions as the starting materials as standards (Table 2). The COy
content was assumed to be uniform at each pressure based on the results
of SIMS analyses (Table 2). Further details of the analyses can be found
in the Supplementary material.

4. Results

Ten experiments were conducted using the hydrous Icelandic basalt
at 3 different pressures (0.5, 1, and 1.5 GPa). The experiments at 0.5 and
1 GPa were performed at 1200 °C in order to minimize the diffusion of
hydrogen out of the capsule and consequent water loss. The experiments
conducted at 1.5 GPa and 1200 °C resulted in partial crystallization of
the melt and therefore experiments at 1.5 GPa were conducted at 1300
°C. All experiments were performed with the same starting AgI to AgCl
ratio and the same buffer to silicate ratio. Decreases, relative to the
starting compositions, in the Na contents of the product glasses (Table 2)
are, we believe, due to Na dissolution in the Agl/AgCl buffer. A typical
reduction in NayO content of the glass from 2.15 % to 1.15 % would,
however only reduce the Ag/(Ag + Na) ratio of the buffer from 1 to 0.98
thereby raising chloride capacity by the insignificant factor of 1.02. This
is well within our experimental uncertainty and has been neglected. The
oxygen fugacity was buffered close to C-CO-CO» (CCO) by coexistence of
graphite with a predominantly C-O fluid phase. Shifts in fO, away from
CCO due to the presence of HyO were estimated from the HyO activity.

At 1.0 and 1.5 GPa we used the equation of Jakobsson and Oskarsson
(1994) to calculate the oxygen fugacity at the experimental conditions.
Because this equation was only calibrated down to 0.75GPa, however
we used a Modified Redlich Kwong (MRK) equation of state (Holloway,
1977) to calculate oxygen fugacity at 0.5 GPa. In this case we assumed
the fluid was composed entirely of CO and CO; and that these were in
equilibrium with the graphite capsule. We checked our MRK equation of
state for CO-CO4 mixtures in equilibrium with graphite by calculating
fO, under the same conditions as Jakobsson and Oskarsson’s experi-
mental measurements. For this calculation we took 1 bar free energy
data for CO and CO; from NIST-JANAF Tables and extrapolated them to
high pressure using the Holloway (1977) version of the MRK equation.
In order to obtain oxygen fugacity with the usual, 1 bar standard state,
we applied the MRK mixing rules for CO-COy mixtures (Holloway, 1977)
and calculated fO, from each of the equilibria:

C(graphite) + Og =CO,
2C(graphite) + O, = 2CO

The calculations used the molar volume of graphite of 5.288 cm® at
298 K, extrapolated to 1300 °C at 1 bar using thermal expansion data
(Zhao et al., 2022) and integrated to experimental pressure using a
constant compressibility of 0.034 GPa~!(Hanfland et al., 1989). The
mole fractions of CO and COs in the CO-CO2 mixture were adjusted until
graphite, CO and CO; were all in equilibrium at the same oxygen
fugacity. At 1.0 and 1.5 GPa our MRK calculation is within 0.05 logfO,
units of the experimental results, indicating that we can be confident in
our use of the MRK equation at 0.5 GPa. For hydrous experiments we
used the equation of Moore et al (1998) to convert the H,O contents of
product glasses into fugacities of HoO. Our MRK equation was then used
to convert this fugacity into a mole fraction of H,O and to calculate the
mole fractions, fugacity coefficients and fugacities of CO, CO9, H20, Hy
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and CH4 at the approximate fO, of the experiment. Finally, the
computed CO and CO; fugacity coefficients and mole fractions were
used to calculate fO5 at graphite saturation with the given mole fraction
and fugacity of HzO. The effects of Hy0 on fO5 are small. At 1.5GPa and
1300 °C the maximum measured H,O content (3.92 %, Table 2) lowers
fO, by 0.03 log units relative to the anhydrous system. At 0.5 GPa the
maximum Hy0 content in the melt (3.18 %) lowers fO5 by 0.18 log units
relative to the dry case. Experiments at 1GPa shift in fO, by an amount
intermediate between these two end-members. All reported fO5 values
in Table 2 have been corrected for H,O content of the melt.

Fig. 1 shows the relationship between the water content and the
chlorine content of the melt at 0.5, 1.0 and 1.5 GPa. Results are
compared with the anhydrous data of Thomas and Wood (2021) which
were recalculated to the same chlorine and oxygen fugacities as the
hydrous experiments using equations (3) and (4). At fixed chlorine and
oxygen fugacities chlorine contents increase approximately linearly
with increasing water content to ~ 2 wt% H,0 and less dramatically in
the range beyond 2 % H»0. Additionally, chlorine content at constant
buffer Cl/(I + Cl) increases with decreasing pressure (Fig. 1). All
experimental conditions, Cl and water concentrations, oxygen and
chlorine fugacities are given in Table 2.

