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Abstract

Research on magmatic Cl has proven useful for understanding melt evolution, degassing, and
other igneous processes. Magmatic Cl behavior varies strongly with its solubility in melt, and Cl
solubility and its partitioning between melts and tluids vary with the CI content of the system, melt
composition, pressure, and the abundance of oxidized magmatic sulfur. Given these relationships
and given that they differ from other magmatic volatiles, Cl can provide unique insights on magma
evolution. We present a new method of interpreting melt C1 concentrations that are normalized to
their calculated Cl solubilities, and the most accurate results apply to solubilities computed at 200
MPa due to insufficient experimental data for other pressures. We apply the new method to
compositional data for more than 3500 dacitic to rhyolitic melt inclusions and matrix glasses,
representing 64 felsic igneous systems, to demonstrate how the behavior of Cl during magmatic,
magmatic-hydrothermal, and degassing processes can be more accurately interpreted.

Variations in Cl for most of the 64 systems agree with modeled Cl behavior indicative of melt
evolution dominated by fractional crystallization of fluid(s)-saturated melts, and the majority of
these systems were apparently saturated in fluid(s) well before melt inclusion entrapment.
Comparison of Cl solubility-normalized CI concentrations of these glasses with modeled results
identifies magmas saturated in hydrosaline liquid + vapor at pressures as high as 600 MPa. Modeling
of pressure reductions from 600 down to 20 MPa distinguishes other magmas that exsolved
hydrosaline liquid as magmas ascend to shallower depths. This new approach also supports
computation of Cl concentrations of magmatic fluids at 200 MPa, for each of the > 3500 glasses,
and shows how the Cl contents of fluids vary with the (fluid/melt) mass ratio. For example, Cl
contents of magmatic fluids range from 0.3 to nearly 70 wt.% at fluid/melt mass ratios of 2x1073,

and from 0.3 to a maximum ot only 11 wt.% CI for fluid/melt mass ratios ot 4.2x10-2.



Compositional trends in the glass data show either increasing Cl contents of residual melt,
essentially no change of CI in melt, or decreasing Cl contents of aliquots of residual melt with
progressive melt evolution. This method identifies melts that have assimilated magmatic or
externally sourced hydrosaline liquids. Plots of (measured Cl in melt/modeled solubility of CI in
melt; Cl[Me/Mo]) versus the Larsen melt differentiation index show minimal dispersion for the
least-evolved dacitic melts and increasing dispersion with melt evolution to rhyolitic compositions.
Increased dispersion may be a consequence and indication of equilibrium or non-equilibrium

degassing and/or assimilation of hydrosaline liquid.

1. INTRODUCTION

This study describes the development of a geochemical tool for interpreting the Cl contents of
MI and rapidly quenched matrix glasses to improve our understanding of volatile behavior during
magma ditferentiation. We show how normalizing the measured CI concentration of a quenched
glass to the modeled solubility of ClI for its bulk melt composition at geologically relevant pressure
and temperature conditions reduces ambiguity and provides a useful frame of reference for
understanding magmatic Cl behavior. Identifying pulses of fluid-saturated magma, both intrusive
and eruptive (Wallace et al., 1995), is essential for understanding a host of magmatic-hydrothermal
processes. Accurate interpretation of buoyancy-driven fluid ascent and fluid accumulation at apices
of plutons; component exchange between hydrothermal fluid, melt, and minerals; the deposition of
genetically related magmatic-hydrothermal mineralization; and the explosive fragmentation and
eruption of volatile-enriched melts requires unambiguous recognition of the presence of exsolved
magmatic fluids. As magmatic fluid inclusions (FI) are rare in voleanic rocks and not particularly
abundant in plutonic phenocrysts, geochemical observations rather than textural features (e.g., the

presence of primary magmatic FI) have proven most useful for recognizing the presence of magmatic



fluids and interpreting their physical as well as chemical effects. Chlorine along with H,O, CO,, S,
L1, B, and Cu (+ K, Rb, Cs, Ba, U, and Pb) behave as variably fluid-mobile components at magmatic
temperatures and have been variably applied in this regard. Studies of melt inclusions (MI) from
felsic magmas (Devine et al., 1984; Wallace et al., 1999; Lowenstern 1993; Stix and Layne, 1996;
Dunbar and Hervig, 1992a;b; Davidson and Kamenetsky, 2007) have determined geochemical
relationships involving these components that reflect their sequestration by vapor + hydrosaline
liquid (or brine) and provide information on the timing, distribution, and consequences of magmatic
fluid exsolution (e.g., Johnston, 1978; Lowenstern, 1994; Gerlach et al. 1994; Signorelli and Carroll,
2000; Davidson and Kamenetsky, 2001; Webster and Rebbert, 2001; Humphreys et al., 2010;
Balcone-Boissard, 2016; Iacovino et al., 2016). Data derived from melt inclusions from more mafic
systems have also been reviewed and interpreted using similar methods by Webster et al. (2018),
and references therein.

Chlorine concentrations in increasingly evolved, residual fractions of felsic melt increase with
magma differentiation (e.g., Katmai and Taupo, Wallace [2005]; Augustine [Webster et al., 2010])
and/or through exchange and transfer with fluids (Villemant and Boudon, 1999; Villemant et al.,
2008). Although most non-alkaline mafic magmas contain less Cl than H,O, CO,, or S (Carroll and
Webster, 1994; Wallace, 2005), modeling shows that CI contents of some fluid-saturated felsic melts
increase to levels exceeding those of CO, or S due to the stronger sequestration of the latter volatile
components by vapor (and due to sulfide liquid or sulfide/sulfate mineral formation). With
continued fractionation of fluid-saturated magma, the Cl concentrations of residual melt eventually
increase, level off, or decrease due to Cl loss to the fluid(s). A consequence of this complexity is that
some publications on magmatic Cl include ambiguous references to “high” versus “low” Cl in MI

and the melts they represent. Equivocal characterizations like these hinder the interpretation of



volatile behavior during magma evolution because they describe relative rather than absolute
concentrations. This is particularly problematic for Cl because its solubility in melt and its
partitioning between melts, minerals, and fluids vary so strongly with melt composition and
magmatic CI contents (e.g. Doherty et al., 2014; Dalou et al., 2015; Iveson et al., 2017). A small
number of studies have applied experimental solubility limits for CI to track hydrosaline liquid
exsolution for felsic magmas (Webster et al., 2015; Balcone-Boissard, 2016), but most others have
not accounted for the fundamental control of melt composition on Cl dissolution in silicate melts
and coexisting fluids. Modeled Cl solubilities represent maximum values that are fixed in the melt
through thermodynamic equilibrium with a coexisting hydrosaline liquid or brine (with or without a
coexisting aqueous or aqueous-carbonic vapor phase) at a fixed pressure, temperature, and melt
composition.

This study models Cl dissolution in melts and fluids to elucidate its behavior as magmas evolve
through the compositional range of dacite to rhyolite via fractional crystallization, magma mixing,
and the exsolution and/or assimilation of Cl-bearing tluids. To achieve this, we apply the ratio
(measured wt.% Cl concentration of melt/modeled wt.% CI solubility of melt, henceforth referred to
as the Cl[Me/Mo] ratio) to > 3500 intermediate-silica to felsic MI and matrix glasses (MG). The
glasses span a compositional range from dacitic, pantelleritic, comenditic, and trachytic melts to
more-evolved rhyolitic melt compositions, including some plutonic equivalents, representing a
range of tectonic settings. The application of this ratio in particular allows Cl behavior to be
mterpreted independently from the strong influence of melt composition. We address some
magmatic systems that are sufficiently enriched in CI such that geobarometric constraints on the
pressures at which Cl-enriched, hydrosaline liquids (HSLs) exsolve from aluminosilicate melt can

be derived. This approach identifies the stage(s) of magma evolution at which Cl-bearing fluid or



fluids exsolve, and permits estimation of Cl concentrations of exsolved aqueous fluids for any MI
composition as a function of the (fluid/melt) ratio. This approach is also applicable to plutonic MI
that have lost their magmatic H,O contents after the time of entrapment, 1.¢., even it H,O loss occurs
during MI crystallization in nature or while reheating in the laboratory.

2. BACKGROUND INFORMATION
2.1 Phase terminology and fluid phase relations

In this paper we refer to aluminosilicate component-dominated fluids as melts, and to
noncrystalline multicomponent volatile-bearing phases as fluids. Vapors are relatively low-density
fluids that are dominantly aqueous or aqueous carbonic in composition. Higher-density fluid phases
include silicate melt and saline liquid. A hydrosaline liquid (HSL), also referred to as a brine, 1s an
electrolyte-enriched aqueous or aqueous-carbonic fluids. Fluid-unmixing processes at pressures and
temperatures less than those of the fluid critical point include boiling, which involves vapor
exsolution from HSL, and condensation, which involves the exsolution of HSL from vapor (Fig. 1).
With respect to this terminology, the Cl solubility in silicate melt, sensu stricto, is determined
experimentally through the equilibration of silicate melts with an HSL, or an HSL plus vapor;
whereas the measured abundances of Cl in melts saturated only with vapor are referred to as Cl
concentrations.

Phase relations of HSL and/or vapor have been investigated experimentally for simple, melt-free
H,O-M,CL=CO; systems at pressures < 400 MPa where M represents Na, K, Ca, Mg, or Fe (Bodnar
et al., 1985; Webster and Mandeville, 2007; Heinrich, 2007; Steele-Maclnnis et al., 2015;
Lecumberri-Sanchez et al., 2015; Aranovich, 2017) but data for complex fluid compositions are
quite limited. In Cl-enriched systems, HSL 1s rarely accompanied by Cl-poor vapor above ca. 200
MPa for geologically reasonable magmatic temperatures and low CO, contents. However, the reader

should be aware that with the addition of CO,, the systems H,O-NaCl and H,O-CaCl,, for example,



include vapor plus HSL at considerably higher pressures (i.e., as high as 900 MPa) (Bowers and
Helgeson, 1983a;b; Shmulovich and Graham, 2004; Heinrich, 2007; Aranovich, 2017).

Fluid phase assemblages that include an HSL have also been addressed through study of natural
eruptive systems (Lowenstern, 2000). Investigations of subaqueous emissions in volcanic crater
lakes and subaerial fluids (i.e., salt melts) of volcanic craters as well as analyses of FI and MI in
phenocrysts of eruptive magmas have confirmed the presence of brines in numerous volcanic
systems (Guglielminetti, 1986; Frezzotti, 1992; Roedder, 1992; Chiodini et al., 1993; Lowenstern,
1994; Shinohara, 1994; Giggenbach and Glover, 1995; Korzhinsky et al., 1996; Taran et al., 1997,
Wahrenberger, 1997; Kasai et al., 1998; Shmulovich and Churakov, 1998; Christensen, 2000;
Varekamp et al., 2000; Frezzotti, 2001; Chiodini et al., 2001; Giggenbach et al., 2003; Davidson and
Kamenetsky, 2006; Kamenetsky, 2006; Webster and Mandeville, 2007; Werner et al., 2008). The
presence of highly saline FI in felsic magmas emplaced in the crust, such as mineralized porphyritic
systems (Cline and Bodnar, 1991), also provides strong evidence of magmatic HSL exsolution for
shallowly emplaced, non-eruptive systems.

