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Abstract
The conditions under which halogens partition in favor of an exsolved fluid relative to the coexisting 

melt are key for understanding many magmatic processes, including volcanic degassing, evolution of 
crustal melt bodies, and ore formation. We report new F, Cl, and Br fluid/melt partition coefficients 
for intermediate to silicic melts, for which F and Br data are particularly lacking; and for varying CO2-
H2O contents to assess the effects of changing fluid composition (XH2O) on Br fluid/melt partitioning 
for the first time. The experiments were conducted at pressures 50–120 MPa, temperatures 800–1100 
°C, and volatile compositions [molar XH2O = H2O/(H2O +CO2)] of 0.55 to 1, with redox conditions 
around the Nickel-Nickel Oxygen buffer (ƒO2 ≈ NNO). Experiments were not doped with Cl, Br, or F 
and were conducted on natural crystal-bearing volcanic products at conditions close to their respective 
pre-eruptive state. The experiments therefore provide realistic constraints on halogen partitioning at 
naturally occurring, brine-undersaturated conditions. Measurements of Br, Cl, and F were made by 
Secondary Ion Mass Spectrometry (SIMS) on 13 experimental glass products spanning andesite to 
rhyolitic compositions, together with their natural starting materials from Kelud volcano, Indonesia, and 
Quizapu volcano, Chile. Fluid compositions were constrained by mass balance. Average bulk halogen 
fluid/melt partition coefficients and standard deviations are: DCl

fluid/melt = 3.4 (±3.7 1 s.d.), DF
fluid/melt = 1.7 

(±1.7), and DBr
fluid/melt = 7.1 (±6.4) for the Kelud starting material (bulk basaltic andesite), and DCl

fluid/melt 
= 11.1 (±3.5), DF

fluid/melt = 0.8 (±0.8), and DBr
fluid/melt = 31.3 (±20.9) for Quizapu starting material (bulk 

dacite). The large range in average partition coefficients is a product of changing XH2O, pressure and 
temperature. In agreement with studies on synthetic melts, our data show an exponential increase of 
halogen Dfluid/melt with increasing ionic radius, with partitioning behavior controlled by melt composition 
according to the nature of the complexes forming in the melt (e.g., SiF4, NaCl, KBr). The fundamental 
chemistry of the different halogens (differing ionic size and electronegativities) controls the way in 
which partitioning responds to changes in melt composition and other variables. Experimental results 
confirm that more Cl partitions into the fluid at higher bulk Cl contents, higher melt Na, higher fluid 
XH2O ratios, and lower temperatures. Bromine shows similar behavior, though it seems to be more 
sensitive to temperature and less sensitive to Na content and XH2O. In contrast, F partitioning into the 
fluid increases as the melt silica content decreases (from 72 to 56 wt% SiO2), which we attribute to 
the lower abundance of Si available to form F complexes in the melt. These new data provide more 
insights into the conditions and processes that control halogen degassing from magmas and may help 
to inform the collection and interpretation of melt inclusions and volcano gas data.

Keywords: Halogens, experiments, chlorine, fluorine, bromine, magma, volcanic gas; Experimental 
Halogens in Honor of Jim Webster

Introduction
Halogen behavior in magmas impacts a range of crustal 

processes, including magma evolution, degassing and ore miner-
alization, by influencing the physical and chemical properties of 
melts, fluids, and minerals (Aiuppa et al. 2009; Pyle and Mather 
2009; Bodnar et al. 2013; Harlov and Aranovich 2018; Webster 

et al. 2018). Although halogens may partition into crystals, gases, 
and brine phases, this study concentrates on partitioning of halo-
gens between the melt and aqueous fluid phase. Much previous 
work has concentrated on Cl, due to its ease of measurement in 
glasses by electron microprobe; and substantial advances in our 
understanding of Cl behavior in melts can be attributed to J.D. 
Webster. Chlorine fluid/melt partitioning (DCl

fluid/melt) behavior 
has been quantified for a range of silicate melt compositions 
(Webster and Holloway 1990; Webster 1997; Webster et al. 
2014), pressures (Alletti et al. 2009; Botcharnikov et al. 2015; 
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Webster et al. 2017), temperatures (Stelling et al. 2008), ƒO2 
(Beermann et al. 2015), and volatile contents (Lowenstern 
1994; Botcharnikov et al. 2006; Alletti et al. 2009; Webster et al. 
2014; Hsu et al. 2019; Chevychelov 2019). Fluorine, a relatively 
difficult element to measure in silicate glass (due to elemental 
interferences on the electron microprobe), has received less study, 
with most experiments focusing on end-member silicic or alka-
line magmas (Fig. 1) (Webster and Holloway 1990; Borodulin 
et al. 2009; Iveson et al. 2017) and few data available for mafic 
and intermediate magmas (Chevychelov et al. 2008). Likewise, 
there are few data for bromine (Fig. 1) (Bureau et al. 2000, 2010; 
Cadoux et al. 2018) because of its low abundance and analytical 
challenges. Nonetheless, the behavior of bromine is of interest 
for its potential atmospheric impacts and detection of BrO in 
volcanic plumes by remote sensing (Aiuppa et al. 2005; Pyle 
and Mather 2009; Donovan et al. 2014; Gutmann et al. 2018).

The strong electronegativity of halogens largely controls their 
behavior in magmas and explains their propensity to form strong 
bonds, often with a high degree of polar or ionic character. The 
differing electronegativities and ionic radii of the halogens lead 
to element-specific effects in melts and fluids (Dolejš and Zajacz 
2018; Webster et al. 2018). For instance, the high electronegativity 
of F (relative to Cl and Br) promotes strong interactions with cations 
in silicate melts, enhancing its solubility in melts and thus lowering 
its degassing potential compared to the other halogens (Webster et 
al. 2018). During crystallization of magmas, the relatively small 
F– ion (1.33 Å) also substitutes effectively for similarly sized O2− 
(1.26 Å) and OH– (1.32–1.37 Å) within the melt and is therefore 
thought to partition into silicate melts during volatile-undersaturated 
magma differentiation (e.g., Dolejš and Baker 2007; Webster 
1990). In contrast, Cl and Br are thought to become less enriched 
in the melt during differentiation, as they partition to a fluid phase 
as melts become more silicic. Their larger ionic masses and radii, 

Cl– (1.81 Å) and Br– (1.95 Å), and the greater mismatch compared 
to O2− and OH– make Cl and Br less likely to be incorporated into 
the aluminosilicate network (Bureau et al. 2000) and promote a 
higher affinity with a coexisting aqueous fluid phase (Bureau et al. 
2000; Bureau and Métrich 2003). Thus, Cl and Br fractionate more 
strongly into coexisting fluid during magmatic degassing compared 
with the lighter and smaller F (Teiber et al. 2014). Furthermore, 
the larger lattice energies for fluorides and higher hardness/bond 
strength as a ligand for complexing in comparison to chlorides 
means a preference of F for the melt and also the higher solubility 
of chlorides in aqueous fluids (Webster et al. 2015; Dolejš and 
Zajacz 2018).

The influence of melt composition on halogen behavior is a 
product of the complexes they form with the cations in the melt. 
Chlorine dominantly dissolves in the melt by complexation with 
network modifying alkaline earth metals (Mg, Ca), alkalis (Na, 
K), and also Al and Fe, whereas it dissolves as an HCl species in 
aqueous magmatic fluids (Webster 1997; Webster and De Vivo 
2002; Thomas and Wood 2021). Conversely, it is thought that F 
occurs in silicate melts as Si-F, Al-F, Na-F, and Ca-F complexes 
(Dalou and Mysen 2015; Dalou et al. 2015; Bell and Simon 2011), 
while Br forms NaBr complexes at high pressure (>2 GPa) in hy-
drous felsic melts (Cochain et al. 2015; Louvel et al. 2020). The 
effect of melt composition on F and Br fluid/melt partitioning is 
currently unclear, as few studies span intermediate to silicic melt 
compositions (Fig. 1).

In magmatic systems the addition of volatiles such as CO2 is 
known to influence the fluid/melt partitioning of chlorine: DCl

fluid/melt 
decreases with increasing CO2 addition, which is thought to be 
related to an increase of the activity coefficient for NaCl in the fluid 
phase, which decreases the stability of hydrated metal complexes 
in aqueous fluids, such as NaCl ion pairs (Alletti et al. 2009; Hsu et 
al. 2019). The effect of CO2 on F and Br partitioning between fluid 
and melt is less studied, and our research assesses whether, like Cl, 
CO2 presence in the fluid also decreases their fluid/melt partition 
coefficients. At low-Cl concentrations <2.5 wt% in basaltic melts 
(Webster et al. 2015) and <0.25 wt% in rhyolitic melts (Zajacz et al. 
2012), Cl fluid/melt partitioning exhibits Henrian behavior, where 
the increasing Cl content of the melt varies linearly with increasing 
Cl in the coexisting fluid. However, with increasing Cl concentra-
tions, partitioning behavior becomes non-linear, and subsolvus 
fluid exsolution yields a lower density aqueous phase and a higher 
density hydrosaline brine (e.g., Webster et al. 1999; Shinohara 
2009). We concentrate here on brine-undersaturated conditions, 
where halogen partitioning should follow Henrian behavior and 
thus be more constant (Baker and Alletti 2012). These conditions 
apply to the many active magmatic systems that have low-halogen 
concentrations (Aiuppa et al. 2009) and lack a separate brine phase 
(Baker and Alletti 2012).