Based on chlorine fugacities, oxygen fugacities and measured
chemical compositions of the melts we determined chloride capacities as
defined by eq. (3). When comparing our results with data for anhydrous
compositions studied by Thomas and Wood (2021,2023), however, we
noted a small error in their oxygen fugacities at 0.5 GPa. The latter were
extrapolated linearly from the experimental range of 0.75-2 GPa and
this extrapolation yields an apparent overestimate of oxygen fugacity at
0.5 GPa. The magnitude of the overestimate is 0.43 logfO, units at 0.5
GPa/1400 °C and 0.09 logfO, units at 0.5GPa/1100 °C. We therefore
calculated oxygen fugacity at 0.5GPa using the MRK equation of state
and corrected our oxygen fugacities and those of Thomas and Wood
(2021, 2023) in order to refit the data and produce a revised equation for
chloride capacity. First, we used only the anhydrous experiments of
Thomas and Wood (2021, 2023) with corrected values of oxygen
fugacity (60 points). We fitted the experimental logarithm of chloride
capacity (eq. (3) to mole fractions calculated on a single cation basis
using SPSS software. We used stepwise linear regression applying the F-
test (o = 0.05) at each step and excluding any terms that were not sig-
nificant at a = 0.05. This resulted in an equation for chloride capacity
which is slightly modified from that of Thomas and Wood (2023):

logCq = 1.512 + (4396X¢, — 3446Xs; + 2568Xp, — 4072Xy — 793P)/T.
)]

R? = 0.960; standard error = 0.089 for 68 % confidence interval.

In equation (7), Xca, Xgi refer to mole fractions of the oxide on a
single cation basis, P is pressure in GPa and T temperature K. We tested
the applicability of this equation to hydrous systems by comparing it to
the chlorine data of Fig. 1. Fig. 2 shows the experimental measurements
of Fig. 1 plotted versus calculated values from our fit equation (7)
without considering HOg 5 in the sum of mol fractions i.e., the compo-
sitions were all recalculated to 100 % as if they were anhydrous. As can
be seen, equation (7) slightly underestimates chloride capacities for
most of our hydrous experiments if these are treated on an anhydrous
basis. Fig. 3 shows an alternative approach. Here, our experimental
measurements of the logarithm of chloride capacity (log(Ccj) experi-
mental) are plotted versus calculated values from our fit equation (7)
(log(Ccyp calculated) under the assumption that HOg s is a simple diluent
i.e., there is no HOg 5 term in the fit equation and all mole fractions are
applied to equation (7) with the true, measured values. As can be seen,
with the assumption of HOp5 as an ideal diluent, equation (7) re-
produces all of the hydrous data within experimental error.