2.2 Data sources and evaluation

Herein, we outline an approach that constrains the state of magmatic-fluid saturation for a given
melt composition and the presence or absence of magmatic HSL in the phase assemblage. This study
1s based on the chemical compositions of more than 3500 individual natural glasses, all of which
contain at least 63 wt.% SiO, (anhydrous basis) representing 64 individual magmatic systems. Most
data (n = 3542) represent MI or MG analyses that were extracted from the published sources listed
in Table 1; this report also includes new MI analyses of the authors (n = 62; Supp. Data Table). The

latter data were obtained by EPMA methods consistent with the analytical protocols outlined in the



relevant literature source accompanying the data, with further information on the samples available
in the Supp. Data Table.

The scrutinized and filtered data should be representative of the melts from their respective
magmas. We have, for example, excluded glasses with analytical totals > 101 wt.% or < 90 wt.%
and those with maximum Si10, concentrations > 82 wt.%. In addition, one study reports Cl
concentrations of rhyolitic MI in the range of 1.6 to 3.2 wt.% (Saunders et al., 2010), and these
particular data were rejected because application of the Cl solubility model of Webster et al. (2015)
determines that the felsic melts would have required HSL exsolution at petrologically unrealistic
pressures of > 3 GPa. Thus, Figure 2 illustrates the compositional range of the filtered database
glasses in terms of their SiO, contents and total alkali (Na,O+K,0) contents on an anhydrous basis.
The data shown in Fig. 2 are subject to inherent sampling biases based on the research objectives of
the 64 separate investigations. Furthermore, F-enriched rhyolites are overrepresented compared to
the volumetric significance of F- and/or alkali-enriched magmas on Earth. The database should only
be used to interpret ranges of Cl in magmas and not the relative significance of Cl in the different
magmas.

Due to EPMA-based analytical challenges of determining accurate alkali concentrations of
hydrous silicate glasses in small-diameter MI (Morgan and London, 1996; Humphreys et al., 2006),
some data, particularly from the smaller MI, could have artificially low Na,O and K,O values due
to alkali migration during electron-beam analysis. Figure 3 plots the CI concentrations versus the
molar (A/CNK = Al,05/CaO+Na,O+K,0) ratios of all glasses of this study. The overall dataset
includes some inordinately large values of the molar A/CNK within an overall, weakly developed,
hyperbolic relationship. This relationship is significant in this context because EPMA analyses

returning inaccurately low concentrations of Na,O and K,O increase the molar A/CNK artificially.



Previous experimental research on hydrous granitic melts demonstrates that maximum values of the
molar A/CNK are limited to ca. 1.16 to 1.3 at 700 to 800°C and 200 MPa (Acosta-Vigil et al., 2003)
because higher A/CNK values would cause saturation of the melts in corundum, cordierite, or one
of the Al,Si05 polymorphs. This ca. 1.16 to 1.3 range is restricted to felsic melts containing low
concentrations of the fluxing components F, B,Os, and P,Os, because experiments show that alumina
solubility in felsic melts increases with increasing concentrations of these components (Webster et
al., 1997; Acosta-Vigil et al., 2003). It follows that the molar A/CNK will increase with increasing
F, B, or P contents in aluminosilicate-saturated melts. Figure 3, for instance, displays samples with
molar A/CNK values approaching 2.4, and many of these glasses represent highly evolved granitic
glasses with F and/or P,O5 contents that exceed 0.1 wt% (some of which approach 8 wt.%) (Webster
and Duffield, 1994; Webster et al., 1997; Audétat, 2015; Mercer et al., 2015; Thomas and Davidson,
2016). Given their elevated concentrations of fluxing components, we assume that the high A/CNK
values of these particular samples may reflect accurate EPMA results for the alkali elements and that
the A/CNK values are correct. However, some high-(A/CNK) glasses contain low concentrations
of F, B,0;, or P,Os that are typical of most granites (i.e., ca. < 0.1 wt.% of each) and hence their
values of the molar A/CNK should not be controlled by the presence of F, B and/or P. In this regard,
Figure 3 identifies felsic melts (enclosed by two rectangles) that have relatively large molar A/CNK
values but have bulk compositions that are generally low in F, B, and/or P. Therefore, we note that
these glass compositions may have suffered from issues with alkali analysis, but the data have not
been rejected from the overall dataset as this is not known with certainty. More importantly, the
influence of changes in the Na and K contents on CI solubilities in melts (addressed below) is small
in comparison with the imprecision of the computed Cl solubility values, so the effect on our

modeling is minor even with retention of these potentially erroneous data points.
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2.3 Experimental background for MI data interpretation and fluid-melt modeling

Chlorine dissolution in fluid-saturated silicate melts varies strongly with pressure as well as fluid
and melt composition; the CI content of the bulk system has a particularly dominant effect (Malinin
et al., 1989; Webster, 1992a;b; Métrich and Rutherford, 1992; Signorelli and Carroll, 2002; Webster
and DeVivo, 2002; Chevychelov and Suk, 2003; Carroll, 2005; Baker and Alletti, 2012; Zajacz et
al., 2012). However, the observed influences of pressure on Cl solubility in melt are contradictory,
and hence, not well resolved (Webster et al., 2015; Lukanin 2015; 2016). Experiments with granites
and phonolites report increasing Cl contents in the melts with decreasing pressure when saturated in
vapor = HSL (Shinohara et al. 1989; Shinohara 1994; M¢trich and Rutherford 1992; Chevychelov
and Chevychelova 1997; Signorelli and Carroll 2000; 2002). Alletti et al. (2009) observed
increasing Cl partitioning (D¢ 4™e!) in favor of the fluid for experiments involving Etna basalt
with pressure decreases from 200-1 MPa; this likely reflects decreasing CI in melt at lower pressures.
Conversely, Chevychelov and Suk (2003) determined higher Cl concentrations in fluid-saturated
basaltic, dacitic, albitic, and orthoclase-rich melts at 100 MPa and 300 MPa but lower Cl contents
in the melts at pressure < 100 MPa. Experiments on phonolitic melts also show complex behaviors
as a function of the Cl concentrations and pressures involved (Alletti et al., 2014). The CI contents
of fluid-saturated phonolitic melts containing > 0.5 wt% Cl increase as pressures is reduced from
250 to 100 MPa (with roughly equivalent Cl contents in the coexisting fluids), but the Cl contents
of melts with < 0.5 wt% Cl vary little through this change in pressure (again with constant Cl contents
of the coexisting fluids). However, with further reductions in pressure of 100 to 10 MPa, the Cl1
contents of the phonolitic melts decrease, hold constant, or increase depending on the bulk Cl
concentration of the system (Alletti et al., 2014). Other experiments with HSL- (= vapor)-saturated

basaltic (Malinin et al., 1989), granitic (Webster 1992a;b; Webster and Rebbert 1998; Webster et al.
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1999; Webster 2004), rhyodacitic (Doherty et al., 2014), and phonolitic melts (Webster et al., 2003)
show decreasing Cl solubility in melt with reductions in pressure. Given these contradictions, some
of the models in the following sections of this study follow observations showing decreasing Cl
dissolution in fluid-saturated melts (i.e., increasing D¢ Mvidmelty with decreasing pressure. Other
models, however, address increasing Cl dissolution in melt (i.e., decreasing D Md™elty with pressure
reduction for comparison.

In order to generate ratios of Cl[Me/Mo] for this study, the solubilities of Cl in all melts
represented by the MI and MG (matrix glasses) were computed using the model of Webster et al.
(2015) for geologically relevant temperatures and a range of pressures equivalent to those of the mid
to shallow crust. The temperatures were chosen to be appropriate for melts of these compositions at
the pressures of interest even though CI solubility in melt only varies modestly with changing
temperature (Webster et al., 2015). For example, rhyolitic and granitic melt temperatures are
assumed to range from 700° to 900°C and dacitic melt temperatures from 900° to 1050°C. The
pressures used in the modeling range from 20 to 600 MPa. The solubility calculations also require
data on the F, K, Na, Ca, Fe, Mg, Ti, P, and Al contents of the glasses, but some of the data sets
sampled do not include EPMA data for F and/or P. For these few data sets, we estimated
geologically representative values for use in the modeling. The F + P values chosen were based on
the concentrations of these components in other melts of similar bulk compositions and for similar
tectonic environments. In this regard, it is worthy of note that the F + P concentrations that we
estimated were all low, and hence, the potential influence of any related inaccuracies on the
computed Cl solubilities 1s negligible.

A more problematic issue is accounting for the role of magmatic sulfur. Chlorine solubility in

felsic to mafic melts varies strongly with the presence or absence of relatively oxidized S in the melts
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and fluids (Botcharnikov et al., 2002; 2004; Webster et al., 2009; 2014; Beermann, 2010). The CI
solubility modeling used herein does not account directly for the strong influence of S in reducing
Cl solubility in HSL-saturated melts at such oxidizing conditions (i.c., log fO, of ca. > NNO). These
prior studies observed a maximum reduction in Cl solubilities of 25 to 35 rel.% with the addition of
S (primarily as the oxidized S species) to their experiments. Morcover, Beermann (2010)
determined that this influence decreased for basaltic melt as fo, was reduced from ca. NNO+3 to
NNO+1. Consequently, for comparison we have normalized the measured CI contents of each MI
and MG to their respective Cl solubilities for two conditions: melts plus fluids containing negligible
oxidized S (abbreviated NOS), and melts plus fluids assumed to contain oxidized S (abbreviated
OS). The fO,, fluid saturation state, and S contents of magmatic fluids are unknown and unreported
for many of the data sets given in Table 1, so our display and discussion of modeled CI solubilities
for OS conditions may not fully constrain the likelihood of saturation in a S-bearing HSL for any
given magma. For OS conditions, we therefore reduced Cl solubilities by 30% relative to their S-
free equivalent following Webster et al. (2015) to demonstrate the potentially strong influence of
oxidized S on the exsolution of an HSL in felsic magmas in general (Table 2).

The MI and MG of this study that achieve Cl[Me/Mo] ratios of unity indicate equilibrium for CI
exchange between silicate melt, HSL., and phenocrysts + vapor for the pressure-temperature values
applied to their respective magmatic systems. Many felsic magmas at shallow-crustal pressures are
considered to have been fluid saturated at the time of MI entrapment (Audétat and Lowenstern, 2014;
see Table 2). Given the loss of volatiles from melt to fluid, it follows that many of these MI represent
partially degassed magma. Melt inclusions that are incorporated into their host minerals when
magmas are saturated in one or more fluid phases cannot provide constraints on the maximum

volatile concentrations prior to fluid exsolution, due to the sequestration of volatiles from melt by
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fluid(s). Thus, the calculated Cl contents of fluids reported herein represent minima due to potential
prior volatile exchange with fluid(s) for many of these samples, and especially the matrix glasses.