Recent experimental work by Thomas and Wood (2021) pro-
vides new insights into the chemical and thermodynamic basis for 
chlorine dissolution in silicate melts. The initial Cl dissolution into 
the melt involves the replacement of O2– by two dissociated Cl– ions:

Cl2
fluid + (O2–)melt = 2(Cl–)melt + 0.5O2

fluid or melt

This leads to a formulation for chlorine solubility in anhydrous 
basalts (Thomas and Wood 2021):

Figure 1. Total alkali silica plot for all the previous brine-
undersaturated experiments, along with their corresponding pressures 
(MPa), for chlorine, fluorine, and bromine. The gray symbols represent 
the compositional space that the experiments in this study cover at 
pressures of 50 to 120 MPa. References for the data found in Online 
Materials1 Table S1. (Color online.)
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log(Clmelt) = 0.984(64) – 930(70)P/T –  0.25log( fO2) + 
0.5log( fCl2)

where P is in GPa, T in K, and fO2 and fCl2 refer to the fugacities of 
a pure gas at 0.1 MPa and the temperature of interest. Values in 
parentheses are 1 standard error of the last two digits for the cor-
responding experimentally determined constants.

This relationship predicts that in mafic systems at fixed O2 and 
Cl2 fugacities, increasing temperature should increase chlorine 
solubility of the melt (and therefore lower DCl

fluid/melt), while increasing 
pressure should decrease the chlorine solubility (and thus increase 
DCl

fluid/melt). While the relationship between Dfluid/melt with temperature 
has been observed experimentally for Cl and Br behaving in the 
same way (Webster et al. 2015; Cadoux et al. 2018), the results for 
F are less clear (Borodulin et al. 2009) and have been investigated 
in this study.

In this study, we test the theoretical and experimental hypotheses 
described above, i.e., the role of ionic size, metal-ligand complex-
ing, volatile composition (H2O-CO2), and variable temperature, on 
fluid/melt partitioning of F, Cl, and Br. In particular, we present 
new data on andesitic to rhyolitic melts to test whether: (1) classic 
phase equilibria experiments can be used for halogen partitioning 
determination; (2) the larger Cl and Br ions behave similarly to 
each other, preferring the fluid over the melt with the fluid prefer-
ence increasing with increasing ionic radius; (3) F partitions into 
melt during differentiation whereas Cl and Br do not and instead 
associate with a fluid phase; and (4) increasing temperature and CO2 
reduces partitioning of Cl into the fluid, along with other halogens.

Methods
Experimental and analytical rationale

The experimental and analytical approach used in this study differs in several 
ways from previous studies. Our starting materials are deliberately tailored to 
specific magmatic systems, with the exact compositions, including the observed 
crystal assemblage, and the partition experiments run at pressures and temperatures 
which matched their pre-eruptive (experimentally constrained) conditions (First et 
al. 2021; Cassidy et al. 2019). Capsules were not doped with added halogens. Only 
water ± carbon dioxide were added to reach fluid saturation. This approach was 
chosen to reproduce as close to “real” conditions as the magmas experienced at their 
respective pre-eruptive storage conditions (e.g., 50–100 MPa for the bulk basaltic 
andesite composition of Kelud and 120 MPa for the bulk dacitic composition of 
Quizapu equating to 2–5 km depth) and to ensure pressure, temperature, and Xflu

H2O
id, 

and brine-undersaturation conditions appropriate for the stored magmas (Cassidy et 
al. 2019; First et al. 2021). Due to the low concentrations and potential interferences, 
measurements were made by Secondary Ion Mass Spectrometry (SIMS). Despite 
the different experimental and analytical approaches, we find encouragingly similar 
partitioning values compared to previously published experiments using synthetic 
and doped natural starting materials (Online Materials1 Table S1).

This study focuses on two active and well-characterized systems, which are 
typical of subduction zone magmas undergoing crustal storage and degassing, and 
span the intermediate-silicic compositional range that is involved in the enrich-
ment of metals and for which halogen partitioning data are least abundant (Fig. 1; 
Online Materials1 Table S1; Tattitch et al. 2021). Although some Cl data exist for 
compositions similar to Kelud and Quizapu (e.g., Zajacz et al. 2012), F and Br 
data are lacking, along with H2O+CO2-bearing experiments at low pressures that 
allow us to understand their fluid/melt partitioning.

Experimental procedure
Natural samples of crystal-bearing basaltic-andesite from Kelud volcano and 

dacite from Quizapu volcano (IGSN: PPRAI101F) were used as starting materials. 
The Kelud basaltic andesite contains 50–60% crystals of plagioclase, ortho- and 
clinopyroxene, magnetite, and matrix glass of dacite composition (Cassidy et al. 
2016; Jeffery et al. 2013). The Quizapu dacite has a crystal content of 10–20 wt%, 

comprising plagioclase, amphibole, orthopyroxene, subordinate clinopyroxene, and 
accessory phases, including apatite, titanomagnetite, ilmenite, sulfide blebs, and 
zircon, together with a mostly rhyolitic matrix glass (Ruprecht et al. 2012). These 
samples were coarsely crushed (submillimeter size) to preserve the crystal cores. The 
cores act as nuclei, which become mantled by new crystal growth of a composition, 
which is in equilibrium with the evolved matrix melt in the experiments. This ensures 
a realistic composition of the “reactive melt” inside the shallow magmatic system 
(Pichavant et al. 2007; Erdmann et al. 2016). This approach was chosen as it more 
closely resembles natural conditions (i.e., melt, crystals, and bubbles) and minimizes 
concerns around structural changes to the melt and to the system overall, potentially 
affecting nucleation sites and crystallization kinetics, when starting from synthetic 
compounds or superliquidus conditions (Hammer 2008).

Approximately 0.1 g of sample was inserted into Ag70Pd30 capsules (wall thick-
ness 0.25 mm, capsule diameter is 4 mm), together with ~0.01 g distilled water using 
a micro syringe, which was enough to saturate the melt in H2O at the pressure and 
temperature of the experiments. The fluid to rock ratio was ~0.1 for most experiments; 
exact fluid masses were measured and used for subsequent mass balance calcula-
tions. For mixed volatile experiments, AgCO3 powder was added in specific molar 
proportions along with specific quantities of water (measured by mass), to generate 
water fractions (XH2O) of 0.55 in the fluid phase [molar XH2O = H2O/(H2O+CO2)]. XH2O 
of 0.55 was chosen to provide a contrasting but realistic value for comparison with 
pure water (XH2O = 1) experiments. Capsules were sealed closed using an arc welder.

Experiments below 900 °C were conducted in hydrothermal cold seal pressure 
vessels (using Rene 41 autoclaves) at the University of Oxford, United Kingdom. 
For experiments exceeding 900  °C, gas-pressurized cold seals, constructed of 
tungsten-zirconium-molybdenum (TZM) alloy with argon as the pressurizing me-
dium, were used at the University of Mainz, Germany. To fix the oxygen fugacity 
for the gas pressured TZM experiments at the nickel-nickel-oxygen buffer (NNO), 
a double-capsule technique was used, whereby Ni powder was added to a platinum 
foil capsule and left open to equilibrate with the melt (Shea and Hammer 2013). In 
addition, methane was added as a reducing agent along with argon (0.4 MPa partial 
pressure), as tested in Shea and Hammer (2013). Ni metal powder (gray) oxidizes to 
green NiO, providing an easy visual check that the buffer is not exhausted at the end 
of the experiment. The oxidation conditions for the hydrothermal pressure vessels 
with Ni-Co alloy, Rene 41 autoclaves, were buffered at ~NNO by pure Nickel filler 
rods situated next to the capsule (Matthews et al. 2003).

A K-type thermocouple was inserted into a small hole in the end of the autoclave 
close to the capsule position to check for temperature offset between the furnace’s 
internal thermocouple and autoclave. The samples were held at a constant pressure 
and temperature to replicate magmatic storage conditions for the specific volcanic 
systems, for up to 7 days (Table 1), and the experiments were then rapidly quenched 
(<1 min) in both cold seal and gas pressured experiments with a water-cooled system. 
Experimental run times were varied as a function of temperature, with a minimum 
of 25 h for experiments at 1100 °C for basaltic andesite runs and 160+ h for silicic 
compositions and temperature of 800–900 °C. These run durations are similar to 
other partitioning studies with the shortest durations that reached equilibrium in 
3–4 h for chlorine partitioning experiments in basalts at 1200  °C (Alletti et al. 
2009). However, Br diffusion is slower, which led Cadoux et al. (2018) to run their 
experiments at 1200 °C for 24 h, the minimum time used in our experiments. For 
silicic compositions, Kravchuk and Keppler (1994) ran partitioning experiments at 
800 °C, varying run times between 93 and 1142 h with little difference to measured 
halogen contents. Capsules were weighed before and after welding and following 
quenching of the experiments to ensure no fluid loss occurred; if mass loss was 
recorded, the experiments were discarded. Backscattered electron imaging of the 
run products showed microlite-free glass (Online Materials1 Fig. S1) with little 
chemical variability (Table 3).