We next tested our conclusion that HOg 5 can be treated as an ideal
diluent by adding our 10 hydrous experiments to the 60 anhydrous data
(Thomas and Wood, 2021,2023) and fitting them using the same fitting
procedure as before. This resulted in an equation for chloride capacity
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Table 2
Experimental conditions and chemical compositions of the melt in each experiment.
T n P fo, fCl, SiO, TiOy Al,03 FeO MgO Cao Na,0 K,O H,0 CO, Cl initial final final
({9 (GPa) cl/(cl cl/(Cl  Ag/
+D +D (Ag +
Pt)
Agl/Cl-023 ( 1300 13 1.5 6.76E- 1.84E- 54.94 0.95 15.11 3.24 8.86 12.3 1.42 0 0 0.9 0.8
Thomas and 08 04 (£0.94) (£0.05) (£0.56) (+£0.89) (+0.36) (+0.45) (+0.13) (£0.02) (+0.1)
Wood 2021) *
modified
ICB-1 (this 1300 43 1.5 1.10E- 2.10E- 51.17 1.02 14.55 5.13 9.28 12.49 1.37 0.03 1(+0.4) 0.9 1.6 0.29 0.27 0.98
study) 08 04 (£0.86) (£0.04) (£0.38) (£0.24) (£0.30) (£0.30) (£0.20) (£0.02) 2 (£0.04) (£0.08)
ICB-2 (this 1300 21 1.5 1.10E- 2.01E- 48.4 0.96 12.7 7.92 8.92 11.99 1.24 0.02 1.21 0.9 2 0.29 0.27 0.98
study) 08 04 (£0.76) (£0.04) (£0.44) (£0.30) (£0.32) (£0.30) (£0.18) (£0.02) (£0.06) (£0.04) (£0.08)
1 1
ICB-3 (this 1300 32 1.5 1.29E- 1.95E- 46.79 0.95 12.32 7.74 8.65 11.71 1.23 0.03 3.92 0.9 2.57 0.29 0.26 0.98
study) 08 04 (£0.74) (£0.06) (£0.30) (£0.28) (£0.28) (£0.34) (£0.14) (£0.02) (£0.1) 1 (£0.04) (£0.16)
1
Agl/Cl1-048 ( 1200 40 1 2.09E- 2.00E- 50.08 0.93 14.55 7.58 8.59 11.93 1.61 0 0 0.4 2.03
Thomas and 08 05 (£0.69) (£0.05) (£0.32) (£0.17) (£0.12) (£0.12) (£0.09) (£0.02) (£0.1)
Wood 2021) .
modified
ICB-4 (this 1200 28 1 4.92E- 2.29E- 48.39 1.01 13.78 8.57 8.79 12.02 1.03 0.02 1.94 0.4 2.64 0.29 0.26 0.99
study) 10 05 (£0.1.42) (£0.06) (£0.40) (£0.28) (£0.44) (£0.28) (£0.14) (£0.02) (£0.49) 2 (£0.04) (£0.06)
ICB-5 (this 1200 22 1 4.59E- 2.27E- 48.45 1 14.03 8.46 8.57 11.79 1.05 0.02 2.47 0.4 2.68 0.29 0.26 0.99
study) 10 05 (£0.92) (£0.06) (£0.36) (+£036) (£0.20) (£0.36) (£0.20) (£0.02) (£0.49) 2 (£0.02) (£0.08)
ICB-6 (this 1200 41 1 3.89E- 2.27E- 48.28 0.98 13.26 8.41 8.45 11.66 1.06 0.02 3.75 0.4 2.85 0.29 0.26 0.99
study) 10 05 (£0.72) (+0.06) (+0.32) (+0.28) (+0.28) (+0.22) (+0.16) (£0.02) (+0.4) 2 (£0.02) (+0.08)
ICB-7 (this 1200 36 1 3.83E- 2.25E- 47.51 0.98 12.71 8.13 8.45 11.72 0.99 0.02 3.87 0.4 3.13 0.29 0.26 0.99
study) 10 05 (£1.02) (+0.06) (+0.40) (£0.34) (+0.32) (+0.28) (+0.16) (£0.02) (£0.06) (£0.02) (£0.18)
1 1
ICB-8 (this 1200 37 0.5 7.31E- 5.31E- 49.6 1.02 13.59 8.13 8.97 12.12 0.79 0.01 1.41 0.1 2.93 0.29 0.26 0.99
study) 11 06 (£1.08) (+0.06) (+0.38) (£0.44) (+0.32) (+0.28) (+£0.14) (£0.02) (£0.04) (£0.02) (+0.08)
1 1
ICB-9 (this 1200 34 0.5 5.57E- 5.15E- 50.26 1.03 13.8 6.04 8.78 11.88 1.2 0.03 3.1 0.1 3.25 0.29 0.25 0.99
study) 11 06 (£0.72) (+0.06) (+0.32) (£0.40) (£0.24) (+0.32) (£0.0.16) (£0.02) (+0.4) 2 (£0.02) (+0.08)
*
ICB-10 (this 1200 29 0.5 5.50E- 5.11E- 49.34 1.01 12.71 6.52 9.34 11.81 0.7 0.02 3.18 0.1 3.37 0.29 0.25 0.99
study) 11 06 (£1.42) (+0.06) (+0.40) (£0.28) (£0.34) (+0.36) (£0.18) (£0.02) (£0.09) (£0.02) (+0.08)
1 1
Agl/Cl-050 ( 1200 30 0.5 2.29E- 4.37E- 50.52 1.01 14.63 8.24 8.67 12.02 1.17 0 0 0.1 2.78
Thomas and 09 05 (£0.61) (£0.07) (£0.28) (£0.15) (£0.15) (£0.18) (£0.06) (£0.02) (£0.1)
Wood 2021) *
modified

1 Measured by
SIMS

2 Estimated
from EPMA
analysis

* Estimated
based on
CO,
saturation

numbers in parentheses are analytical uncertainties of two standard deviations of analysis.
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Fig. 1. Plot of the H,O and Cl contents of the melt in hydrous experiments
(circles) from this study and three anhydrous experiments (squares) of Thomas
and Wood (2021) recalculated for the same temperature and chlorine fugacity
as the experiments in this study. The error bars are one standard deviation for
both Cl and H,0.
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Fig. 2. Logarithm of chloride capacity calculated using equation (7) without
water being considered in the sum of mol fractions ie compositions were
recalculated on an anhydrous basis. The dashed lines are +/- 1 standard error of
the fit (op = 0.083).

which is, within uncertainty, identical to equation (7):

logCq; = 1.492 + (4331X, — 3508X;; + 2440Xp. — 3921Xy — 741P)/T.
®

R? = 0.963; standard error = 0.083 for 68 % confidence interval.