To support modeling of CI dissolution in natural felsic melts and fluids, we describe a mass
balance-based approach for determining the distribution of Cl between these phases that is based on
the maximum CI solubilities in melts. This new method is available in an Excel spreadsheet
(PartitionC1200MPa) for making the necessary calculations, and is provided at the journal website
for interested readers. Prior models have supported prediction of CI contents of magmatic fluids as
the magmas undergo crystallization and/or decompression as closed or open systems (Sisson and
Layne, 1993; Edmonds et al., 2008; Johnson et al., 2011), but only Lukanin (2015, 2016) has
attempted to account for the strong influence of the CI content of the system on D¢ Hdmelt for high-
silica, metaluminous granitic melts.
3. RESULTS OF SOLUBILITY MODELING: CL BEHAVIOR IN DACITIC,
RHYODACITIC, TRACHYTIC, COMENDITIC, PANTELLERITIC, AND RHYOLITIC
MAGMAS
3.1. Chlorine and glass compositions

Most of the > 3500 MI and MG are metaluminous and rhyolitic, but the glass compositions range
from sub-alkaline dacites to alkaline trachytes and pantellerites and comendites and also include
alkali-poor to alkali-enriched rhyolites. Tectonically, the vast majority of glasses come from
eruptive systems including volatile-enriched subduction-related magmas, back-arc basins (Manus
basin), and tephra of continental rhyolitic systems. Other MI represent hot-spot related oceanic
granites (e.g., Ascension Island); rift-related granites; tin-mineralized porphyritic granites; and other
Cu-, W-, Mo-, Ag-, base metal-, + Nb-mineralized porphyritic granites.

The C1 concentrations of these magmatic systems (Fig. 4) vary systematically with progressive

melt evolution (i.e., increasing Larsen indices [wt.% (K,0O + 1/3 Si0,) — (CaO + MgO + FeO)]).
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The Larsen index (Larsen, 1938) 1s useful for characterizing evolving melt compositions,
particularly with regard to Cl behavior, as it accounts for the decreasing concentrations of Ca, Mg,
and Fe (all of which exert a major control on CI solubility in silicate melts) during melt evolution.
It also neglects Na which is the most likely alkali element to potentially sufter from electron beam-
induced migration during hydrous glass analyses (Humphreys et al. 2006). These data represent a
projection through aluminosity-alkalinity compositional space, and the filtered data demonstrate that
alkaline melts contain the highest CI concentrations while the lowest Cl contents are found in
metaluminous and peraluminous compositions. The molar A/CNK ranges from ca. 0.4 to values >
2 for all data (Fig. 3), and metaluminous and peraluminous compositions with molar A/CNK of 0.9
to 1.18 represent ca. 65% of this data set. The highly alkaline pantelleritic MI have been highlighted
in Figure 4 because ClI solubility is higher in alkaline and peraluminous melts as compared with
metaluminous melts (Métrich and Rutherford, 1992; Carroll, 2005; Webster et al., 2015; Dolejs and
Zajacz, 2018) and because the magmas represented by these MI evidently had ample Cl available
for dissolution. The CI in melts represented by the glasses in this dataset varies from low tens of
ppm to as much as 1.1 wt.% (Fig. 4); 95% of the glasses contain < 0.5 wt.% Cl and peak Cl contents
occur with rhyodacitic-melt Larsen indices of ca. 20-23. Continued differentiation of melt to the
most-evolved rhyolitic compositions (greater Larsen indices) causes strongly decreased maximum
Cl contents, and minima for Cl also decrease with progressive evolution from dacitic to rhyolitic
compositions.

Alkaline glasses containing > 0.5 wt.% Cl include: pantellerites from Pantelleria, Italy (with
molar A/CNK <0.55; Neave, 2010; Gioncada and Landi, 2010; Lanzo et al., 2013); Ascension Island
granites (A/CNK of 0.56 to 0.72, Webster and Rebbert, 2001); pantelleritic to comenditic rhyolites

of Baitoushan/Packtu volcano (A/CNK of 0.65 to 0.75; Horn, 1997; Horn and Schmincke, 2000;
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[acovino et al., 2016); comenditic rthyolites of Vulcano, Italy (A/CNK = 0.5, Frezzotti et al., 2004);
Manus Basin rhyolites (Yang and Scott, 2002; 2005; Sun et al., 2007); and tholeiitic MOR-sourced
dacites of the Juan de Fuca ridge and East Pacific Rise (Wanless et al. 2011). Other systems with >
0.5 wt.% Cl include alkaline to metaluminous rhyodacites and rhyolites of the Izu Bonin arc (Straub
and Layne, 2003) and Augustine volcano, AK, USA (Tappen et al., 2009; Webster et al., 2010). In
addition, some glasses from the metaluminous to peraluminous rhyolites of Oruanui, New Zealand
(Saunders et al., 2010); Healy caldera, Kermadec arc, rhyolites (Saunders et al., 2010); peraluminous
granites of the Caucasus (R. Thomas, personal comm.), and of the Oslo rift, Norway (Hansteen and
Lustenhouwer, 1990); Zr-, Nb-, and REE-mineralized alkaline granites of Namibia (Schmidt et al.,
2002); Chalk Mountain rhyolite (associated with the Colorado Climax Mo deposit, USA; Audétat,
2015); and meta- to peraluminous, Cu-Ag- and base metal-mineralized granites of the Cerro de Paso
district, Peru (Rottier et al., 2016) contain > 0.5 wt.% CL.
3.2. System composition and C1 behavior of silicate melts; using the CI[Me/Mo] ratio

The bulk compositions of each glass were used to compute their respective Cl solubilities at
20 MPa for both sulfur conditions; NOS and OS magmatic conditions (Fig. 5) (Webster et al., 2015).
This pressure was selected to represent magmatic processes occurring at shallow-crustal conditions.
Our interpretation of MI compositions with 20 MPa Cl solubility data involves the assumption that
there was time for MI entrapment during the crystallization and degassing of the magmas involved,
which may not be true for all the systems at this pressure. The measured CI concentrations of each
MI and MG sample have then been normalized to their calculated Cl solubilities. A comparison of
Figures 4 and 5 shows important differences that arise when the Cl[Me/Mo] ratios are employed to
display these data, instead of the simple total CI concentration. These differences include: (1) the

majority of maxima in the Cl solubility-normalized ratios increase more progressively with melt
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evolution than simple CI concentrations (i.¢., the dispersion in the trends decreases when accounting
for CI solubility), and (2) many of the individual data sets, when expressed as Cl[Me/Mo], assume
a more distinctly positive slope (e.g., see the pantelleritic glasses in particular). At fluid-absent
conditions, the latter relationship reflects increasing Cl contents of melts that are associated with
crystallization of predominantly Cl-free to Cl-poor minerals and the simultancous decrease in
modeled CI solubility due to decreasing concentrations of CaO, MgO, and FeO in residual melt
aliquots during progressive melt evolution. These cations exert the strongest influence on Cl
solubility in melts (Malinin et al., 1989; Webster and De Vivo, 2002; Chevychelov and Suk, 2003;
Webster et al., 2015).

Interpreting glass data modeled at 20 MPa

Conversely to fluid-absent conditions, Cl behavior 1s strongly influenced by the presence of
fluid(s). Thus, the application of solubility-normalized Cl ratios to igneous glasses provides a means
of constraining magmatic fluid-phase assemblages. To illustrate this, we have modeled CI behavior
at 20 MPa for all samples to consider the fluid saturation condition of magma at equilibrium NOS
conditions during ascent to very shallow-crustal eruptive depths. Any glass composition lying on
the solid horizontal lines in Figure 5 represents HSL-saturated melts (with or without a vapor) with
fixed CI contents at 20 MPa pressure, if they had ascended to this depth and pressure. All glasses
lying above the line represent fractions of silicate melt that exsolved and equilibrated with HSL at
some pressure > 20 MPa (within the quoted error of ca. 10 rel.% for computing CI solubility, Webster
etal., 2015). For example, the CI solubility-normalized ratios are > 1 for ca. 200 of the individual
voleanic glasses at NOS conditions (Fig. 5), indicating magmatic HSL saturation - with or without
vapor - as magma ascended through ca. 600 meters depth (i.e. pressure of 20 MPa). The volcanic

systems involved include (Table 1): Augustine volcano, AK (System 3); the Taupo volcanic zone
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of NZ (System 46); Lipari, Italy (System 22); Mt. Jang, Korea (System 30); evolved and F-enriched
topaz-/tin-rhyolites of Taylor Creek, NM, USA (System 47) and Spor Mountain, UT, USA (System
45); Pantelleria, Italy (System 36); Baitoushan/Packtu volcano, China-North Korea (System 4);
Manus Basin rhyolites (System 26); and Healy caldera of the Kermadec arc (System 14). Some
prior studies of these systems have also considered a role for HSL + vapor in the differentiation of
these magmas. For example, the evidence for magmatic HSL at Pantelleria in Figure 5 is compatible
with prior interpretations of solid inclusions of salt found in phenocrysts of its eruptive materials
(Lowenstern, 1994). Moreover, lacovino et al. (2016) considered the role of CO,- and S-charged
HSL plus vapor in the commenditic Packtu magma as it evolved at apparent pressures of 20 to 60
MPa. Integration of their interpretation, with the constraints in Figure 5, indicates that the elevated
S contents must have reduced the CI solubility in melt and supported the presence of the HSL; HSL
should not be stable for this melt composition at 20 MPa and NOS conditions.

Interpreting glass data modeled at 100 MPa

To focus on plutonic glasses at NOS conditions, we have adjusted the pressure used to model ClI
solubility behavior to 100 MPa (Fig. 6A). Under these conditions, there are three barren or
mineralized, plutonic systems: the alkaline granites of the Oslo rift, Norway (System 61); Tyrone,
NM, quartz monzonite (System 63); and the Cu-Ag- and base metal-mineralized intrusions ot Cerro
de Paso, Peru (System 54) that exhibit sufficiently evolved melt compositions and also contain
enough Cl that they would have saturated in an HSLL + vapor at equilibrium conditions (i.e.,
Cl[Me/Mo] > 1). If we consider and account for the estimated error on the calculated CI solubilities
in these melts (10 % rel.) three additional plutonic systems show Cl[Me/Mo] ratios < 1 but > 0.9.
They include the Dexing Cu-Mo porphyry, China (System 58); the Deva Cu-Au porphyry of

Romania (System 57); Ascension [sland (System 53) that are suggestive of HSL + vapor saturation
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at magmatic conditions. This approach can also be applied to plutonic MI that have lost their
magmatic H,O contents after the time of entrapment (i.e., due to H,O loss during MI crystallization
in nature or during reheating in the laboratory). In contrast to H,O, Cl is essentially immobile via
diffusive re-equilibration through phenocryst host crystals during melt inclusion-host component
exchange at magmatic temperatures (Bucholz et al., 2013).