Analytical techniques
Electron microprobe analysis (EMPA)

The starting materials and experimental glasses were made 
into polished resin mounts (Epo thin 2) and carbon coated. They 
were analyzed for their major element compositions by electron 
microprobe (EMPA) using a JEOL JXA 8200 superprobe at the 
University of Mainz and a Cameca SX-FiveFE at the University 
of Oxford. The operating conditions were: 15 kV accelerating 
voltage, 6–8 nA beam current, with a 10 µm defocused beam 
and counting times of 50–200 s per analysis. Na and K peaks 
were counted first and for short (15  s) duration to minimize 
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migration (Nielsen and Sigurdsson 1981). Chlorine and fluorine 
were measured on the PETH and TAP crystals, respectively, at 
counting times of 40 s each. A Phi-rho-Z correction for atomic 
number, absorption, and fluorescence was applied to all analyses, 

and the calibration was performed using a range of natural and 
synthetic reference materials. One σ standard deviations were 
generally <2% for most major elements analyzed. Secondary 
reference materials were measured on both EMPA instruments 
to ensure consistency and to assess the accuracy and precision, 
which can be found in Online Materials1 Table S2.

Scanning electron microscope (SEM) image analysis
Quantitative textural analysis of the glass was conducted using 

backscattered electron imagery combined with published energy-
dispersive spectrometer (EDS) mapping from Cassidy et al. (2019). 
Carbon-coated samples were imaged at 15 kV, a working distance 
of ~10 mm, using a FEI Quanta 650 SEM at the University of 
Oxford. To measure the glass content of the initial starting powder 
and final experimental products >10 backscattered electron images 
of each sample were taken, and ~300 crystals were digitized using 
image processing software. The glass fraction was then quantified 
with ImageJ and is presented in Table 2.

Secondary ion mass spectrometry (SIMS) analysis
The polished resin mounts were gold-coated (~30 nm thickness) 

and analyzed on a Cameca IMS 1270 instrument at the NERC ion 

Table 1. Experiments conducted under NNO oxygen buffer
Experiment	 Starting material	 P (MPa)	 T (°C)	 XH2O	 Glass content	 Volatile	 Glass	 Duration
number				    (wt%)	 (vol%)	 mass (g)	 mass (g)	 (h)
Kel14	 Basaltic andesite	 50	 1000	 1	 43.9	 0.0298	 0.0162	 49
Kel12	 Basaltic andesite	 50	 1050	 1	 47.4	 0.0044	 0.0446	 36
Kel9	 Basaltic andesite	 50	 1100	 1	 39.5	 0.0131	 0.0409	 24
Kel35	 Basaltic andesite	 50	 1050	 0.55	 30.1	 0.0144	 0.0289	 46
Kel34	 Basaltic andesite	 50	 1025	 1	 36.9	 0.0133	 0.0433	 42
Kel23	 Basaltic andesite	 50	 1000	 0.56	 28.7	 0.0302	 0.0211	 48
Kel2	 Basaltic andesite	 100	 1000	 1	 31.0	 0.0139	 0.0212	 44
Kel15	 Basaltic andesite	 100	 1100	 1	 43.0	 0.0056	 0.0448	 24
Quiz5	 Dacite	 120	 900	 1	 92.1	 0.0455	 0.0852	 168
Quiz4	 Dacite	 120	 800	 1	 86.5	 0.0076	 0.0798	 170
Quiz3	 Dacite	 120	 850	 1	 94.6	 0.0205	 0.0844	 171
Quiz16	 Dacite	 120	 900	 0.5	 89.0	 0.0019	 0.0669	 167
Quiz15	 Dacite	 120	 800	 0.56	 82.4	 0.0092	 0.0596	 178
Quiz13	 Dacite	 120	 850	 0.5	 86.6	 0.0220	 0.0585	 171

Table 3.	 Major element and Br, Cl, and F contents of experiments, modelled water, and CO2 values and fluid/melt partitioning [the standard 
deviation (1 sigma) of the multiple analyses for each experiment (n = 11–24)]

EMPA	 Kel14	 Sigma	 Kel12		  Kel9		  Kel35		  Kel34		  Kel23		  Kel2		  Kel15		  Quiz5		  Quiz4	
(wt%)
Cl	 0.08	 0.01	 0.05	 0.01	 0.04	 0.04	 0.19	 0.10	 0.11	 0.03	 0.17	 0.03	 0.09	 0.01	 0.06	 0.02	 			 
SiO2	 67.57	 1.24	 58.41	 0.86	 56.64	 0.93	 71.70	 1.87	 68.83	 0.91	 71.59	 1.53	 67.21	 0.82	 59.70	 1.23	 67.95	 0.49	 68.71	 1.03
TiO2	 0.60	 0.06	 0.91	 0.11	 0.67	 0.06	 0.79	 0.16	 0.69	 0.14	 0.69	 0.08	 0.51	 0.14	 0.75	 0.09	 0.29	 0.01	 0.24	 0.11
Al2O3 	 14.08	 0.25	 14.64	 0.56	 16.01	 0.36	 11.87	 0.22	 13.98	 0.70	 12.88	 0.62	 14.15	 0.20	 13.97	 0.27	 14.43	 0.23	 13.99	 0.86
FeO	 2.81	 0.49	 9.31	 0.99	 7.75	 0.57	 6.31	 1.25	 2.98	 0.17	 2.80	 0.39	 2.10	 0.26	 5.86	 0.46	 1.35	 0.05	 1.02	 0.29
MnO	 0.13	 0.02	 0.24	 0.04	 0.22	 0.04	 0.18	 0.04	 0.13	 0.03	 0.12	 0.03	 0.13	 0.03	 0.23	 0.03	 0.06	 0.02	 0.05	 0.03
MgO	 1.17	 0.23	 3.29	 0.26	 3.90	 0.65	 0.91	 0.13	 1.27	 0.14	 0.88	 0.59	 1.26	 0.14	 3.52	 0.31	 0.27	 0.01	 0.48	 0.54
CaO	 3.17	 0.32	 6.95	 0.21	 7.88	 0.68	 3.13	 0.53	 2.72	 0.62	 1.97	 0.30	 2.87	 0.21	 6.44	 0.49	 1.14	 0.03	 0.97	 0.34
Na2O	 4.94	 0.15	 3.44	 0.21	 3.28	 0.18	 4.22	 0.14	 5.01	 0.20	 5.06	 0.33	 4.24	 0.09	 3.94	 0.15	 3.25	 0.31	 3.26	 0.59
K2O	 1.77	 0.12	 1.03	 0.07	 0.80	 0.09	 1.67	 0.27	 1.72	 0.19	 2.08	 0.11	 1.61	 0.09	 1.13	 0.10	 3.56	 0.13	 3.70	 0.33
P2O5	 0.22	 0.02	 0.18	 0.03	 0.17	 0.02	 0.31	 0.09	 0.30	 0.04	 0.27	 0.04	 0.20	 0.02	 0.19	 0.04	 0.04	 0.02	 0.04	 0.04
  Total	 96.62	 0.25	 98.53	 0.40	 97.40	 0.67	 101.34	 0.73	 97.82	 0.44	 98.56	 0.77	 94.44	 0.32	 95.83	 0.45	 92.34	 0.98	 92.46	 1.10

Modeled dissolved volatiles (wt%)
H2O	 2.48		  2.69		  2.47		  1.72		  2.53		  1.59		  3.68		  3.79		  4.35		  4.35	
CO2	 0		  0		  0		  0.02		  0		  0.02		  0		  0		  0		  0	

SIMS (ppm)
F	 451	 17	 342	 33	 231	 24	 497	 108	 528	 18	 500	 94	 555	 22	 496	 5	 527	 9	 706	 60
DF fl/melt	 0.96	 0.15	 4.46	 2.09	 4.91	 1.41	 1.16	 0.95	 0.66	 0.09	 0.45	 0.29	 0.54	 0.05	 0.71	 0.03	 0.28	 0.08	 0.03	 0.03
Cl	 1373	 88	 659	 86	 530	 116	 1507	 220	 1652	 104	 2110	 409	 969	 35	 700	 4	 486	 5	 966	 84
DCl fl/melt	 0.75	 0.04	 9.66	 2.12	 6.05	 2.30	 0.73	 0.16	 0.02	 0.02	 0.02	 0.02	 1.56	 0.10	 8.18	 0.70	 5.85	 0.33	 12.69	 2.78
Br	 2.2	 0.9	 1.3	 0.3	 1.1	 0.3	 2.8	 0.8	 2.0	 0.0	 1.5	 0.3	 2.3	 0.4	 1.6	 0.2	 1.0	 0.0	 1.3	 0.1
DBr fl/melt	 1.85	 0.80	 20.26	 10.82	 10.38	 5.87	 2.33	 2.01	 4.88	 0.28	 2.19	 0.96	 2.25	 0.97	 13.07	 3.74	 8.95	 1.70	 36.40	 8.30

(Table extends on next page.)