Despite water having clear influence on chlorine solubility (Fig. 1)
the term in HO( 5 was found not to be significant at the minimum level
(o = 0.05). This means that the principal effect of water is that it dilutes
the effects of the other cations on chloride capacity rather than itself
having a strong impact on chlorine content. Water can thus be consid-
ered to be an ideal diluent at concentrations < 4 wt%. Fig. 4 shows
experimental measurements of the logarithm of chloride capacity (log
(Cc1) experimental) plotted versus calculated values from our fit equa-
tion (8) (log(Cc¢y) calculated) under the assumption that HOg s is a simple
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Fig. 3. Logarithm of chloride capacity calculated with water being treated as
an ideal diluent using equation (7). The dashed lines are +/- 1 standard error of
the fit (o = 0.083).
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Fig. 4. Logarithm of chloride capacity calculated with water being treated as
an ideal diluent using our new model (equation (8) and our experimental data
(X-axis). The dashed lines are one standard error of the fit (o) = 0.083).

diluent. As can be seen, agreement is excellent, confirming our conclu-
sion from Fig. 3. A further illustration of the fit is given by Fig. 5 which
shows measured chlorine content of the melt (X-axis) and chlorine
content calculated using chloride capacity equations (3) and (8) (Y-
axis).

When considering the applicability of our chloride capacity equation
(8), it should be remembered that this is not just a fit to our 10 hydrous
data points, but to 70 data, comprising 60 anhydrous and 10 hydrous
results. These encompass pressures from 0.5 to 2 GPa, temperatures of
1200 to 1500 °C and 25 different natural bulk compositions. The latter
exhibit ranges from 40 to 75 wt% SiOs, 5 to 21 % AlyOs3, 0 to 18 % FeO,
0 to 23 % MgO, 0 to 22 % CaO and 0 to 9 % NayO (Thomas and Wood,
2023 Table 1). We are thus confident that equation (8) is applicable to
virtually all natural compositions containing up to the 4 wt% Hz0 we
have dissolved in the basalt of our study.
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Fig. 5. Measured chlorine content in our experiments (x-axis) and chlorine
content calculated using equations (3) and (8). The error bars are propagated
errors of the fit.

5. Discussion
5.1. NaCl activity in silicate melt

Chlorine is a major ligand for the transport of economically impor-
tant metals in hydrothermal fluids and is charge-balanced in these fluids
by cations such as H and Ca?" but most significantly by Na*. This
observation leads to the NaCl concentration in the fluid being regarded
as an important measure of the metal transport capacities of hydro-
thermal fluids (e.g., Kouzmanov and Pokrovski 2012, Blundy et al.,
2021). The release of such fluids can lead to the formation of major ore
deposits such as the porphyry copper deposits which are the source of
75 % of the world’s copper, as well as significant amounts of gold and
molybdenum (Blundy et al., 2021). In addition to hydrothermal fluids
released deep in magmatic systems, direct gaseous emissions from vol-
canoes also contain chlorine which complexes volatile metals and en-
hances their release to the environment.

There have been several detailed studies of the solubility and
behavior of chlorine in hydrous silicate melts (e.g., Webster 1992,
Webster et al., 1999, 2015; Signorelli and Carroll, 2002, Carroll 2005,
Stelling et al., 2008, Alletti et al., 2009, Balcone-Boissard et al., 2016).
To bridge the gap between these studies and our model of chloride ca-
pacity we used experimental data from the literature to calculate the
activity of NaCl in basaltic melts from the 2001 eruption of Etna (Stelling
et al., 2008, Alletti et al., 2009). The experiments in both studies were
conducted using internally heated pressure vessels (IHPV) with argon
and argon-hydrogen mixtures as the pressure medium. The use of Ar-Hy
mixtures allowed the authors to control the oxygen fugacity in the sealed

fluid-bearing capsules by imposing ;::'—20 in each run.
2/

For each experimental data point we considered the equilibrium:

1
Nagle:; Clz _ 2NaCl + SlOZ + 502 (9)
melt gas melt melt
melt
The condition of equilibrium is:
2pinea t Hsio, +0-5Ho, = Hyaysio, + Ha, (10)

We make the following substitutions in equation (10):

p = p° + RTlna;
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for NaCl and

p = p° + RTInf;

for Cl, and O, where ° is the standard state chemical potential and a;
and fj refer to activity and fugacity of component i respectively.