Effect of oxidized S on Cl solubility

As discussed previously in Section 2.3., the application of our approach to real systems at OS
conditions is limited, currently, by insufficient experimental data on the minimum S°* required in
melt and the minimum S¢* and S** required for coexisting fluids to reduce CI solubility in melt. A
larger restriction is that most of the MI and MG of these data sets contain very low S contents,
indicative of prior sequestration of S by magmatic fluids, sulfide liquids, and/or sulfide or sulfate
minerals. Thus, it i1s difficult to model the S contents of the magmatic fluids and to apply
experimental observations regarding S and Cl interactions in melts and/or fluids to natural systems
at present. Although the following data interpretation is highly theoretical, we consider it to be
mnstructive nevertheless.

Shifting from modeled NOS to OS conditions (i.e. decreasing the Cl solubility values by 30%
relative, after Webster et al., 2015), shows that ca. 680 of the volcanic glasses modeled for 20 MPa
and ca. 80 of the MI glasses from plutons at 100 MPa are characterized by Cl[Me/Mo] ratios that
equal or exceed unity for OS conditions (Figs. 5 and 6A). These ca. 750 glasses include the 16
volcanic and plutonic systems noted above for NOS conditions, which now are displaced to even
larger ratios (implying higher pressures of HSL. + vapor exsolution). The glasses also represent an
additional 11 magmatic systems, most of which are eruptive: Soufriere Hills volcano, Montserrat

(System 44); Mt. Mazama, OR, USA (System 31); Bandelier Tuff, NM, USA (System 22);
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Hideaway Park topaz rhyolite, Red Mtn., CO, USA (System 16); Dikii Greben, Kamchatka, Russia
System 11); unidentified eruptives of the Eastern volcanic front, Kamchatka, Russia (System 49);
Mayor Island, NZ (System 25); Bataan, Philippines (System 5); Llallagua, Bolivia (System 23);
Merapi, Indonesia (System 27); Mt. Hood, OR, USA (System 29); and the Tyrone NM, USA, quartz
monzonite (System 63). The essential observations here are the strong influence of oxidized sulfur
on Cl solubility in melts, and the need for accurate knowledge of magmatic S contents and oxygen
fugacities in order to interpret the fluid phase equilibria of degassing magmas with this new
geochemical tool.

Presence of HSL in previous studies

Prior petrologic research on these igneous systems has interpreted physical and geochemical
evidence to suggest the presence and impact of highly saline liquid, with or without vapor, during
magma evolution (Table 2). The chemical evidence that was presented includes relatively fixed and
apparently buffered Cl concentrations in melts that may represent the “hypothetical solubility limits”
for Cl, and physical evidence includes coexisting MI and highly saline FI in the same growth zones
of phenocrysts and/or the presence of salt crystals entrapped in phenocrysts. These volcanic and
plutonic systems include: Augustine volcano, AK, USA; the Taupo volcanic zone, NZ; Mt. St.
Helens, WA, USA; Mt. Mazama, OR, USA; Ascension Island; Pantelleria, Italy; Baitoushan/Paektu
volcano, Korea; the Izu arc front; Merapi, Indonesia; the Climax-related Chalk Mountain rhyolite,
CO, USA; Oslorift, Norway; Dexing Cu-Mo-Au porphyry, China; Deva Cu-Au porphyry, Romania;
and Cerro de Pasco, Peru. Our new constraints on magmatic HSL saturation, at NOS conditions
only, that are based on the melt Cl[Me/Mo] ratios are consistent with previously published

mterpretations on the presence of HSL in eruptive magmas of Augustine volcano, the Taupo
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volcanic zone, Pantelleria, and the Baitoushan/Packtu volcano, and for plutons of Ascension Island,
the Oslo rift, Dexing Cu-Mo-Au porphyry, Deva Cu-Au porphyry, and Cerro de Pasco.
3.3. Pressure and Cl behavior: geobarometric constraints

The influence of decreasing pressure, resulting from magma ascent-driven decompression, on
Cl solubility in HSL- + vapor-saturated melts has previously been assessed for MI and MG of
Augustine and Vesuvius volcanoes to estimate pressures of magmatic fluid-melt volatile exchange
for some of their eruptive magmas (Webster et al., 2015; Balcone-Boissard, 2016). Our modeling
permits this approach for the other systems of this study. The shift of the CI[Me/Mo] ratios and HSL
saturation state of the melts at NOS and OS conditions as a function of pressure are illustrated by
the shifts in the HSL-saturation lines for 100, 400, and 600 MPa in Figures 6A, 6B, 6C, respectively,
compared to that for 20 MPa in Figure 5. The modeled Cl solubilities in melt increase and hence
the Cl[Me/Mo] ratios decrease, at higher pressure. Comparison of the individual solubility-
normalized Cl ratios of the MI and MG with the 1:1 curves identifies those melts whose C1 contents
and bulk compositions are consistent with saturation of the source magmas with HSL = vapor. For
example, at 600 MPa and NOS conditions (Fig. 6C), glasses from 2 systems overlap with and 3
others lie above the line indicating saturation in HSL + vapor at or greater than this pressure,
respectively. This contrasts with the 13 + 3 systems that are consistent with HSL. + vapor saturation
at 20 MPa as noted previously. For OS conditions at 600 MPa (Fig. 6C), glasses from 5 systems
overlap with the 1:1 line. Glasses from 4 others lie above the line suggesting HSL + vapor saturation
at > 600 MPa.

If it 1s known, or assumed, that the MI of interest represents magma saturated in fluid (a HSL, in
this case), then overlap of the CI[Me/Mo] ratio of an MI composition with the 1:1 CI solubility line

provides the pressure of entrapment of that MI. This approach is analogous to that used extensively
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to interpret pressures of MI entrapment using H,O-CO, solubility plots (Wallace et al., 1999;
Newman and Lowenstern, 2000; Moore, 2008).

4. DISCUSSION: APPLICATIONS TO TRACING MAGMATIC EVOLUTION
PROCESSES

Here, we discuss modeled relationships in the Cl[Me/Mo] ratio versus Larsen indices of the
glasses that provide insights into the petrologic processes of fractional crystallization, magma
mixing, degassing, and/or HSL assimilation at fluid-absent to fluid-saturated, generally closed-
system NOS conditions. This modeling follows similar approaches in numerous prior studies
mvolving MI. Wallace et al. (1995; 1999), for example, calculated how CO, contents of MI should
vary as a function of fractional crystallization and compared the results with modeled behaviors of
various incompatible trace elements to track the evolution of vapor-saturated high-silica magmas.
Similarly, Webster and Rebbert (2001) modeled how the abundances of fluid-mobile versus fluid-
immobile trace elements in evolving melts, represented by Ascension Island MI, should vary for
felsic melts saturated in Cl-enriched fluids. This approach was summarized in a more general
fashion by Audétat and Lowenstern (2014).

The Cl[Me/Mo] ratios of felsic magmas show a variety of trends as well as fluctuating ranges in
dispersion or scatter when plotted relative to the Larsen index. Some of these systems exhibit
minimal variability and are consistent with increasing Cl[Me/Mo] as residual fractions of melt
undergo differentiation. Given that experimental data on CI partitioning between fluid and melt for
pressures other than 200 MPa are limited, the results that follow are most relevant to Cl dissolution
in, and exsolution from, melts and fluids of intermediate to felsic magmas at this pressure.

4.1. Fractional crystallization
Three magmatic systems with glasses exhibiting low to moderate dispersion, whose least-

evolved and lowest-Larsen index glass compositions are dacitic, and that represent other, similar
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systems in this data set include the Manus Basin (Table 1; System 26); Hekla, Iceland (Table 1;
System 15); and East Pacific Rise seafloor glasses (Table 1; System 28) (Fig. 7A). The individual,
least-evolved melt composition for each contains 0.04, 0.23, and 0.27 wt.% CI for the Hekla, East
Pacific Rise, and Manus Basin systems, respectively, and their Cl[Me/Mo] ratios increase with
progressive evolution toward rhyodacitic compositions (Fig. 7A).

Figure 7B compares these MI or MG glass-based, melt-evolution trends with 4 curves that model
the variations in the Cl[Me/Mo] versus Larsen index as a result of fractional crystallization of the
primary mineral phases present in each of these 3 fluid-free magmatic systems (details of the
modeling calculations are given in Appendix A). In contrast to many of the other 64 magmatic
systems presenting evidence that Cl and other components were exchanged between melt and
fluid(s) (Table 2), none of the prior studies on the East Pacific Rise, Manus basin or Hekla magmas
described evidence of magmatic fluid saturation so it appears that fractional crystallization occurred
at fluid-absent conditions. We note that Wanless et al. (2011) described a potential role for the
assimilation of secawater-sourced HSLs to generate the more Cl-enriched fractions of East Pacific
Rise melts, but these magmas were apparently not fluid-saturated during late-stage evolution. Tt is
clear that the slope of each curve increases with increasing CI content of the system and with
increasing Larsen index. The modeled curves 1, 2, and 3 (Fig. 7B) are consistent with the
compositional evolution of the glasses from these magmatic systems. Curve 4 (Fig. 7B) 1s included
to illustrate the consequences of eutectic and near-eutectic crystallization of highly evolved granitic
melts, 1.e., an extremely steep slope. The change in Larsen index of curve 4 (Fig. 7B) is small due
to the limited changes in Si, K, Ca, Mg, and Fe. Thus, the increasing Cl[Me/Mo] ratios for the fluicd-

absent modeling of differentiation in these magmas is a consequence of both increasing Cl
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concentrations in residual aliquots of evolving melt and the reduced modeled CI solubility in
increasingly evolved melt.
4.2. Magma mixing

Anderson (1976) observed that magma mixing is a widespread, if not universal igneous
phenomenon of wide-ranging petrologic importance. Many prior studies of eruptive magmas have
presented petrologic and geochemical evidence of mixing and mingling processes (Mandeville et
al., 1996; Atlas et al., 2005; Witham, 2011). Most such systems, however, involve the mixing of
matfic and felsic end members to generate andesitic melts, and for this study the andesitic to mafic
compositional range is out of scope. Moreover, many of these systems have also undergone post-
mixing, fractional crystallization which masks the chemical consequences of mixing processes to a
variable extent.

Figure 8 presents modeled curves (details of the modeling calculations are given in Appendix B)
for hybrid melts that express the changes in Cl[Me/Mo] of melts versus Larsen index resulting from
mixing of several rhyolitic melts with more primitive melts. For comparison, the figure includes MI
data for several eruptive phases of the Taupo-Oruanui volcanic zone, NZ (Table 1; System 46). Prior
research on the ranges in mineral compositions in individual pumice clasts and on chemical and
1sotopic changes in the rhyolitic pumices have been interpreted as indications of magma mixing that
occurred shortly before eruption (Wilson et al., 2006; Liu et al., 2006). The mixed Oruanui magmas
were both felsic, however, and consequently cover only a small range in Larsen indices. Similarly,
Saunders et al. (2010) discussed textural and geochemical features of the melt inclusions and their
host minerals that may be evidence of magma mixing (involving late-stage felsic magmas) or partial
melting, and Begue (2014) considered the role of mixing between rhyodacitic and evolved silicic

magmas.
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Comparison of the modeled trends for fluid-absent tractional crystallization (Fig. 7B) and the
mixing of magmas (Fig. 8) shows similar trends. It follows that these modeled relationships are not
currently usetul for distinguishing the effects of fractional crystallization versus those resulting from
mixing of melts or magmas.