Table 2.	 Starting conditions of matrix glass and XRF data, along with 
Br, Cl, and F contents

	 Quizapu		  Kelud
	 Matrix glass	 Bulk rock	 Matrix glass	 Bulk rock
wt%	 EMPA	 XRF	 EMPA	 XRF
SiO2 	 71.44	 66.50	 69.38	 54.56
TiO2 	 0.34	 0.54	 0.53	 0.65
Al2O3 	 14.85	 15.74	 15.42	 18.86
FeO 	 1.59	 2.97	 4.00	 8.89
MnO 	 0.07	 0.09	 0.15	 0.21
MgO 	 0.33	 0.87	 1.04	 3.73
CaO 	 1.13	 2.38	 3.54	 9.13
Na2O 	 4.39	 5.13	 4.26	 2.79
K2O 	 4.02	 3.27	 1.74	 0.67
P2O5 		  0.14	 0.20	 0.12
  Total 	 98.59	 97.40	 100.42	 99.62

SIMS (ppm)	 Sigma		  Sigma
F	 661	 44	 564	 56
Cl	 2192	 100	 1476	 14
Br	 6.1	 0.7	 4.3	 0.4 
Note: Bulk-rock XRF from Ruprecht et al. (2012) (Quizapu) and Cassidy et al. 
(2019) (Kelud).
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microprobe facility at the University of Edinburgh. The samples 
were placed in a vacuum to outgas for >14 h prior to analyses. 
Vacuum in the main chamber during analysis was <5 × 10−8 Torr.

Halogen analyses were performed in two different sessions, 
both using a 10 kV, Cs+ primary ion beam of ~2 nA for Cl and F, 
and ~7 nA for Br, with the normal incidence electron flood gun 
for charge neutralization and the electron multiplier (EM0) as the 
secondary ion detector. After pre-sputtering for 60 s, the magnet 
calibration was checked and the automated secondary beam align-
ment was adjusted using either 18O or 30Si16O3 as the reference peak.

For F and Cl analysis 18O, 19F, 30Si, and 35Cl were measured at a 
mass resolution of 3200, an energy window of 60 eV, an analyzed 
region of ~7 × 10 μm and magnetic peak switching. Each analysis 
consisted of 10 cycles, in which 28Si and 18O were counted for 
2 s each and 19F and 35Cl for 4 s each. The secondary ion beam 
intensity measured at masses 19F and 35Cl were normalized to 
18O. To calculate the sample composition, we used MPI-DING 
reference glasses (StHs80, ML-3BG, T1G, ATHO-G; Jochum et 
al. 2006) and the USGS reference glass BCR-2G. The fluorine 
concentration of the unknown sample was given by:

F F cps
O cps

lative Ion Yieldconcentration 








 

19

18

( )
( )

Re

where the cps refers to counts per second, Relative Ion Yield 
= (Ion Yield F/Ion Yield O) averaged over multiple primary 
standards, and

Ion Yield F = 19F(cps)/known F concentration, and 
Ion Yield O = 18O(cps)/known O concentration.

Chlorine concentrations were given by similar equations for 
the 35Cl count rate (cps) normalized to the 18O count rate (cps).

The standard deviation of the primary standard calibration 
of the Relative Ion Yields for F and Cl were lower than 4%.

For Br analysis, a mass resolution of 21 000 was used with a 
2000 µm field aperture giving an analyzed region of ~7 × 10 µm. 
Each analysis consisted of 10 measurement cycles, with 30Si16O3 

being measured for 2 s each cycle and 79Br and 81Br measured 
for 5 s each cycle. For Br, we used GSC-1G, GSE-1G, GSD-1G, 
BB1, and BB2 (Online Materials1 Fig. S2) as our standard refer-
ence materials (Marks et al. 2017; Kendrick 2012). The halogen 
concentrations of the unknown glasses were then calculated as 
follows:

Br Br (cps) Br (cps)

SiO O cps
Si (kno
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30 16
3

conc

= +

wwn)

Relative Ion Yield












where the Relative Ion Yield is given by = (Ion Yield of Br/ 
Ion Yield Si) for an average of multiple primary standards (Online 
Materials1 Table S2; Online Materials1 Fig. S3) mounted in each 
sample block, and

Ion Yield Br = [79Br(cps) + 81Br(cps)] /
   known Br concentration (primary standard), and 
Ion Yield Si = 30Si16O3 (cps) / 
   known Si concentration (primary standard).

The Si content of the experiments was sometimes higher than 
the standards for Br (Online Materials1 Table S2); however, as 
Br ionizes well, as shown by relatively stable signal intensities, 
matrix glass effects are considered here to be minimal. This is 
supported by the secondary standard comparison plot (Online 
Materials1 Fig. S2) for the five secondary standards, each with 
a different major element composition, showing a good match 
between measured and accepted values. Typically, seven analyses 
were measured per sample. Mean concentrations and standard 
deviations are given in Table 3, and show good reproducibility. 
Along with the unknown samples, MPI-DING secondary refer-
ence glasses were measured throughout the analysis session to 
check for reproducibility, accuracy and drift (Online Materials1 
Table S2). Limits of detection (estimated based on the number 
of counts per time counted, see Online Materials1 Table S2) for 
Cl and F were calculated on reference glasses StHs80 for F and 
Cl, and scapolite BB1 and GSE-1G for Br, equating to 0.5, 1.3, 
and 0.35 ppm for F, Cl, and Br, respectively.

We found that the halogen concentrations for the secondary 
reference materials varied slightly between different mounts, 
potentially affected by the sample height, suggesting that cali-
bration should be conducted on the same mounts as the sample 
analysis if possible.

Results
Petrological description of run products

The run products range in glass contents from 28–47 wt% 
for Kelud and 82–94 wt% in the Quizapu experiments (Table 1). 
No new phases relative to the starting materials appeared during 
the experiments; however, in some of the lower-temperature 
experiments, more-evolved rims can be observed in backscat-
tered images, compared to some more primitive crystal cores 
(Online Materials1 Fig. S1). This suggests that mineral rims 
grew in equilibrium with the melt as intended by experimental 
design, without reacting with the more primitive mineral cores 
(Pichavant et al. 2007). The experimental glass was microlite 
poor (Online Materials1 Fig. S1) and contained vapor vesicles, 

Table 3.—Extended 
	

EMPA	 Quiz3		  Quiz16		  Quiz15		  Quiz13	
(wt%)
Cl			   0.29	 0.01	 0.06	 0.01	 0.11	 0.02
SiO2	 66.43	 0.51	 69.71	 0.34	 68.74	 1.05	 68.63	 0.58
TiO2	 0.32	 0.02	 0.35	 0.02	 0.26	 0.11	 0.30	 0.02
Al2O3 	 15.46	 0.27	 14.64	 0.13	 15.00	 1.47	 14.61	 0.19
FeO	 1.78	 0.11	 1.54	 0.10	 1.12	 0.27	 1.20	 0.09
MnO	 0.09	 0.02	 0.07	 0.02	 0.06	 0.02	 0.06	 0.03
MgO	 0.47	 0.03	 0.35	 0.02	 0.18	 0.18	 0.26	 0.02
CaO	 1.67	 0.07	 1.03	 0.03	 1.19	 0.56	 1.05	 0.06
Na2O	 3.82	 0.11	 4.47	 0.14	 4.35	 0.57	 3.93	 0.21
K2O	 3.43	 0.07	 3.98	 0.06	 3.76	 0.45	 3.85	 0.07
P2O5	 0.05	 0.03						    
  Total	 93.51	 0.31	 96.45	 0.43	 94.74	 1.44	 94.01	 0.84

Modeled dissolved volatiles (wt%)
H2O	 4.36		  2.24		  2.92		  2.36	
CO2	 0		  0.05		  0.03		  0.05	

SIMS (ppm)
F	 345	 11	 643	 6	 461	 5	 490	 12
DF fl/melt		  3.41	 0.24	 0.24	 3.14	 0.36	 0.90	 0.18
Cl	 257	 27	 1578	 49	 652	 3	 495	 4
DCl fl/melt			   11.87	 1.74	 16.07	 0.76	 9.04	 0.49
Br	 0.4	 0.1	 3.5	 0.2	 0.5	 0.4	 0.8	 0.0
DBr fl/melt		  70.59	 23.26	 9.09	 69.24	 36.72	 18.84	 2.93
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indicative of fluid saturation, which was confirmed by puncturing 
and heating the capsule post-experiment and determining rela-
tive mass loss. Repeat analyses of major element and halogen 
concentrations (n = 7–24) of experimental glass showed them 
to be homogenous (Fig. 2) within analytical uncertainty (Online 
Materials1 Table S3), suggesting that the time chosen to reach 
chemical equilibrium was appropriate (Table 1).

Halogen concentrations in matrix glass
Although Cl measured both by electron microprobe (EMPA) 

and SIMS (Online Materials1 Fig. S4) were correlated, the con-
centrations of Cl were close to or below the limit of detection 
for EMPA, as the instrument setup was not optimized for Cl 
measurements. We therefore report SIMS results in this paper, 
with their precision values <12%, and accuracy (<20% for Br 
and <2% for Cl and F values >100 ppm) supported by analysis 
of secondary reference glasses (Online Materials1 Table S2).