Rearranging the result and collecting terms yields an expression for
NacCl activity:

fCl
2RTInaye = /40012 - 0~5ﬂ002 ~ 2 yacr + Hnaysio, — Hsio, +RTIN f02
2
an
combining equation (11) and equation (3) yields:
Cal
2RTInanqq = ﬂoclz - 0~5ﬂ002 - 2MONaCl + HNaysios — Msio, T ZRTZHW
12)

We used standard states of gases Cly and O as pure gas at 1 bar and
the temperature of interest while for the melt components standard
states refer to the pure liquid at the pressure and temperature of interest.
We obtained standard state chemical potentials (u°) for O and Cl; at 1
bar using data from the NIST JANAF tables (Chase, 1998) while the
partial molar free energies of SiO2 and Na,SiO3 in the multicomponent
melts at the P and T of interest (u) were obtained from the rhyolite-
MELTS 1.2.0 algorithm using MELTS for MatLab© (Ghiorso and Sack,
1995, Gualda et al., 2012, Ghiorso and Gualda, 2015, Antoshechkina
and Ghiorso, 2018). For liquid NaCl we used the 1 bar free energy data
from the NIST JANAF tables and adjusted it to the pressure and tem-
perature of interest using NaCl volume data. The volume of pure molten
NaCl at P and T was calculated using the thermal expansivity (Marcus,
2013b) and compressibility (Marcus, 2013a) and adjusted for the
apparent partial molar volume of NaCl dissolved in the melt (details in
the supplementary material). Pressure temperature, fO2, Cly, and NaCl
activity for each experiment including the 2 anhydrous NaCl-saturated
experiments of Thomas and Wood (2023, at 1GPa/1100 °C) can be
found in the supplementary material.

Activities of NaCl in basalts calculated using our approach (equation
(12) were found to be slightly higher than those obtained from the
Thomas and Wood (2023) equation. except for two anhydrous experi-
ments of the latter authors in which ay,c; was 1.0. In this case agreement
between the 2 methods was found to be excellent. Since the Thomas and
Wood equation relied heavily on data for SiO»-rich and alkali-rich melts,
however, we consider it likely that our method (eq. (12) employing the
MELTS software should more closely approximate the data on hydrous
mafic compositions than does the equation of Thomas and Wood (2023).
We therefore modified the latter to take account of our calculations
using equation (12).

In order to improve the NaCl activity model we took the data used by
Thomas and Wood and added the experiments of Stelling et al. (2008)
and Alletti et al. (2009), with NaCl activities determined using MELTS
(for NaySiO3 and SiO, activities) and our equation (8) for chlorine
fugacity. Thomas and Wood showed from equilibrium (2) that there is a
direct relationship between the compositional dependence of chloride

capacity and the compositional dependence of log(Zg’;":{’;). Following this

argument, we obtain from equation (8):

log <Zzl";);‘> = log(Cl™) — (4331X¢, — 3508X; + 2440X;, — 3921X,)/T
13)

We calculated the right-hand side of equation (13) for each experi-
ment and subtracted it from the logarithm of NaCl activity:

Acr melt )

log(anaat) — log(aor 05

This combined parameter was then regressed against 1/T, P/T and



M.K. Rusiecka and B.J. Wood

oxide mol fractions on a single cation basis. Details of the fitting pro-
cedure, uncertainties and weighting of the data can be found in the
Supplementary material. The resulting equation is:

7484X g +4726Xy, +8134Xg, — 3160
T

acr melt
ape-95

log(anaci) —log( )=0.23+
a4

With R? = 0.915 and standard error of 0.061
When combined with eq. (13) this gives:

log(Cl") = log(anqa) — 0.23 —

Geochimica et Cosmochimica Acta 393 (2025) 208-218

NaCl activity in both experiments and natural melts (e.g., melt in-
clusions) where chlorine and oxygen fugacities were not specifically
controlled. As can be seen agreement between the 2 methods is generally
good but, because of the uncertainties in compositions of the chlorides
used to saturate melts in NaCl (equation (16) we believe that, currently,
the method in which chloride capacity is combined with activities from
MELTS (equation (12) is more reliable for basaltic compositions. In
Supplementary Material we provide a MatLab script which enables the
user to calculate both chloride capacity and NaCl activity from melt
compositions. We also provide a spreadsheet for the calculation of

—4331X¢, + 3508Xs; + 5694Xp, + 7484Xy, + 4726Xn, + 3921 Xk — 3160

T

Rearranging (15) gives an equation for the activity of NaCl which is
independent of the fugacities of both Cly and Oq:

(15)

chloride capacities and NaCl activities in basaltic melts using equations
(8) and (16) (ChlorCalc 2.0).