4.3. Component exchange between melt and fluid(s) in magmas

As noted previously, glasses from many magmatic systems show evidence of melt-fluid
exchange processes involving fluid-mobile components (¢.g. Norling et al., 2016). Prior studies of
changing CI concentrations versus those of incompatible, lithophile trace elements in some systems
have also been applied to estimate the extent of crystallization of fluid-saturated magmas (Dunbar
and Hervig, 1992b; Johnson et al., 2011). In addition to Cl, other components including B, S, and
Cu are variably sequestered from progressively evolving fractions of melt by a pre-eruptive fluid
phase or by vapor plus HSL, and they provide geochemical evidence of magmatic fluid saturation
(e.g. Audetat et al. 2008; Pokrovski et al. 2013) . Here, we address magmatic systems showing
increasing dispersion in plots of CI[Me/Mo] with increasing Larsen indices for rhyodacitic to
rhyolitic melts, and we consider the role of magmatic fluids in generating such dispersion. Many
of the published data sources for these systems ascribe magma evolution to be a consequence of
cooling and crystallization-driven differentiation, so decompression crystallization was dominant
for many of these fluid-saturated systems.

4.3.1 Cl relationships in fluid(s)-saturated magmatic systems exhibiting low to moderate dispersion

Flat to positive slopes in the Cl[Me/Mo] ratio versus Larsen index are shown in Figure 9A for
several sets of submarine glasses and/or MI. The Manus glass data of Yang and Scott (2005) and
Beier et al. (2015) overlap as a single trend, but they differ from those of Sun et al. (2007); the trends

in all data are mutually consistent however. For these samples, the slope of the trends shown by
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individual datasets increases with increasing Cl content of the system and/or with increasing Larsen
index. The only outliers for these 11 systems include De Rosa et al. (2003) for Lipari and Self and
King (1996) tor Agung; neither study constrained the presence or absence of a magmatic fluid prior
to MI entrapment or eruption.

Data trending toward steeply positive slopes with increasing Larsen index are displayed in Figure
9B, and some can be fit with near-vertical lines. Among these systems, saturation of their melts in
Cl-bearing fluids prior to entrapment of MI has been considered previously for F-enriched magmas
of Ascension Island (Roedder and Coombs, 1967; Webster and Rebbert, 2001); the Chalk Mtn.
rhyolite which 1s considered to be geochemically representative of the Climax Mo system (Audétat,
2015); and Cerro ¢l Lobo, Mexico (Webster ¢t al., 1996). In contrast, the MI data for White Island
display decreasing Cl[Me/Mo]| with increasing melt evolution, and this behavior is mirrored by other
systems (Fig. 9C). Among the data sets showing this behavior, the authors discuss the role of pre-
entrapment and pre-eruptive fluid phase or phases for the Bandelier Tuft; Mayor Island; Quilotoa,
Ecuador; and granites of Ehrentriedersdorf, Germany. Comparison of the curves in Figure 9 shows
that magmatic systems presenting geochemical + textural evidence of fluid saturation prior to MI
entrapment can display horizontal slopes varying from positive to negative orientations in plots of
the melt Cl[Me/Mo| ratio versus Larsen index.

Results of modeling the differentiation of felsic magmas through plots of the CI[Me/Mo] ratio
versus Larsen index of melt as a function of fluid-absent and fluid-present fractional crystallization
are shown in Figure 10A (details given in Appendix A). This figure compares the evolutionary
trends of MI from Pantelleria, Italy; Ruapehu, NZ; and Satsuma-Iwojima, Japan, with modeled data.
The calculations address fluid-absent and fluid-present conditions, account for up to 40 wt.%

crystallization of the phenocrysts present in each system, and involve reductions in pressure from
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200 to 10 MPa as crystallization proceeds. Figure 10A assumes decreasing DeMdmelt with
decompression (Section 2.3; consistent with Shinohara et al. 1989; Shinohara 1994; Métrich and
Rutherford 1992; Chevychelov and Chevychelova, 1997; Signorelli and Carroll, 2000; 2002; Alletti
et al., 2009); and additional details on the complexity of modeling D¢ Udmelt yersus pressure are
included in Appendix C.

At fluid-absent conditions (solid curves, Fig. 10A), the CI[Me/Mo] ratio increases with
differentiation (i.e., Larsen Index) as demonstrated previously (Fig. 7). The modeling also shows
that the Cl[Me/Mo] ratio increases with progressive crystallization and concurrent fluid exsolution
of Pantelleria or Satsuma-Iwojima magmas (red and blue dashed curves, respectively; with fluid
mass up to 5.5 wt.% of the bulk system). Figure 10A also includes a comparison of Cl sequestration
by fluid(s) at open- and closed-system conditions with little difference displayed for Cl-enriched
pantelleritic melts or with lower Cl contents in Satsuma-Iwojima melts. We note that it is not
possible to conclude whether the Pantelleria or Satsuma-Iwojima magmas evolved via fluid-absent
versus fluid-present crystallization with this approach given the spread in the MI data. The effect of
evolving melt composition on increasing the Cl[Me/Mo] ratio, for Pantelleria or Satsuma-Iwojima
magmas, is reinforced by the reduced D¢ dmelt at lower pressures during magma ascent which
works to retain Cl in these fluid-saturated magmatic melts. The Ruapehu MI, on the other hand, are
definitely consistent with the differentiation of fluid-saturated magma. The MI overlap with the
modeled results (green dashed curve; Fig. 10A) for evolving melts that have progressively lost CI to
fluid for Larsen index values >15.

Further modeling of Cl exchange between melts and aqueous fluids during fractional
crystallization-driven differentiation of fluid-present magmas i1s shown in Figures 10B,C,D.

However, in contrast to the results in Figure 10A (which models decreasing DeMdmelt with
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decreasing pressure), the results in Figure 10B,C,D are based on experimental observations showing
decreasing Cl solubility (i.e. increasing DeM9melty in fluid-saturated melts with decreasing pressure
(Webster, 1992 a;b; Webster and Rebbert, 1998; Webster et al., 1999; Webster et al., 2003; Webster,
2004; Doherty et al., 2014; Webster et al., 2017). This apparent contradiction in Cl partitioning
behavior with changing pressure (as outlined in Section 2.3) arises from strong differences in
published experimental results, and 1s discussed extensively in Appendix C. Modeling that assumes
D¢ uidmelt jnereases with decreasing pressure, consistent with Webster et al. (2017; and references
therein), generates curves showing small reductions in the Cl[Me/Mo] ratio of the melt, due to
reduced CI contents of melt, for magma evolution at fixed pressure, and much greater decreases in
the CI[Me/Mo] ratio with decreasing pressure. Each decompression curve (dashed/dotted lines;
Figs. 10B,C,D) is characterized by an initially negative slope that then evolves into a horizontal line.
In addition, all fluid-saturated melts show increasing loss of CI from melts to fluids with increasing
fluid mass and fluid/melt ratio.

A general consequence of this behavior is that aqueous fluid(s) may sequester significant
quantities of CI from degassing melts, and hence, this can reduce the likelihood of saturation in HSL
+ vapor. Prior research determined that saturation in HSL = vapor at 200 MPa occurs at weight
(CI/H,0) ratios of > 0.05, > 0.15, > 0.35, and > 0.55 for granitic, phonolitic, andesitic, and basaltic
melts, respectively (Webster, 2004). Comparison of curves 5, 10, and 13 in Figure 10B shows
strongly increasing negative slopes with increasing Larsen index, i.e., as melts evolve from dacite to
rhyodacite to rhyolite compositions. This is consistent with the observation of Humphreys et al.
(2009) that closed-system, decompression crystallization at Soufriere Hills, Monserrat, led to

decreasing ClI in the melt due to the preferential partitioning of Cl in favor of the fluid(s).
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Open-system magma evolution involving successive loss of fluid from melt is associated with
overall lower Cl loss to fluid, compared with closed-system evolution in which melt and fluid remain
in equilibrium. This is because of the relationship showing DeTud™elt decreases strongly with lower
Cl contents in the bulk system. Curves 2 and 4 (Figs. 10 B,C) demonstrate enhanced CI loss to
oxidized and S-enriched fluids (compared with curves 3 and 5 for NOS conditions, respectively)
resulting from increasing DeMidmelt with increased S in the system. These modeled results are
compared with MI compositions from Healy caldera and Mayor Island (Fig. 10D), and both data
sets agree with the modeling of CI sequestration from melt by fluid(s) during progressive evolution
of fluid-saturated magmas. Furthermore, if Cl loss to fluid(s) caused these trends, MI compositions
are not consistent with magma evolution at relatively fixed pressure given the slopes shown by the
MI data. Chlorine behavior therefore suggests that the MI of both systems may have been trapped
through a range of decreasing pressures.

As described previously (Fig. 9), other felsic magmas exhibit steeply negative trends of melt
evolution requiring Cl loss to fluids and strong magma decompression, similar to some of those in
Figure 10B. They include Ascension Island, Atlantic Ocean; lower eruptive units of the Bandelier
Tuff, New Mexico; topaz rhyolites of the Honeycomb Hills and Spor Mountain, Utah; Mt. Jang,
Korea; Mayor Island, NZ; and mineralized granites of Ehrenfriedersdorf, Germany. Conversely, the
shallow to horizontal slopes shown by glasses from White Island, Karymsky, Quilotoa, and Izu
Bonin are more consistent with fractional crystallization of fluid-saturated magmas at relatively
fixed pressure conditions.

4.3.2 Cl relationships in magmatic systems exhibiting moderate to strong dispersion
Other magmatic systems involve more scatter in their glass compositional data than those

considered previously, and some of these show a dramatic increase in the degree of dispersion in the
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Cl[Me/Mo] with increasing magma evolution. MI data for Ascension Island are shown in Fig. 11A
and are accompanied by data from Soufriere Hills, Merapi; Santorini, Greece; Shiveluch, Russia;
Mt. Hood, Oregon; Packtu/Baitoushan, Korea (Fig. 11B); and Augustine volcano, Alaska (Fig. 11C).
Most of these data sets involve multiple sources representing multiple eruptive units. Prior research
on most of these systems has determined the presence of pre-eruptive magmatic fluids (Table 2).,
however, no textural or chemical evidence for fluid saturation of Santorini magmas prior to eruption
has been described.