The mean values, measured by SIMS, for the Kelud matrix 
glass composition (dacite) were: F = 564 ppm (±56; 1 standard 
deviation of reproducibility), Cl  =  1476  ppm (±14), and 
Br = 4.3 ppm (±0.4). For the Quizapu matrix glass composi-
tion (rhyolite): F = 661 ppm (±44), Cl = 2192 ppm (±100), and 
Br = 6.1 ppm (±0.75) (Table 2). Note that two bromine measure-
ments of 0.42 ppm (Quiz 3) and 0.54 ppm (Quiz 5) are close 
to the detection limit of bromine of 0.35 ppm. Minor quantities 
of hydrous minerals (<1% of halogen-bearing apatite and <2% 
amphibole in the Quizapu experiments) may slightly alter the 
absolute halogen contents in bulk starting material experiments.

Experimental matrix glass compositions range from andesitic 
to rhyolitic for Kelud (Table 1; Fig. 2), with the Quizapu ex-
periments limited to rhyolitic glass compositions (Table 3). The 
range of compositions exhibited in the experimental glasses can 
be attributed to varying amounts of melting and crystallization 
resulting from the varying experimental run temperatures, fluid 
contents, and compositions (XH2O). Thus, variable crystallinity 
may dilute or enrich the halogen content in the glass for differ-
ent experiments (Table 1). Figure 2 shows SiO2 vs. Cl, F, and Br 
glass concentrations for all experiments. For the Kelud starting 
composition (Table 2), the experimental products with more 
evolved compositions contain higher F, Cl, and Br concentra-
tions in the natural matrix glass. These positive correlations with 
SiO2 for fluorine (R2 = 0.68), chlorine (R2 = 0.73), and bromine 
(R2 = 0.55) exist despite changes in experimental pressure, 
temperature, and volatile composition. For the Quizapu starting 
composition (Table 2), this trend of increasing halogen concen-
trations at higher SiO2 concentrations is apparent, despite the 
more limited range in compositions in the experimental matrix 
glass, e.g., for fluorine R2 = 0.54. For chlorine and bromine, the 
correlation only exists for the water-saturated experiments (XH2O 
= 1), with correlation coefficients R2 of 0.76 and 0.96 for Cl and 
Br, respectively. The mixed volatile experiments from Quizapu 
(green open symbols, Fig. 2) mostly fall within the same range 
as the water-saturated experiments.

Halogen fluid composition
To work out the fluid composition required for calculating the 

fluid/melt partitioning, we used a simple mass balance approach 
similar to Cadoux et al. (2018):

Mass (g) of halogen in fluid = Mass of halogen in starting 
glass – Mass of halogen in final glass

whereby,

Figure 2. SiO2 vs. halogen concentrations in experimental glass 
products, along with their natural matrix glass compositions. Errors 
given are 1 standard deviation of the range of the values measured. 
(Color online.)
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Mass of halogen in starting powder = Concentration of 
halogen in starting powder (ppm) * 10–6 × Mass of starting 
powder (g).

The measured masses were converted into mass of glass, by 
correcting for the crystal fraction in the starting material and 
the final glass as measured with SEM image analysis (Table 1).

Mass (g) of halogen in the final glass = Concentration of halo-
gen in final glass (ppm) × 10–6 × Corrected mass of final glass (g)

The corrected mass of the final glass is calculated from the 
initial mass of glass combined with the mass of volatiles added 
to the capsule that dissolved within the melt. This correction 
involves the respective gain and/or loss of water and CO2, which 
partitioned from the volatile phase in favor of the melt phase 
during the course of the experiment. These volatile contents 
were modeled using a MELTS H2O and CO2 solubility model, 
requiring the pressure, temperature, XH2O, and melt composition 
(Gualda and Ghiorso 2015). The modeled volatile contents are 
comparable to other models (e.g., Papale et al. 2006).

Fluid concentration of halogen (ppm) = 
Mass (g) of halogen in fluid / corrected final fluid mass (g) × 106

The uncorrected fluid mass was the measured weight of added 
volatiles to the capsule. The mass difference between the final 
and initial glass was subtracted to give the corrected fluid mass. 
At equilibrium during high-P-T experiments there is a subtle 
impact of partial dissolution of the aluminosilicate melt into 
the coexisting volatile phase (Burnham 1967). At the relatively 
low pressures of these experiments, Burnham (1967) showed 
that only a small amount of solute dissolved into the coexisting 
fluid (<2 wt%). A 2% correction was made to the masses of the 
initial powder and volatile phase for all experiments. The parti-
tion coefficient for each halogen was calculated by dividing the 
halogen concentration of the fluid by that of the melt.

Uncertainties were propagated using the minimum and 
maximum halogen concentrations in the initial and experimental 
glasses, adjusting for crystal content calculation errors (±5 wt%), 
weighing errors and calculated masses of H2O and CO2 (Table 3). 
The propagated errors are plotted in Figures 3 to 8. Previous stud-
ies have shown that these propagated errors often overestimate 
the absolute error and thus can be considered maximum values 
(e.g., Alletti et al. 2014; Cadoux et al. 2018). Finally, Quizapu 
and Kelud both contain trace amounts of apatite (<1 vol%) and 
Quizapu contains ~2 vol% hornblende (Hildreth and Drake 1992; 
Ruprecht et al. 2012; Ruprecht and Bachmann 2010; Jeffery et al. 
2013; Cassidy et al. 2016, 2019; First et al. 2021). Hydrous min-
erals may incorporate halogens into the mineral structure, but the 
low abundance of hydrous minerals, coupled with knowledge of 
mineral/melt partitioning values (e.g., Doherty et al. 2014; Iveson 
et al. 2017; Marks et al. 2012) suggests that minor amounts of 
crystallization or melting of apatite and/or hornblende during the 
experiment would have a minimal effect on our Dfluid/melt values. 
Given typical F and Cl contents in hornblende for Quizapu and 
arc magmas, this constitutes <10 ppm of Cl and <50 ppm of F 
being added to the melt if hornblende is completely dissolved.

Fluid/melt halogen partitioning
No additional halogen sources were added to the starting 

materials and, given that measured melt Cl contents are an 
order of magnitude below the modeled maximum Cl solubili-
ties (Fig. 3) (Webster et al. 2015), none of these experiments 
reached hydrosaline brine saturation, despite the addition of 
CO2 in some experiments, which can lower the threshold for 
brine-saturation (Joyce and Holloway 1993). The run product 
glasses lie within the experimentally constrained “200 MPa melt 
+ aqueous vapor field” for rhyolitic melts in equilibrium with a 
low-density volatile phase (Webster et al. 2015; Fig. 3).

For all experiments, the halogen fluid concentrations show 
broad positive correlations with bulk fluid/melt partition coef-
ficients consistent with other studies and largely independent 
of temperature, pressure, and volatile contents (Figs. 4 and 5). 
Fluid concentration uncertainties were slightly higher for F and 
Br mass balance calculations, and these graphs show more scat-
ter than for Cl, which is a function of the larger range measured 
in glass halogen contents for these experiments. The mixed 
volatile experiments (XH2O = 0.55) fall on the generally positive 
trend, as do the higher pressure (100 MPa) Kelud experiments. 

Figure 3. Showing Cl melt contents of the experiments of Quizapu, 
dacite starting material (green) and Kelud, basaltic andesite starting 
material (blue), with the corresponding modeled H2O contents from 
MELTS. The dashed lines indicate where brine and vapor phases appear 
at 50 and 200 MPa pressures. The crosses indicate the maximum Cl 
contents for each experiment as modeled using Webster et al. (2015) Cl 
solubility model. Our experiments show brine-undersaturated conditions. 
(Color online.)
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A clear outlier to the generally positive correlations is Quiz 3 
(850 °C, XH2O = 1; Table 3), which yields higher than expected 
fluid/melt partitioning values relative to its fluid concentration 
(e.g., Fig. 4). This can be attributed to a higher actual fluid mass 
than calculated, which is corroborated by the prominent H2O 

resorption haloes around the bubbles in the SEM images for 
Quiz 3 (Online Materials1 Fig. S1). Consequently, this point was 
removed from the following data set presented.