—4331X¢, + 3508X; + 5694Xp, + 7484Xy, + 4726X N, + 3921 X — 3160

log(ayaci) = log(Cl™) +0.23 + T

Fig. 6 shows a comparison of the activity of NaCl calculated for the
experiments of Stelling et al., (2008) and Alletti et al., (2009) using our
new model (equation (16) with values derived from MELTS combined
with our chlorine fugacities. We show both the data used in the fit to
create equation (16) (circles) and test data from Stelling et al. (2008),
which was not used in the fit (diamonds) and was set aside to test the
validity of the fit. Either method of calculation allows us to calculate

_m"M............./.,....‘

@ Alletti et al. 2009 R-14 1200 °C 100 MPa

© Allett et al. 2009 R-22 1200 °C 50 MPa

© Alletti et al. 2009 R-30 1200 °C 25 MPa

@ Stelling et al. 2008 1200 °C 200 MPa

© Thomas and Wood 2023 1100 °C 1000 MPa|
QO stelling et al. 2008 1050 °C 200 MPa

@ steliing et al. 2008 1150 °C 200 MPa
Stelling et al. 2008 1250 °C 200 MPa

0.8

ayac (from equation 16)

0.6 0.8
(from equation 12)

0.4
ANac

Fig. 6. Comparison of NaCl activities in experiments of Stelling et al. (2008)
and Alletti et al. (2009) calculated using our model equation (16) with data
generated by combining our chlorine fugacity data with Na,;SiO3 and SiO, ac-
tivities from MELTS (eq.12). H,O was treated as a simple ideal diluent in the
calculation of equation (16). The dashed lines are the standard error of the fit to
CCl combined with the standard error of the fit to NaCl activity (o =
1/(0.0832 + 0.0612).) Circles are data that were used to create equation (16)
and diamonds are test data not used in the fitting.
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(16)

5.2. NaCl activity in natural melts

In order to explore the behaviour of NaCl in a natural basaltic system
we used a set of measurements of the compositions of melt inclusions
and matrix glasses from the 2002-2003 eruption of Etna presented in
Spilliaert et al. (2006). The basalts produced in this highly explosive
eruption were amongst the most primitive ones of the last 300 years and
are very rich in volatile elements with an average H,O content of 3.4 +
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@ Ellitico Giacomoni et al. 2024 R4
© O Tholeiite Giacomoni et al. 2024  / K R
- B 2015 Giacomonietal. 2024 | o o
o -
o o
5 o2 / -
o £l B o 034 N
g s
3 / R - -~
o R o - -
O /7 R R
g o - %
£ - -
[ .
= /v R -
= 7/ R et * -
=0.1F o R e -
(3] 7 & ot
© o 3 27
4 o *
© 4 + .’%
-
0Ooo
4
7
0 L L
0 0.1 0.2 0.3
Aaci (from equation 12)

Fig. 7. NaCl activities in melt inclusions from 2002 to 2003 eruption of Etna
based on the dataset presented in Spilliaert et al. (2006) and Giacomoni et al.,
(2024). X-axis is NaCl activity calculated using equation (12) (based on fcj> and
MELTS activities) and Y-axis is NaCl activity calculated using equation (16).
Pressure estimated from fluid saturation pressures, temperature assumed to be
1250 °C. The dotted lines are the standard error of the fit to CCl combined with
the standard error of the fit to NaCl activity. The dashed lines are two standard
errors of the fit. Two standard errors were used in an attempt to accommodate
the uncertainty in composition and calculated entrapment pressures of the
melt inclusions.
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Fig. 8. Evolution of salinity (wt. % NaCl, from activity calculated using eq. (16)
of the fluid in equilibrium with the melt with decreasing pressure of entrapment
for the melt inclusions from different eruptions of Etna volcano (Spilliaert et al.
2006, Giacomoni et al. 2024) together with an isothermal decompression path
(1250 °C, starting Cl content of 1500 ppm).