Before discussing the more highly-dispersed data, it is important to recognize that the minor
dispersion in the Cl[Me/Mo] of systems like Ascension Island (Fig. 11A) and Shiveluch (Fig. 11B)
at low Larsen values (e.g., < 20) indicates no quantitiable exchange of Cl between melt and HSL or
vapor at the earlier stages of differentiation. Likewise, data from Merapi, Packtu/Baitoushan, Mt.
Hood, and Santorini show minimal dispersion for their least-evolved, rhyodacitic to rhyolitic
compositions and higher dispersion in the most-evolved rhyolitic melts. We interpret the trends in
Figure 11A,B to indicate that the earlier stages of magma evolution were driven by fractional
crystallization at fluid-absent conditions and that the more-evolved melts were influenced by gains
in CI which forced the Cl[Me/Mo] ratios to variably higher values (as shown by outlined data and
the black dotted arrows in Fig. 11B). The scatter in the values of Cl[Me/Mo] of rhyolitic melts is
inconsistent with the loss of Cl or decreasing CI[Me/Mo] ratios given the overall trends of
geochemical evolution of the melts. The increasing dispersion results primarily from CI[Me/Mo]
ratios that increase above the main trends of magma evolution. This is clearly demonstrated by the
Ascension Island and Merapi MI (Fig. 11A).

Other data sets of this study do not provide the same level of information regarding the broader

trend of melt evolution from dacitic to more-evolved compositions, with the highly scattered MI
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data for the > 12 eruptive units of Augustine volcano (Fig. 11C) being a good example. Interpreting
the behavior of Cl in this system is complicated by the extreme variability in the CI[Me/Mo] ratios
of the evolved rhyolitic melts, and the lack of less-dispersed data for Larsen values < 11. These
highly dispersed data may reflect a loss of Cl with progressive magma evolution (thinner dotted
arrows) along the hypothetical trend represented by the upper bold curve (in Fig. 11C), or they may
indicate a gain of CI as expressed by the thin dotted arrows along the hypothetical primary magma
evolutionary trend of the lower bold curve. The degree of dispersion could be due to irregular extents
of Cl sequestration from melts by fluid at equilibrium conditions but with varying fluid/melt mass
ratios as expressed previously in the modeling of Figure 10B,C. Otherwise, mixing or mingling of
Cl-enriched melt (i.e., similar to MI near the upper dashed curve) with Cl-deficient melt (MI near
the lower dashed curve) may theoretically generate increased dispersion in volcanic glass data.
However, although mixing/mingling processes have played a significant role in the evolution of
some Augustine magmas (e.g., materials erupted in 1986 [Roman et al., 2006] and 2006 [Larsen et
al., 2010]) these processes mvolved the combination of relatively primitive melt compositions that
plot at low Larsen indices (e.g., < 12) and could not have generated the increasing dispersion in
Augustine melts with larger Larsen values.

Importantly, dispersion in the Larsen index versus Cl[Me/Mo], potentially generated by
processes of Cl enrichment in residual fractions of differentiated melt, may also be an expression of
disequilibrium via kinetically limited volatile diffusion through melt (Barnes et al., 2014). Slow
diffusion of Cl may limit CI loss during degassing. Baker et al. (2005) and Baker and Balcone-
Boissard (2009) addressed variable transport rates of Cl and F versus H,O through fluid-saturated
magma due to rapid growth of fluid bubbles, disequilibrium volatile exchange between melt and

fluid, and differing rates of diffusion for these volatile components through melt. Watson (1991),
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Bai and Koster van Groos (1994), and Balcone-Boissard (2009) data show CI diffuses more slowly
than H,O and CO, in highly polymerized felsic melts. Such processes should lead to compositional
trends similar to curves 1, 9, and 12 in Figure 10 B,C, because the relatively slow and limited Cl
sequestration from melt by fluid (compared to that of H,O which diffuses more rapidly and hence is
more rapidly lost to fluid at/near equilibrium) may be outweighed by increasing CI in melt with

fractional crystallization.

4.3.3 Processes and consequences of silicate melts interacting with saline materials

Silicate melts gain chloride ions through processes ranging from relatively slow chemical
mteractions involving equilibrium or near-equilibrium assimilation of HSL, to the assimilation of
Cl-enriched hydrous minerals, to comparatively rapid and kinetically limited exchange of
components between melt and Cl-bearing fluids. The large variability in Cl[Me/Mo] shown by some
of these 64 magmatic systems may well result from the gain of Cl through such processes. In this
situation, the results of Cl enhancement may be expressed as variably dispersed data lying above the
primary melt evolution curves for the more-evolved compositions (Fig. 11B) or data above and near
the lower dashed primary evolution curve of Figure 11C.

Prior research has demonstrated that the assimilation of a seawater-sourced brine, the exchange
of components between melt and a seawater-sourced HSL, and/or the assimilation of Cl-enriched
metasomatized igneous rocks of the seatloor can increase CI contents of magmas, and three systems
of this study (e.g., the Manus back-arc basin, MOR dacites of the East Pacific Rise, and Healy
Caldera of the Kermadec arc) involve marine environments (Fournier, 1987; Michael and Schilling,
1989; Coombs et al., 2004). Some rare oceanic basalts contain highly elevated concentrations of Cl
as a result; Lassiter et al. (2002) measured up to 2.5 wt.% Cl in MI representing seawater HSL-

contaminated basaltic melts. Other extreme CI over-enrichments in melt (Wanless et al. 2010) can
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result from the assimilation of small quantities of either Cl-rich HSLs stored in ocean crust or
assimilation-contamination of ocean crust that has been hydrothermally altered by aqueous HSLs
(Michael and Schilling, 1989; le Roux et al., 2006). Kent et al. (2002), for example, measured up to
0.8 wt.% Cl in mafic to intermediate matrix glasses of the Lau Basin back-arc system, and the Cl
enrichments were interpreted to result from crustal assimilation of altered, Cl-rich oceanic crust
(Kent et al., 2002). The glasses of the Manus back-arc basin (Fig. 9A) and MOR dacites of the East
Pacific Rise (Fig. 7) of this study show clear magmatic evolutionary trends and minimal scatter, but
the Healey caldera MI are dispersed (Fig. 9C) and may reflect CI sequestration to magmatic fluids.
Alternatively, the Healey MI trend may be a result of seawater boiling and HSL assimilation.

Given that melts incorporate Cl from brines, we can outline the results of modeling the
assimilation of up to 3 wt.% of an HSL (composed of either H,O-NaCl or H,O-CacCl,) into a silicate
melt (details on the modeling parameters are provided in Appendix B). Specifically, taking a
rhyodacitic Manus basin matrix glass composition as a starting point (with a Larsen index ~16 and
mitial Cl[Me/Mo] ratio ~0.5), the assimilation of 3 wt.% of an NaCI-HSL causes an increase in the
Cl[Me/Mo] ratio to ~1.3 (an almost 3-fold increase), with a much smaller commensurate decrease
in the Larsen index of < 0.5 units. Assimilation ot a CaCl,-HSL causes a similar dramatic CI[Me/Mo]
increase, along with a slightly larger decrease in the Larsen index (as CaO is included in the
definition of the index, unlike Na,O) but still < 2 units. The model, therefore, shows that the resultant
Cl[Me/Mo] of melts can increase dramatically, and generate negative, near-vertical slopes simply
through the dissolution of small quantities of brine.

Brine has been shown to exsolve in other, i.e. non-marine, magmatic systems due to
decompression during magma ascent and/or fractional crystallization at equilibrium conditions

(Figs. 5, 6 and Table 2). The resultant brine is available for subsequent interactions with other
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fractions of melt either via complete assimilation or disequilibrium exchange of Cl as magma
convects and/or as saline fluids ascend through magma. Brines should ascend because they have
lower densities than melt (Shmulovich and Churakov, 1998). It follows that assimilation processes
may explain the steeply negative and dispersed trends shown by glasses from Mt. Jang, for some MI
of the topaz rhyolitic systems, for Climax/Chalk Mountain MI, and for most MI of the Bandelier
Tuff (Fig. 9B,C). In this regard, Audétat (2015) discussed the presence and mineralizing
consequences of HSL plus vapor percolating through the Climax magmatic system. More broadly,
it bears repeating that these magmas, like those of Augustine volcano, do not cover a wide range in
Larsen values, and hence, do not express extensive trends of magma evolution, so interpreting their
primary magmatic processes with confidence is more problematic than we have attempted with other
systems like Ascension Island, Mt. Hood, or Paektu/Baitoushan (Figs. 9 and 11).

If the steeply negative slopes in Cl[Me/Mo] versus Larsen values for systems addressed in
Figures 9, 10, and 11 (and for other similar systems not explicitly dealt with in these figures) indicate
partial to complete assimilation of a saline fluid, then this iterpretation conflicts with the data of
Figures 5 and 6 demonstrating that few of the glasses are actually consistent with the exchange of
Cl between these melts and an HSL under equilibrium conditions. At equilibrium, the stable presence
of an exsolved magmatic HSL requires that the coexisting melt contains its maximum CIl content
(1.e., 1ts solubility limit), and the process of HSL exsolution requires sufficient time for the diffusion
of Cl through both the melt and fluid phases in order to achieve equilibrium between vapor, HSL,
and melt. Slow magma ascent and decompression increase the likelihood that a vapor stays in
equilibrium with coexisting melt and cause the activity of Cl in the melt to vary proportionally to
that in the vapor. However, given that most of these glass compositions do not contain their

maximum CI solubility values for any of the pressure-composition conditions addressed, we note
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that there 1s a strong potential for disequilibrium processes to play a role in the development of the
Cl/Me/Mo] versus Larsen index trends displayed by these data. A full treatment of the length- and
timescales of such disequilibrium processes associated with rapid magma ascent and decompression
is beyond the scope of this modeling, but the reader should be aware of the role disequilibrium
conditions may play in HSL-silicate melt interaction.

4.3.4 Modeled CI concentrations of magmatic fluids

Based on a comparison of published experimental Cl partitioning data representing basaltic,
andesitic, phonolitic, rhyodacitic, and haplogranitic melts (Webster et al., 1992; 1999; 2009; 2014;
Kravchuk and Keppler, 1994; Webster and De Vivo, 2002; Botcharnikov et al., 2004; 2007; Mathez
and Webster, 2005; Zajacz et al., 2012; Iveson et al., 2017; 2019) at 200 to 220 MPa and varying
temperatures (Fig. 12A), we observe similar arcuate curvature in the fits to the concentration of Cl
in the fluid versus concentration of Cl in the melt data. The slope of a curve at any point provides a
value for D¢ fdmelt  The correspondence in curvature is strongest for Cl in the haplogranitic,
phonolitic, rhyodacitic, and andesitic melts, and the curves also have the common feature that the
near-vertical portions of the curves correlate with the maximum Cl solubilities in each melt. We
apply this similarity in curvature, and the observation that each curve 1s a function of its Cl solubility
in the melt, to model fluid-melt partitioning behavior for Cl for melt compositions as two
compositional steps. One ranges from haplogranite to rhyodacite (Fig. 12B) and the second from
rhyodacite to andesite composition (Fig. 12C). To perform the modeling, we extracted 200- to 220-
MPa, Cl partitioning data (wt.% Cl in fluid, wt.% Cl in melt, and bulk melt compositions) from these
12 experimental studies of granitic to andesitic melts and calculated the CI solubilities for each melt
with the model of Webster et al. (2015). Overall, the experimental data involve a temperature range