Partitioning and ionic radius
Bureau et al. (2000) suggested that Dfluid/melt increases with 

ionic radius for halogens in albite melt, although Cadoux et 
al. (2018) suggested further complexity to this relationship 
depending on melt composition and volatile content and based 
on deductions from gas geochemistry. The new experiments 
presented here are consistent with Dfluid/melt increasing with 
ionic radius (Fig. 5), though with higher DF

fluid/melt values than 
Bureau et al. (2000). On average, Dfluid/melt for F [smallest 
ionic radius, D  =  1.4  ±  0.51 (mean absolute error)] is lower 
than Cl (D = 6.4 ± 0.9), which is in turn lower than Br (larg-
est ionic radius; D = 16.5 ± 6.5). These values are within the 
range measured for halogens in other studies on similar melt 
compositions (Online Materials1 Table S1). The average data 
can be fitted using an exponential function with a R2 of 0.95, 
but the best-fitted data are the Quizapu data set shown in green 
(Fig. 5; R2 = 0.99). The less-evolved Kelud experiments have 
a lower average bulk Dfluid/melt than the more evolved Quizapu 
experiments for chlorine and bromine, but yield higher values 
for fluorine. This observation may not be significant given the 
range of partitioning values; however, it is consistent with the 

Figure 5. Plot of natural log of fluid/melt F, Cl, and Br partitioning 
values in this study and iodine value from Bureau (2000) against ionic 
radius in angstroms. For comparison the data set and trendline from 
Bureau et al. (2000) is plotted. The green trendline shown is from the 
Quizapu data set, which represents the best correlation. Error bars 
indicate 1 standard deviation of the values for the pressures (50–120 
MPa), temperatures (800–1100 °C) and XH2O (0.55–1) conditions. The 
biggest difference is the differing F partitioning values (higher in this 
study) which alters the regression equation. The F partitioning value 
in Bureau et al. (2000), was from Webster et al. (1992), measured in 
granitic melts. (Color online.)

Figure 4. Mass balance calculated fluid halogen concentrations, against 
halogen fluid-melt partitioning. Maximum accumulated errors are plotted. 
(Color online.)
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Figure 6. Effects of glass composition (Larsen differentiation) and temperature on bulk 
partitioning of halogens. R2 values shown above report both the unweighted and weighted 
regressions. Variance-weighted regression was applied to Quizapu data set, which has higher 
uncertainties (d, e, and f), providing revised R2 values and the trend lines against temperature 
plotted above. (Color online.)

more evolved granitic melt value (76 wt% SiO2 from Webster 
(1990) for DF

fluid/melt, which is even lower.

Halogen fluid/melt partitioning as a function of changing 
intrinsic variables

To assess the effects of varying melt composition on halogen 
Dfluid/melt, we plot our experimental data against the Larsen differ-
entiation index (0.33×SiO2+K2O)−(FeO+MgO+CaO) (Larsen 
1938) (Figs. 6a–6c). This has been shown to be a useful index 
for characterizing evolving melt composition especially for Cl 
(e.g., Webster et al. 2020). It accounts for elements known to 
control Cl solubility (e.g., Ca, Mg, and Fe; Webster et al. 2015) 
without using Na, which is prone to electron-beam migration 
in hydrous glasses. The Quizapu data show a very limited 
compositional change, yet a range in Dfluid/melt (Figs. 6a–6c). In 
contrast, the Kelud experimental glasses exhibit a wide range 
in glass compositions (andesite to rhyolite) and form shallow 
negative trends with respect to Dfluid/melt with R2 all above 0.72, 
with Cl particularly well correlated. In the case of fluorine, this 
trend extends toward the more evolved Quizapu compositions 

(R2 = 0.5) (Fig. 6a). However, there is no 
significant trend with differentiation for Br 
and Cl when Kelud and Quizapu data sets are 
combined. The melt differentiation trends 
in the Kelud data set occur despite super-
imposed differences in pressures, CO2-H2O 
mixtures, temperatures, and potential errors 
relating to the fluid calculation.

Kelud and Quizapu experiments show 
opposite trends as a function of temperature 
(Fig. 6d–6f). While Dfluid/melt in the Quizapu 
dacite series decreases with higher tem-
perature, Dfluid/melt in Kelud increases with 
temperature. The temperature effect on 
Dfluid/melt values is most pronounced for the 
Quizapu data set and for Br (R2 = 0.61), 
with F less temperature-dependent. Due 
to the large uncertainties of some Quizapu 
experiments, variance-weighted regression 
was applied to temperature correlation, 
providing higher revised R2 correlations 
of 0.82, 0.87, and 0.81, for F, Cl, and Br, 
respectively.

All experiments were fluid saturated, but 
mixed volatile experiments with varying 
CO2 and H2O ratios were run to assess their 
effect on fluid/melt partitioning of halogens 
(Fig. 6). In both the Kelud and Quizapu data 
set, the CO2 bearing experiments (XH2O = 
0.55) lie along the same trends as the XH2O 
= 1 series; however, the CO2-bearing experi-
ments generally show lower Dfluid/melt values 
(Fig. 6). For the Kelud experiments, mean 
fluid/melt partition coefficients for the XH2O 
= 1 experiments are F = 2  ±  1.9 (1  s.d.), 
Cl = 4.4 ± 3.8, and Br = 8.8 ± 6.6 (n = 6). 
For the XH2O = 0.55 experiments these are F 
= 0.8 ± 0.3, Cl = 0.4 ± 0.4, and Br = 2.3 ± 0.1 

(n = 2). For Quizapu, the XH2O = 1 experiments had mean fluid/
melt ratios of F = 0.1 ± 0.1, Cl = 9.3 ± 3.4, and Br = 22.7 ± 13.7 
(n = 2); while the XH2O = 0.55 experiments had Dfluid/melt values; 
F = 1.4 ± 1.3, Cl = 12.3 ± 2.9, and Br = 37.1 ± 22.8, showing 
higher Dfluid/melt values.

Figure 7 highlights in detail how Dfluid/melt covaries with 
various elements for the combined Kelud and Quizapu experi-
mental data set. Pearson correlation values suggest that DCl

fluid/melt 

and DBr
fluid/melt generally behave in a similar way (correlation 

coefficient = 0.88), with highest negative correlations for Ti 
(also Na in the case for Cl) and positive correlations Al and K. 
While DF

fluid/melt behaves markedly differently from DCl
fluid/melt and 

DBr
fluid/melt (coefficient = 0.24 and 0.26) and negatively correlates 

best with Si, Na, and K, with positive correlations for Fe, Mg, 
and Ca. The differences between the Kelud and Quizapu data 
sets can be seen in Online Materials1 Figures S5 and S6.

Halogen fluid/melt partitioning across different studies
Values for DCl

fluid/melt are all <20 (Figs. 6b and 6e), in line with 
other studies at similar melt compositions and experimental 
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conditions (e.g., Baker and Alletti 2012; Webster et al. 1999; 
Zajacz et al. 2012) (Online Materials1 Table S1). The majority 
of experiments show that Cl predominantly partitions into the 
fluid phase over the melt phase, with the exception of two Kelud 
experiments (DCl

fluid/melt < 1). Relative to Cl, absolute DF
fluid/melt values 

are lower (<6) with a cluster around 1 for the most differenti-
ated melts. Values for Br partitioning are the highest among the 
halogens measured in this study, a trend observed by Bureau 
et al. (2000), with most partition coefficients ranging between 
2 and 36 (Online Materials1 Table S1). In contrast to Cl and F, 
which partition into the melt under some conditions, our Br 
data show that it strongly partitions into the fluid phase in all 
the experiments.

Figure 8 plots our experiments in the context of other 
data from the literature (see Online Materials1 Fig. S7 for full 
breakdown of the different studies). We use the aluminosity 
index A/CNK [molar Al/(Ca + Na + K)], as Cl and F melt 
solubility are affected by increasing network-modifying Na, 
K, and Ca relative to Al (Fig. 7) (Webster 1992; Signorelli and 
Carroll 2000; Webster et al. 2015). The literature data plotted 
are from experiments thought to be in the brine-undersaturated 
region for Cl, F, and therefore thought to represent Henrian 
partitioning. This was estimated using the region of parameter 
space defined in previous studies (e.g., Cl < 0.25 wt%, and F 
< 4 wt%; cf. Baker and Alletti 2012; Dolejš and Zajacz 2018; 
Shinohara 2009; Webster et al. 2015; Zajacz et al. 2012). 
However, some CO2-bearing experiments from the literature 

may be in the brine field, as the presence of CO2 lowers the 
threshold for brine saturation (e.g., Joyce and Holloway 
1993). Figure 8 broadly highlights that the fluid/melt parti-
tion coefficients found in this study overlap with literature 
experiments at similar values on the aluminosity index. The 
Quizapu data set for instance, has similar values to those of 
Alletti et al. (2009) and Botcharnikov et al. (2015), yet higher 
than others (Zajacz et al. 2012). Kelud’s experimental glass 
composition also overlapped with other studies (Hsu et al. 
2019; Webster et al. 2017; Webster and Holloway 1990) and 
provides similar partitioning values. The literature data for 
CO2 mixed volatile experiments in Figure 8 are plotted as open 
circles, and these generally occupy lower fluid/melt ratios for 
Cl (mean = 9.2), compared to water-saturated experiments 
(mean = 15); however, their relative standard deviations both 
exceed 100%. For CO2-bearing F partitioning experiments, 
there is only this study and a few data points from Webster et 
al. (2014) to compare (Fig. 8b), nevertheless, the presence of 
CO2 did not significantly influence DF

fluid/melt. The only Br mixed 
volatile data are from this study and do not show significant 
differences with water-saturated experiments. Apart from the 
mixed volatile experiments, the data compilation in Figure 8 
broadly shows that lower A/CNK values are associated with 
lower Br fluid/melt ratios (see also Online Materials1 Table 
S1). For F, however, the opposite is true, with higher DF

fluid/melt 
values at the lower A/CNK values. There is no clear trend for 
DCl

fluid/melt, which speaks to the range of experimental conditions 
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Figure 7. Scatter plot of matrices of different elements and the Cl, F and Br partitioning
values,with bivariate scatter plots below the diagonal, histograms on the diagonal, and the
Pearson correlation above the diagonal. The key correlations are highlighted in red. In the
scatter plots the X axes represent the range of values of the element in the same row, while
the Y axes represent the element in the vertical column.