0.2 wt% (Spilliaert et al., 2006). To calculate the NaCl activity we used
the pressure estimates of Spilliaert et al. (2006) who assumed volatile
saturation and used VolatileCalc (Newmann and Lowenstern, 2002) to
estimate the depth of melt entrapment. We also used a set of melt in-
clusion compositions from the Etna sub-alkaline and alkaline magmatic
suites (Giacomoni et al. (2024) to expand our dataset to other Etna
eruptions. We used both equation (16) and the MELTS/fCly method (eq.
(12) to calculate NaCl activity in the melt inclusions from the data of
Spilliaert et al., (2006). Fig. 7 shows the results of these calculations at
an assumed entrapment temperature of 1250 °C and indicates that the
trapped melts have NaCl activities from close to O up to a maximum of
about 0.26. These values may be used to estimate the compositions of
H20-NaCl fluids with which the melts would be in equilibrium.

We used the expression of Aranovich and Newton (1996) to convert
activities of NaCl in the melt inclusions to mol fractions of NaCl in
coexisting aqueous fluids using eq. (16). In this calculation, for
simplicity, we did not consider any chloride species other than NaCl.
These were converted to salinities and are shown as a function of
entrapment pressure in Fig. 8. As can be seen, the salinity of aqueous
fluid coexisting with the melt increases strongly as pressure is reduced.
This is due to a combination of two effects. Firstly, NaCl is released from
the melt more slowly than HyO during pressure release because the
NaCl/HO0 ratio of the fluid is lower than that of the melt. This means
that NaCl/H30 of the melt increases as the pressure drops. We illustrate
this effect by calculated isothermal (1250 °C) decompression paths on
Fig. 8. The second effect is the increasing activity of NaCl in the melt as
fractional crystallisation progresses. Fractionation leads to increasing
Nay0, K20 and SiO; and decreasing CaO in the melt. As can be seen from
equation (16) and Fig. 8, these effects all lead to increases in the activity
of NaCl.

In order to illustrate the principal effect of decompression we
calculated the isothermal, decompression path of a melt with the
composition of the most primitive melt inclusion from the 2002-2003
eruption of Etna at an assumed initial Cl content of 1500 ppm. We
decompressed from 500 to 100 MPa with a step of 10 MPa assuming that
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Fig. 9. Calculated salinities of fluids in equilibrium with different melts at 300
MPa and 1000 °C. The compositions of the melts (Table 3) are Icelandic basalt
from Reykjanes Ridge, Iceland (Norris and Wood, 2017; Thomas and Wood,
2021, 2023; this study), andesite (Carmichael et al., 1974), and rhyolite from
Uturuncu volcano, Bolivia (Muir et al., 2014). Note that the effects of increasing
Na,0, K0 and SiO, combined with decreasing MgO, CaO and FeO on going
from basalt to rhyolite, greatly decrease the solubility of NaCl. This leads to
substantially increasing salinities of the coexisting fluids.

the melt is water saturated at each step. At each step appropriate
amounts of water and NaCl were removed from the melt without
extraction of other elements. We emphasize that this calculation is
illustrative and is not a quantitative model of basalt decompression at
Etna. In addition, for part of the diagram the NaCl-HO activity model of
Aranovich and Newton has been extrapolated below 200 MPa by
assuming that the relationships at 200 MPa also hold at lower pressure.
The water content at saturation at each pressure was calculated using
VolatileCalc (Newmann and Lowenstern, 2002) but we were unable to
add the effects of fractional crystallisation because there is no direct
connection between the most primitive and most evolved melts. Fig. 8
shows nevertheless that an isothermal, isochemical decompression path
mirrors that of the Etna melt inclusions reasonably well.

In order to further illustrate the effect of composition on NaCl ac-
tivity we calculated the salinities of fluids in equilibrium with water-
saturated basalt, andesite and rhyolite (Fig. 9) at 1000 °C and pressure
of 300 MPa. For this calculation we used the major element concen-
trations given in Table 3 combined with chloride capacities from
equation (8) and chemical potentials of Na;SiO3 and SiO5 from rhyolite-
MELTS (eq. (12). NaCl activities were converted to fluid salinities using
the equations of Aranovich and Newton (1996). As can be seen in Fig. 9
the salinity at constant chlorine content increases substantially with
increasing silica content from basalt to rhyolite. We noted this effect in
the melt inclusions from Etna. Increasing NayO, K20 and SiO contents
together with decreasing CaO combine to increase NaCl activity and
hence to increase the salinities of fluids coexisting with the melt. The
salinity of a fluid in equilibrium with rhyolite, for example, at 300 MPa/
1000 °C is ~ 7 times the salinity of fluid in equilibrium with a basalt
having the same chlorine content (Fig. 9). In order to release fluid
containing 35 wt% NaCl at 300 MPa, in the range of the fertile hyper-
saline fluids forming porphyry copper deposits (Bodnar et al. 2014) the
rhyolite would contain ~ 2000 ppm Cl at 300 MPa (Fig. 9) and ~ 1200
ppm Cl at 200 MPa.
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Table 3
Compositions of basalt, andesite and rhyolite used for the calculations resulting in Fig. 9.
Sio2 TiO2 Al203 MnO MgO FeO CaOo Na20 K20 P205 sum
basalt 50.76 1.02 15.32 9.19 9.61 12.26 2.01 100.17
andesite 62.85 0.62 18.30 3.49 4.01 6.89 3.37 1.04 100.57
rhyolite 75.22 0.29 13.53 0.05 0.22 1.04 0.77 2.18 6.60 0.08 99.98