of ca. 800°C for granitic systems up to 1200° for andesitic systems, and this modeling therefore
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accounts for the differing liquidus temperatures of the melt compositions involved (granitic melts —
800°C; rhyodacitic melts — 815-850°C, 900-924°C, and 950-1000°C; andesitic melts — 1000°C and
1050-1200°C). The CI contents of the run-product fluids were computed by mass balance and/or
were measured directly. It is important to understand that among the published experimental studies,
some modeled results on Cl partitioning do not account for the cations chemically complexed or
associated with the chloride ions dissolved in the fluid(s) (they involve H,O and Cl, only); whereas
direct analyses of Cl in run-product fluids (also containing alkali and other dissolved cations) do
include and account for the presence of dissolved cations. Thus, in order to be consistent with the
alkali element-bearing fluids of the latter, we adjusted the mass-balance computed Cl contents of
fluids in some experimental data to account for the presence of cations in chemical association with
the chloride ions (see Webster et al., 2014; and references therein). We assumed an averaged fluid
mass of 31 for the average molecular mass of the 1:1 cation combination of Na and K. This approach
1s based on the assumption that these two cations dominate the chemical associations involving the
chloride 1on in fluids in equilibrium with these intermediate-Si0, to felsic melts at/near 200 MPa.
This approach to modeling D¢ idmelt thus supports the calculation of accurate CI contents of
magmatic vapor, of an integrated assemblage of vapor + HSL, or of an HSL that are geologically
relevant to high-silica rhyolite to dacite NOS melts at pressures near 200 MPa and evolving as closed
systems (see Appendix C for further details). These models represent the first data to quantitatively
account for the very strong influence of the CI content of the bulk system on the CI concentration of
the fluid and on D¢ tidmelt for this spectrum of felsic melt compositions. Despite the diversity of
magmatic evolution processes discussed for individual systems in the previous sections we still
consider it illustrative to apply this method to glasses from all 64 magmatic systems together. Some

systems may not have been fluid saturated at the time of MI entrapment, but conversely many glasses
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represent fluid-saturated melts and hence have already lost Cl to a fluid or tluids. It therefore follows
that these modeled Cl concentrations in magmatic fluids do not represent the maximum likely
contents for each fluid-saturated system given the prior sequestration of Cl from melt by fluid(s).
Moreover, some of those systems that were apparently saturated in fluid(s) did so at pressures < 200
MPa, but nevertheless we report calculated CI contents of fluids at/near 200 MPa. For the latter, the
reported concentrations of Cl reflect what the fluid composition would have been if fluid had been
stable at that pressure.

We have selected NOS fluid(s)/melt ratios for modeling of 2.0 x 103, 2.0 x 102, and 4.17 x 10-
2. For the smallest fluid(s)/melt ratio, the estimated CI concentrations of the fluids (i.e., vapor, brine
or integrated vapor plus brine) range from 0.3 to nearly 70 wt.%. This very wide range in Cl contents
decreases significantly with increasing fluid(s)/melt ratios; e.g., the fluid(s) contain 0.3 to < 18 wt.%
Cl for fluid(s)/melt ratios of 2.0 x 10-2, and the modeled fluid(s) contain 0.3 to only 11 wt.% Cl when
the mass of fluid(s) increases to fluid(s)/melt ratios of 4.17 x 10-2.

A key observation in this work is that although the first-exsolved mass of fluid(s) may be small,
such first fluids may nevertheless be highly charged with CI. With closed-system magma evolution
in which the Cl-bearing fluid(s) 1s retained, the bulk CI content of the system is maintained and
hence the values of D¢Uidwelt and the CI content of the system are maintained at the higher values
observed in Figure 10. Conversely, if the earliest, Cl-enriched fluids are lost from magma via open-
system degassing, then this reduces the bulk CIl content of the system and hence the values of
D uidmelt decrease (because D melt correlates so strongly with the Cl1 content of the bulk system),
and as a result the CI contents of subsequent magmatic fluids decrease to comparatively lower levels.
Interestingly, at higher fluid(s)/melt ratios in equilibrium with the granitic MI compositions of this

study (including MI data from several porphyry copper systems), the modeled fluid compositions
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range from ca. 0.5 to 7 wt.% Cl or 0.8 to 11 wt.% NaCl.qyivaienr. This range in concentration is
interesting because prior research on fluid inclusions from Cu-mineralized granite porphyries show
that they typically contain a similar range of 2-10 wt.% NaCl.quivaient (Stllitoe, 2010). Given this
overlap, it follows that prior studies of the magmatic fluids of Cu-mineralized granitic porphyries
(Sillitoe, 2010) must therefore provide information specifically about fluid inclusions trapped during
mid- to late-stage fluid evolution, involving larger fluid masses at these stages. These prior studies
on Cl concentrations of mineralizing fluids (Sillitoe, 2010) do not account for the significantly higher
Cl contents present in the initial, smaller masses of first-exsolved magmatic fluids, as modeled here.
In addition, this prior research does not address the potential role of such Cl-enriched early fluids in
processes of ore-metal dissolution and transport in and around magma. Note also that the modeled
ClI contents of magmatic fluids bears only on magmas at NOS conditions; the CI contents calculated
for mineralizing fluids will increase by 10 rel.% if the influence of S in more-oxidized magmas is
taken into account.

It 1s also useful to evaluate the Cl concentrations of magmatic fluids, calculated with our
approach for equilibrium Cl exchange between melt and ca. 1 wt.% of aqueous vapor at 200 MPa at
closed-system conditions, and to compare the results with prior modeling of the CI contents of
magmatic and eruptive fluids. We model for NOS conditions, and hence, do not account for the
potential influence of oxidized magmatic sulfur. In Figure 13, we compare our fluid Cl contents
calculated for each MI at 200 MPa (even though most individual glass compositions represent
entrapment pressures near or somewhat different from 200 MPa) with prior published estimates on
Cl in magmatic vapors of Soufriere Hills, Montserrat, Bishop Tuft, Mt. St. Helens, and Mt. Mazama.
For the latter studies, values or ranges in D¢™4™¢lt were provided in the prior publications, and these

values of D¢Tudmelt were used to compute the previously published fluid C1 contents. Mann et al.
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(2013), for example, addressed the effects of decompression crystallization on CI contents of vapor
during Montserrat magma ascent through pressures of 170 to 60 MPa by applying two values of
D fudmelt to 1 wt.% magmatic vapor. The consistency between the former and our results is closer
for the higher value in the range of D¢Mdwelt ysed, i.e., 25. For Mt. Mazama, Wright et al. (2012)
modeled closed-system Cl exchange between melt and 1 wt.% vapor, and their use of D¢ Tud/melt of
9 results in good agreement with our modeled CI contents in vapor. Using the D¢vidwelt yalue of
10 recommended by Edmonds et al. (2008) for magma at greater depth, higher pressure, and closed-
system conditions, we calculate Cl contents in 1 wt.% vapor that are compatible with our modeled
values. Lastly, the agreement slips somewhat when we compare Cl contents of vapor, calculated
with values of D¢Tidmelt of 9 + 4 estimated from Bishop Tuff MI compositions by Wallace et al.
(1995; 1999), with our method. The former CI contents of vapor range from 1 to 2 wt.% whereas
our results range from 0.4 to 1 wt.%.

4.3.5. Influence of CO, on HSL evolution

Given the complexity of multicomponent volatile phases and their partitioning relationships (e.g.
Baker and Alletti, 2012), a full discussion of the effects of variable fluid CO, concentrations on Cl
solubility and Cl fluid-melt partitioning is also beyond the scope of this investigation. However, we
note that the flushing of CO,-enriched vapor through a stored magma is also likely to play a
significant role in facilitating HSL generation in some evolving systems. Brine may condense from
vapor if CO,-enriched fluid passes through a fluid-saturated magma and interacts chemically with
existing vapor bubbles, depending on the pressure and temperature conditions. The size of the
stability field of HSL plus vapor increases relative to that of vapor-only field with the addition of
CO; to chloride salt-H,O systems at magmatic temperatures (Bowers and Helgeson, 1983a;b;

Heinrich, 2007; Aranovich et al., 2017), and it has been well demonstrated that flushing of CO,-
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charged vapor through melt occurs in natural systems (Moore, 2008; Humphreys et al., 2009; Blundy
et al., 2010). Tt 1s difficult, therefore, to identify with confidence all likely fluids in the natural
systems discussed in this study without information on the respective CO, contents of each magmatic
system, and improved experimental constraints on CO,-H,0-M,Cl-melt phase equilibria (where M
represents cations). Thus, in summary, while such a CO,-flushing process may force HSL
condensation in the first instance and/or it may increase the mass of HSL that condenses, the reader
should be aware that the limitations in the current experimental and natural dataset do not allow for

quantitative modeling of this process.

5.1 SUMMARY & CONCLUSIONS
We collated geochemical data for >3500 melt inclusions and matrix glasses spanning 64 separate

magmatic systems to assess how effectively fractional erystallization, magma mixing, and fluid-melt

component exchange processes can be deciphered through the use of the newly developed solubility-

normalized Cl contents of the samples. Our extensive analysis leads to the following conclusions:

1. With progressive melt evolution, the maximum Cl concentrations of melts (represented by melt
inclusions and matrix glasses) increase from dacite to rhyodacite and subsequently decrease
from rhyodacite to rhyolite, while minimum Cl contents generally decrease from dacite to
rhyolite. These trends reflect partial sequestration of Cl by vapor with or without HSL. during
fractional crystallization = magma ascent.

2. Importantly, plots of the Cl[Me/Mo] (measured Cl concentration in melt/modeled 200-MPa
solubility of Cl in melt) versus the Larsen melt evolution index for these 64 systems provide
new insights into processes of magma evolution and fluid exsolution, and constrain the role of

Cl in these processes. The relative contributions of these magmatic processes are largely
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obscured when only the simple total Cl concentrations are used to interpret data from natural
systems.

Nine of the volcanic systems include some glass compositions that are consistent with
equilibration of the melt with HSL + vapor for modeling of S-poor magmas at 20 MPa. When
modeled for 100 MPa, glasses from 4 of the plutonic systems involve melts that likely
exchanged Cl with HSL + vapor. Magmatic brines are therefore more active, and important,
than 1s generally understood.

If the strong influence of oxidizing magmatic sulfur on Cl partitioning between melt and fluid(s)
1s accounted for, 10 additional eruptive magmas at 20 MPa and 1 additional plutonic system at
100 MPa contain Cl contents that are consistent with saturation of their melt in HSL + vapor.
The CI concentrations, bulk glass compositions, and computed Cl solubilities of the magmatic
systems support estimation of the pressures at which melt would have been in equilibrium with
HSL + vapor at pressures ranging from 20 to as high as 600 MPa.

Most Cl contents of the glasses of these magmatic systems are consistent with our modeling of
Cl behavior that occurs during melt evolution dominated by fractional crystallization of fluid(s)-
saturated systems that are characterized by increasing CI contents of residual melt, essentially
no change of Cl in melt, or decreasing CI contents of aliquots of residual melt. Glass Cl contents
from several of the 64 magmatic systems are consistent with modeled CI behavior expressing
melt evolution dominated by fractional crystallization of fluid-absent magma.