Figure 7. Scatter plot of matrices of different elements and the Cl, F, and Br partitioning values, with bivariate scatter plots below the diagonal, 
histograms on the diagonal, and the Pearson correlation above the diagonal. The key correlations are highlighted in red. In the scatter plots the X 
axes represent the range of values of the element in the same row, while the Y axes represent the element in the vertical column. (Color online.)
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Discussion

Halogen partitioning and its influences
The concentration of Cl in the fluid phase has been established 

as one of the primary controls on fluid melt partitioning (e.g., 
Webster 1992), which is confirmed by this study for Cl and also 
for F and Br (Fig. 4). The scatter in the data, i.e., for a constant 
halogen fluid concentration, may be explained by the differing 
melt compositions and conditions (Dolejš and Zajacz 2018). 
The sections below will cover how our experimentally derived 
halogen partitioning data are influenced by key variables such 
as ionic radius, melt composition, XH2O, and temperature, in the 
context of previous studies. While much of this has been studied 
for Cl, there is complexity (e.g., Fig. 8), and fewer data points 
exist for F and Br (Fig. 1).

Effect of ionic radius
Bureau et al. (2000) observed that for an albite melt composi-

tion, increasing fluid/melt partitioning values from F, Cl, Br, to 
I correlate with increasing ionic radii of the anion (Fig. 5). This 
relationship has also been shown for the fluid/melt partitioning 
behavior of the alkali metals Li, K, and Rb (e.g., Iveson et al. 
2019). This result agrees with previous studies, which dictate that 
for the larger anions (Cl and Br), there is a greater mismatch with 
the ionic radius of O, making them less likely to be incorporated 
in the aluminosilicate network (Bureau et al. 2000). The iodine 
partitioning data of Bureau et al. (2000) (Fig. 5), can be used to 
extend the partitioning–ionic radius correlation from our Quizapu 
(rhyolite glass) experiments (R2 = 0.99), which is more similar 
in composition to Bureau et al. (2000) than the Kelud data set. 
We use this correlation to form a revised weighted regression 
equation for rhyolitic melts based on our experiments as a func-
tion of ionic radius:

Dfl
Hal

ui
o
d/

g
m
e
e
n
lt = e[5.46(±0.09)×Å–7.41(±0.12)],

where Å is the ionic radius in angstroms.
The gradient of the slope (and thus the preceding equation), 

will vary as a result of the chemical composition, for instance, 
mafic melts with higher DF

fluid/melt (Figs. 6 and 8) will lead to shal-
lower gradients and vice versa (e.g., Bureau et al. 2000). The 
large variability in these values means that the highest DF

fluid/melt 
values are sometimes higher than the lowest DBr

fluid/melt values 
(Fig. 5), suggesting that other factors such as differences in 
halogen fluid concentrations, melt compositions, pressure, tem-
perature, and XH2O may account for the variability in this trend.

Effect of melt composition
The two different starting compositions used in this study 

(whole rock basaltic andesite and dacite, with dacitic and rhyo-
litic initial matrix glass compositions, respectively) and variable 
P-T conditions produced a range of different melt compositions, 
which allows us to explore the role of composition on fluid/melt 
partitioning. Taking both data sets together, the highest DCl

fluid/melt 

and DBr
fluid/melt values are found in the most differentiated melts 

(Fig. 6), yet the least differentiated melts did not necessarily 
show the lowest fluid/melt partitioning. In contrast, DF

fluid/melt 
shows the opposite trend across both data sets, with increasing 

Figure 8. The molar A/CNK ratio for data in these study as a 
comparison to data from literature (including CO2-bearing systems) for 
non-brine systems, and therefore thought to represent Henrian partitioning. 
Literature sources in Online Materials1 Table S1 and broken down by study 
in Online Materials1 Figure S7. (Color online.)

and the complexity of these data as well as the clustering of 
experiments in certain areas of A/CNK space (e.g., a sparsity 
of experiments at higher values).
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differentiation leading to lower average DF
fluid/melt values (Fig. 6).

The notion of increased Cl in the fluid phase at more-evolved 
compositions has been observed in multiple studies (e.g., Webster 
and De Vivo 2002) and also for Br (Cadoux et al. 2018). This 
is likely related to the incompatible nature of the larger ions, Cl 
and Br in melts during differentiation, lower charge densities of 
Cl and Br relative to F, coupled by the higher degree of polym-
erization, which makes the incorporation of larger anions into 
the melt more difficult. More differentiated magmas have been 
predicted to have lower DF

fluid/melt , based on the ability of F to 
replace hydroxyl and oxygen ions in minerals and substitute for 
O on the vertices of aluminate or silicate tetrahedral, meaning 
that it preferentially favors the melt relative to the fluid phase 
as magma becomes more silicic during differentiation (Dolejš 
and Baker 2007; Webster 1990). Our data help to confirm this 
inference (Fig. 7) by filling a compositional gap in pre-existing 
experimental data and demonstrating higher DF

fluid/melt , i.e., more 
F partitioning into the fluid phase, in less-evolved magmas.

Contrary to the overall observation of high DCl
fluid/melt and 

DBr
fluid/melt for the most differentiated magmas, within the Kelud 

data set we find negative correlations with respect to DCl
fluid/melt  

and DBr
fluid/melt with differentiation (Fig. 6), which exist despite 

removing the concentration of halogens in the fluid as a factor. 
However, combining the Kelud and Quizapu data sets shows no 
significant effect of differentiation (Fig. 6), thus differentiation 
alone may not be able to explain the distribution of DCl

fluid/melt  and 
DBr

fluid/melt values. The compositional influence on partitioning may 
be more complex than mafic vs. felsic, but instead related to the 
availability of metal cations, which form ligand complexes with 
F, Cl, and Br. For instance, the negative correlation between 
differentiation with DCl

fluid/melt  and DBr
fluid/melt for the Kelud data set, 

which encompasses a larger range of compositions than Quizapu 
(Fig. 6), is likely controlled by Na, K, and Si complexes forming 
within these experimental melts (Online Materials1 Figs. S5 and 
S6). Figure 7 combines both Quizapu and Kelud data sets and 
highlights the potential halogen complexes forming in all the 
experimental melts, by elements anti-correlated with Dfluid/melt 
(e.g., K, Na, and Si for fluorine, Na and Ti for chlorine, and Ti 
bromine). The type of metal-ligand bonds that form (e.g., Na-Cl, 
K-Cl) can be related to both the similarity in their orbital energy 
and the Lewis acidity or basicity of the cation and anion pair.

The latter can be conceptualized following the bond valence 
model from Brown (2000), which uses ion charge and coordina-
tion number to provide bond strength indicators in valence units 
(v.u.) for individual ions, which correlates with electronegativity. 
For instance, cations and anions with similar bond strengths 
(e.g., Na+ – 0.16 v.u., and Cl– – 0.13 v.u.) and with the same 
number of atomic orbitals will be more likely to form strong 
associations, relative to cations that have larger bond strength 
differences, e.g., Cl– with Ca2+ (0.27 v.u.) and less orbital overlap 
(e.g., K-Cl). These relationships are highlighted in the correla-
tive plot in Figure 7, showing the Na+ is anti-correlated with 
DCl

fluid/melt, whereas Ca2+ and K+ are not. It is possible that some 
of the positive elemental correlations with Dfluid/melt in Figure 7 
may indicate preferential complexes forming within the aqueous 
fluid (e.g., KCl, CaF2, KBr). The negative correlations between 
Ti and DCl

fluid/melt  and DBr
fluid/melt (Fig. 7) are not found in either Kelud 

or Quizapu data sets separately, unlike other elemental correla-

tions (Online Materials1 Figs. S5 and S6) and are therefore likely 
an artifact of bringing the two data sets together with inherently 
different Ti contents (Fig. 7). The strong association between Si 
and F in our experiments (Fig. 7) is explained by high silicon-
fluorine bond strength, resulting from their high charge densities 
(e.g., Dolejš and Baker 2006; Dalou and Mysen 2015). Some 
studies suggest that halide complexes with Mg, Ca, and Al are 
also important (Webster et al. 2015), but this was not observed in 
our study. The strong elemental associations in the melt observed 
here (e.g., NaCl, SiF4) are more consistent with in situ spectro-
scopic measurements (Dalou et al. 2015; Louvel et al. 2020).