6. Conclusions

This study was aimed at determining the effects of HoO on the sol-
ubility and behaviour of chlorine in basaltic melts at high temperatures
and pressures. Starting materials were based on the composition of a
natural anhydrous basalt which had been used in earlier work (Thomas
and Wood, 2021) with water being added as Al(OH)3 in 3 increments.

Experiments were performed in graphite capsules sealed inside
welded Pt capsules with a predominantly C-O atmosphere. This com-
bination controlled oxygen fugacity close to the C-CO-CO; buffer.
Chlorine fugacity was controlled using liquid Ag in equilibrium with a
liquid AgI-AgCl melt of known Cl/(Cl + I) ratio.

Experiments were performed at 0.5-1.5GPa and 1200-1300 °C. In all
series of experiments there is a clear increase in Cl contents of the melts
as HyO content is increased from 0 to 4 wt%. Although these increases
suggest a major effect of H;O on Cl solubility, we find that H,O can
actually be treated as a “neutral” or “ideal” diluent. This conclusion
comes from the fact that the chloride capacity model of Thomas and
Wood (2023), based solely on anhydrous experiments, agrees very well
with our data on hydrous compositions under the assumption that H,O
is a “neutral” diluent. What this means is that HyO (HOg s on a single
cation basis) acts solely to dilute the effects of SiOs, CaO and other
cations on chloride capacity by reducing their mole fractions.

Given this surprising agreement with the anhydrous data we wished
to combine our results with those of Thomas and Wood (2021,2023) to
generate a slightly improved fit. This first necessitated making a small
correction to oxygen fugacities for the C-CO-CO, buffer at 0.5GPa in the
Thomas-Wood database. We did this using an MRK equation of state for
the gas species. Fitting the chlorine data using stepwise linear regression
and excluding non-statistically significant terms led to for chloride ca-
pacity Cgp:

4331X¢q — 3508X; + 2440X5, — 3921Xg — 741P
T

logCq = 1.492 +

The significant terms and their magnitudes are virtually identical to
those obtained by Thomas and Wood (2023). Furthermore, our new fit
confirms the initial observation that the HOq 5 fit parameter is not sig-
nificant and that water acts as a simple diluent up to at least 4 wt%.

We used our chloride capacity equation to calculate the activity of
NaCl in experimentally-produced hydrous basalts of known chlorine
content. The method involved combining chloride capacities with
Na,SiO3 and SiO; activities derived from the Rhyolite-MELTS program
for the experimental melts. The results for NaCl activity were found to be
in reasonably good agreement with values obtained from the Thomas
and Wood (2023) equation for NaCl activity, although the “chloride
capacity plus MELTS” approach generally produces higher NaCl activ-
ities. We suggest that this is due to the significant compositional dif-
ferences between the calibration data used by Thomas and Wood, which
are predominantly on SiO3, NagO and KO- rich compositions and the
experimental basaltic melts which are SiOy-poor and CaO-rich. We
present a revised simple equation for NaCl activity, largely based on
chloride capacities and Rhyolite-MELTS activities of NaySiO3 and SiO5
which is more applicable to basaltic melts than the Thomas-Wood
version.

We used the estimated activities of NaCl in melt inclusions from Mt.
Etna to calculate the salinities of the fluids which would be in equilib-
rium with the melts. This calculation converted from NaCl activity to
NaCl concentration using the activity-composition relations on the join
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NaCl-H20 measured by Aranovich and Newton (1996). We found that
the calculated salinities of the fluids increase with decreasing trapping
pressure from ~ 1 wt% NaCl at 500 MPa to ~ 50 % NaCl at 50 MPa
(Fig. 7). This is due to a combination of two effects. Firstly, NaCl is
released from the melt more slowly than HoO which means that NaCl/
H20 of the melt increases as the pressure drops. The second effect is the
increasing activity of NaCl in the melt as fractional crystallisation pro-
gresses. Fractionation leads to increasing NayO, KO and SiO, and
decreasing CaO in the melt and these effects all lead to increases in the
activity of NaCl.
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