The inclusion of other volatile species such as sulfur, may 
also affect DCl

fluid/melt  by altering the nature of the complexes that 
form (Webster et al. 2009; Beermann 2010). This effect seems 
to be dependent on the oxidation state, with DCl

fluid/melt increasing 
with the addition of oxidized sulfur to the melts (Botcharnikov 
et al. 2004; Webster et al. 2003; Beermann 2010), due to the en-
hanced stabilization of Na, K, and Ca in S-bearing saline fluids. 
However, this effect is minimal at lower oxygen fugacities of 
NNO-0.5 (Zajacz et al. 2012). Sulfur concentrations were not 
measured here, but are likely be higher in the Quizapu samples, 
which evidenced by the presence of sulfide blebs visible under 
SEM (Ruprecht et al. 2012), compared to the Kelud samples 
where they were absent, and this may explain the different 
halide complexes formed in the melt [Na, K, and Si for Kelud 
(Online Materials1 Fig. S5) and compared to Fe for Quizapu 
(Online Materials1 Fig. S6)]. The reader is referred to Webster 
et al. (2020) for further discussion of the effect of oxidized vs. 
non-oxidized S on Cl solubility behavior.

The alumina-saturation index [molar Al2O3/(Na2O+ 
K2O+CaO)] has been shown to influence halogen fluid/melt 
and crystal/melt partitioning behavior (e.g., Olin and Wolff 
2012; Iveson et al. 2019), potentially accounting for some of 
the influence from these metal-ligand complexes (Fig. 8). Some 
broad trends of higher DBr

fluid/melt and lower DF
fluid/melt with increas-

ing aluminosity exist, which can be attributed to the presence or 
absence of Na, K complexes. However, there is significant scat-
ter, partly due to the combination of different P-T experimental 
conditions and partly because more elements than just Al, Na, K, 
and Ca are involved in the formation of melt halide complexes.

Effect of temperature
There are relatively few experiments that attempt to assess 

the influence of temperature on halogen partitioning. Most 
data suggest that temperature has a minor effect on Cl, relative 
to the much stronger controls of melt and fluid composition 
(Chevychelov et al. 2008; Stelling et al. 2008; Iveson et al. 
2019). Bromine, however, may show stronger temperature 
dependence (Cadoux et al. 2018). Correlations between Cl, 
F, and Br fluid/melt partitioning and temperature are clearly 
evident in our experiments (Fig. 6); however, for the Quizapu 
data set this correlation is negative, with decreasing Dfluid/melt 
values with increasing temperature, while the Kelud data set 
shows the opposite trend. Because the temperature (and pres-
sure) of the experiment can also affect its melt composition 
through the crystallization or melting of mineral phases, it can 
be difficult to disentangle these two factors, especially because 
melt composition has a dominant role in controlling fluid/melt 
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partitioning. Certainly, for the Kelud experiments, the change 
in the melt composition is large (58–73 wt% SiO2; Fig. 2), sug-
gesting that the fluid/melt partitioning is most likely dominated 
by the change in melt composition, overprinting any temperature 
effect (Fig. 6). However, for the Quizapu experiments there is 
a relatively smaller compositional change in the melt chemistry 
(69–74 wt% SiO2; Fig. 6). Therefore, the variation in experi-
mental temperature (800–900 °C) likely explains the negative 
correlation of Dfluid/melt observed for the Quizapu experiments. 
This concurs with the thermodynamic formulation from Thomas 
and Wood (2021) for anhydrous basalts, which also shows that 
Cl solubility in melt should increase with increasing temperature. 
This effect has been observed previously in experiments on Br 
partitioning, which show increasing DBr

fluid/melt with decreasing 
temperatures [900–1200 °C (Cadoux et al. 2018)]. The larger 
effect of temperature on DBr

fluid/melt compared to Cl (and especially 
F) may be related to the relatively weaker metal-ligand bonds 
formed by Br in the melt due to its lower electronegativity and 
charge density, relative to Cl and F. The smaller ionic size of F 
leads to larger lattice energies of fluorides and, therefore, higher 
temperature stability of F complexes, which may explain the 
smaller temperature effect on DF

fluid/melt.

Effect of CO2

Five H2O+CO2-bearing experiments (XH2O = 0.55) were con-
ducted in this study and are compared with fluid/melt partitioning 
values for the same composition, pressure, and temperature condi-
tions. The XH2O = 0.55 experiments follow similar compositional 
trends to those defined for XH2O = 1, suggesting that CO2 did not 
have a strong influence on this trend (Fig. 6). In the Kelud data 
set, the XH2O = 0.55 experiments show generally lower DCl

fluid/melt; 
however, these were also more differentiated, and so the effect of 
melt composition may also be a factor here (Fig. 6). Other studies 
suggest that the effect of CO2 on DCl

fluid/melt partitioning is variable, 
studies of andesitic, phonolitic, and trachytic melts show that CO2 
in the fluid has little influence on DCl

fluid/melt (Botcharnikov et al. 2006; 
Webster et al. 2014), while Alletti et al. (2009) observed decreasing 
values of DCl

fluid/melt with increasing CO2 in fluids coexisting with 
trachybasaltic melt at 25–100 MPa. Hsu et al. (2019) assessed the 
role of CO2 systematically and found that CO2 lowers DCl

fluid/melt. 
Following the empirical regression of Hsu et al. (2019) based on 
granitic melts, we found that this equation could not replicate the 
Cl partitioning values from our CO2-H2O experiments, although 
this seems to be calibrated for slightly higher pressures than the 
run conditions of our experiments. Our compilation (Fig. 8) sug-
gests that average DCl

fluid/melt for H2O+CO2-bearing experiments are 
lower than the pure H2O experiments, but this is not outside the 
variation of their ranges. There is a limited data set of CO2-bearing 
experiments to assess F and Br fluid/melt partitioning (Fig. 8); 
these data suggest that CO2 addition has only a minor effect on 
DF

fluid/melt and DBr
fluid/melt when compared with other effects such as 

fluid and melt composition, but this effect may differ for higher 
fluid salinity than used in this study.

Implications
This study provides key information about halogen behavior 

in intermediate to silicic melts, compositions typical of those 
produced in subduction zone magmas, which have received far 

less study to date (Fig. 1), but commonly result in hazardous 
explosive eruptions and the generation of ores. Data across a wide 
range of compositions are required to build rigorous models of 
halogen behavior during volcanic processes. Using the approach 
outlined here of not doping experiments with halogens, but 
analyzing low concentrations with SIMS, opens up the potential 
for the measurement of halogens in previously conducted phase 
equilibria experiments. Our analysis supports the notion that 
melt composition has a strong control on Cl, F, and Br fluid/
melt partitioning (e.g., Webster et al. 2018). Simple differentia-
tion does not control the variation of partitioning values for Cl 
and Br partitioning (Fig. 6). Instead, particular elements (e.g., 
K, Al, Na) with an affinity to make complexes with Cl and Br 
in the melt can explain 40 to 60% of the variation in Br and Cl 
fluid/melt partition coefficients (Fig. 7). In contrast, F seems to 
favor the melt over the fluid with increasing differentiation, with 
>70% of the variation in DF

fluid/melt explained by Si concentration 
alone (Figs. 2 and 7). This observation may be applied to the 
interpretation of magmatic processes in melt inclusions and hy-
drous minerals (retrospectively), or volcanic gas monitoring (in 
real time). For instance, measurements of volcanic gas species 
are used to interpret changing depth of magma because H2O, 
S, and CO2 solubilities are particularly sensitive to pressure 
and oxidation state (e.g., de Moor et al. 2016). However, if S, 
H2O, and CO2 fluxes, and associated ratios remain constant, but 
halogen ratios such as (Cl+Br)/F ratios increase over time, this 
could point to differentiation, or even temperature changes of an 
underlying stationary magma reservoir (e.g., Aiuppa et al. 2002, 
2007; Edmonds et al. 2003, 2009; Allard et al. 2005; Burton et 
al. 2007; Balcone-Boissard et al. 2010; Bobrowski and Giuffrida 
2012; Christopher et al. 2015). The strong relationship of DF

fluid/melt 
with melt composition, which decreases both with differentiation 
(Fig. 6) and degree of aluminosity (Fig. 8), might also explain the 
higher extent of F degassing in basaltic and alkaline lava lakes 
relative to silicic stratovolcanoes; the former may be accentuated 
by gas exsolution in equilibrium at shallow pressures, <10 MPa 
(e.g., Edmonds et al. 2009; Oppenheimer et al. 2011). Individual 
magmatic volatile species are variably affected by different 
magmatic processes and conditions, such that by measuring a 
larger set of volatile species in melt inclusions, such as CO2, H2O, 
and S, along with F, Cl, and Br, one may be able to disentangle 
these magmatic conditions and processes prior to eruptions. For 
instance, trends toward higher (Cl+Br)/F melt ratios may indicate 
mafic injection due to the compositional effects, whereas trends 
to lower (Cl+Br)/F ratios, with increasing H2O and relatively 
constant S, may point to differentiation of a stationary magma 
reservoir leading to second boiling. More fluid/melt partitioning 
data for a range of subduction zone magma compositions will 
also aid the calculation (e.g., via the melt inclusion petrological 
method) of Cl, F, and Br fluxes into the atmosphere for historical 
eruptions sourced from intermediate and silicic magmas, which 
have the potential for significant stratospheric ozone destruction 
(e.g., Kutterolf et al. 2013; Cadoux et al. 2015; Vidal et al. 2016).
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