Steep, near-vertical curves expressed by Cl[Me/Mo] plotted against the Larsen melt evolution
index are observed for some magmatic systems. These relationships may represent fluid-absent

magma crystallization for melt compositions ranging from dacite to rhyolite or these curves may
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signify the exchange of Cl between fluid(s) and melt for more highly evolved rhyolitic melt
compositions.

8.  Some magmatic systems show minimal dispersion for less-evolved dacitic melts and increasing
dispersion with melt evolution to rhyolitic compositions in plots of Cl[Me/Mo] versus the
Larsen melt index. The increasing dispersion may be a consequence and indication of either
equilibrium to non-equilibrium assimilation of an alkali or alkaline earth HSL.

9. Equilibrium CI concentrations computed for S-poor magmatic fluids at 200 MPa vary with the
fluid/melt mass ratio, and small masses of incipient fluid may be extremely CI enriched.
Chlorine contents range from 0.3 to nearly 70 wt.% at fluid/melt ratios of 2.0 x 1073, and from
0.3 to only 11 wt.% Cl at fluid/melt ratios of 4.17 x 102, Conversely, Cl contents of tluids will
be higher for magmatic systems containing several wt.% of oxidized sulfur in fluid.

We have shown that this new approach to interpreting the concentrations of Cl measured in MI and

MG offers great promise for modeling fluid exsolution and estimating Cl concentrations of fluids

and coexisting melts during Cl exchange between both phases. To facilitate this approach further,

we conclude with a recommendation for the collection of more experimental data on fluid-melt Cl
partitioning for mid- to shallow-crustal pressures other than 200 MPa, and particularly further work
to better quantify the strong influences of oxidized magmatic sulfur, and fluid/melt CO,

concentrations, on Cl partitioning.
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FIGURE CAPTIONS

Fig.1. Schematic diagram detailing the phase relations of the binary NaCl-H,O and pseudo-
ternary silicate melt-NaCl-H,O systems. (A.) Plot of pressure versus log concentration of NaCl
in the system. Line I to 2 shows single fluid phase behavior above the vapor-hydrosaline liquid
(HSL = brine) solvus; whereas line 3 to 6 expresses the transition from vapor to vapor plus HSL
to HSL only with increasing NaCl in system. (B). Corresponding plot of concentrations of Cl
versus H»O 1n silicate melt when in equilibrium with single fluid (curve 1 to 2) or with vapor
only, vapor plus HSL, or HSL only (lines 3 to 4, and 5 to 6). Note that vapor plus HSL field

(between 4 and 5 in plot A) corresponds to point (4 & 5) in plot B. See text for discussion.

Fig.2. Graph plotting the total alkali oxide (Na,O + K,O) versus silica concentrations, on an
anhydrous basis, for the > 3500 individual silicate melt inclusion glass and matrix glass
compositions of this study. All glasses contain at least 63 wt.% Si10,. Most of the data plot in
the rhyolite, dacite, and trachyte fields, but other more-rare glasses include pantelleritic and
comenditic compositions. Figure symbols are described and sources of data for each data set

are provided in Table 1. Maximum representative errors shown as cross in upper right corner.

Fig.3. Graph plotting the weight percent Cl versus the A/CNK ratio (i.e., the molar
ALO;/[CaO+Na,O+K,0]) of the >3500 glasses of this study. The data display a weak negative
hyperbolic correlation with the highest C1 concentrations occurring in the most alkaline glasses
and the lowest values in metaluminous to peraluminous glass compositions. Most glasses are
characterized by A/CNK ratios of 0.8 to 1.3 and contain < 0.5 wt.% Cl. Maximum Cl

concentrations rarely exceed 1 wt.%. See text for additional details, but some analytical data
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for comparatively small melt inclusions likely involve artificially low Na,O (= K,0)
concentrations; and correspondingly high molar A/CNK ratios. Examples of such
compositional realms are enclosed by the 2 rectangles. Figure symbols and sources of data are

provided in Table 1. Maximum representative errors shown as cross in upper-right corner.

Fig.4. Graph plotting the CI concentration versus the Larsen melt differentiation index (wt.%
values of [(S10,/3 + K,0) — (CaO+MgO+Fe0)]) for the > 3500 melt inclusion and matrix
glasses of this study. Maximum Cl concentrations in non-pantelleritic felsic melts increase
with the Larsen index from 6 to ca. 22 (for rhyodacitic melts) where maximum values ca. 0.8
wt.% are achieved, and as the Larsen index continues to increase the maximum CI contents
decrease largely due to sequestration by fluids. See text for further discussion. Figure symbols
and sources of data are provided in Table 1. Pantelleritic glasses noted with red outlining.

Maximum representative errors shown as cross in upper-right corner.

Fig.5. Graph plotting the CI solubility-normalized ratios (ClI[Me/Mo] for a given pressure and
temperature) versus the Larsen melt differentiation index (wt.% values of [(S10,/3 + K,0) -
(CaO+MgO+FeO)]) for the > 3500 melt inclusion and matrix glasses of this study(plutonic
samples have been made transparent, relative to the volcanic samples). Chlorine solubilities
calculated at 20 MPa for both NOS (negligible oxidized S in system) and OS (significant
oxidized S in system) conditions. The horizontal red lines illustrate where measured Cl contents
are equivalent to the modeled Cl solubility of the melt, for the respective sulfur condition (note
the different y-axis scales). For any glass composition on each line, the corresponding melts

would be saturated in HSL. with or without aqueous vapor if they ascended to this pressure at
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equilibrium. For glasses lying above each line, the melts would be saturated in HSL with or
without aqueous vapor at some greater pressure. See text for further discussion. Figure symbols
and data sources are provided in Tables 1 and 2. Representative, maximum errors (varying as a

function of Cl[Me/Mo]) shown as crosses on right-hand side of plots.

Fig.6. Graphs plot the CI solubility-normalized ratios (Cl[Me/Mo])) versus the Larsen melt
differentiation index (wt.% values of [(S10,/3 + K,0) - (CaO+MgO+FeO)] as a function of
varying magmatic pressure. Chlorine solubilities calculated for (A) 100 MPa, (B) 400 MPa, and
(C) 600 MPa at NOS (negligible oxidized S in system applying to data on left-hand side of graph)
and OS (significant oxidized S in system applying to data on right-hand side of graph) conditions.
In (A), volcanic samples have been made transparent, to highlight the plutonic samples . The red
lines highlight where measured Cl contents are equivalent to modeled Cl solubility of melts
(Cl[Me/Mo] =1) for magmas that ascend through this depth and pressure. For any glass
composition on the line, the corresponding melts would have been saturated in HSL with or
without aqueous vapor for equilibrium at this pressure. For glasses lying above the line, the
melts saturate in HSL with or without aqueous vapor at some greater pressure. See text for
discussion; figure symbols and data sources are provided in Tables 1 and 2. Representative,
maximum errors (varying as a function of Cl[Me/Mo]) shown as crosses on right-hand side of

plots.

Fig.7. Graph (A) plots the Cl solubility-normalized ratios Cl[Me/Mo] at 200 MPa ) versus the
Larsen melt differentiation index (wt.% values of [(S10,/3 + K,0) - (CaO+MgO+Fe0O)] for

dacitic to rhyodacitic glasses from the Manus Basin (p) (Beier et al., 2015), East Pacific rise (e)
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(Wanless et al., 2011), and Hekla volcano, Iceland, (h) (Portnyagin et al., 2012). The curves are
best fits to these data sets.All remaining data shown as faint yellow hash marks. These
mvestigations report no evidence of magma being saturated in fluid during magma evolution and
while the melt inclusions and matrix glasses formed. The curves in graph (B) express the
modeled increases in Cl[Me/Mo] versus increasing Larsen index for two dacitic starting
compositions (curves 2, 3), one pantelleritic starting composition (curve 1), and one highly
evolved, high-silica starting composition (curve 4) as a result of fractional crystallization at 200
MPa at fluid-absent conditions. Modeled results for curves 2 and 3 are compatible with glass
compositions Manus basin and Hekla. See Appendix A for details on fractional crystallization
modeling. Representative, maximum errors for glasses (varying as a function of Cl[Me/Mo])

shown as crosses on right-hand side of plots.

Fig.8. Graph plots the Cl solubility-normalized ratios (Cl[Me/Mo]) versus the Larsen melt
differentiation index (wt.% values of [(S10,/3 + K,0) - (CaO+MgO+FeO)] for melt inclusions
from 8 different rhyolitic eruptive units of Taupo and Ohakuri, NZ (T = symbol; Saunders et al.,
2010; Begue, 2014).Allremaining data shown as faint yellow hash marks. . The curves express
the modeled effects of magma mixing at fluid-absent conditions with no crystallization at 200
MPa (see Appendix B) for details). Representative, maximum errors for glasses (varying as a

function of Cl[Me/Mo]]) shown as crosses on right-hand side of plot.

Fig. 9. Graphs plotting the CI solubility-normalized ratios (Cl[Me/Mo]) versus the Larsen melt
differentiation index (wt.% values of [(S10,/3 + K,0) - (CaO+MgO+FeO)] for melt inclusions

and matrix glasses exhibiting generally low dispersion, and both positive (A) and negative slopes
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(B, C) for magmatic systems that were likely saturated in fluid prior to eruption (Table 2). Curves
are best fit lines to each dataset; horizontal to negative slopes in the fits to data reflect CI
sequestration by fluid(s) during magma differentiation and ascent. The magmatic systems
include:

(A) Ruapehu (R; Kilgour et al., 2013), Pantelleria (P; Lanzo et al., 2013), Manus Basin (u; Yang
and Scott, 2005; Sun et al., 2007); Lipari, Italy (L; De Rosa et al., 2003; this study), Arenal, Costa
Rica (a; Streck and Wacaster, 2006; Wade et al., 20006), Nicaraguan eruptives (d; Kutterolf et al.,
2013), Agung, Indonesia (G; Self and King, 1996), Satsuma-Iwojima (&; Saito et al., 2001);

(B) Ascension Island (a; Harris, 1986; Webster and Rebbert, 2001; Chamberlain et al., 2016), White
Island, NZ (W; Rapien, 1998; Mandon (2017)), topaz rhyolites (Z; Honeycomb Hills, Utah;
Congdon and Nash, 1988; Gavigan et al., 1991; Spor Mountain, Utah; Hofstra et al. (2013); this
study), Mt. Jang, Korea (J; Yang, 1997), Chalk Mtn. Rhyolite near Climax, CO (c; Audétat, 2015);
(C) Healy caldera, Kermadec arc (q; Saunders et al., 2010), Quilotoa dacite, Ecuador (Q; Stewart
and Castro, 2016), Izu-Bonin arc (1; Straub and Layne, 2003), Bandelier Tuff, NM (B; Dunbar and
Hervig, 1992b), Mayor Island (k; Barclay et al., 1996), Erzgebirge, Germany Sn-Mo-W mineralized
granites (f; Webster et al., 1997; Thomas et al. 2005), and Karymsky volcano, Kamchatka (K;
Tolstykh et al., 2001).

Remaining data shown as faint yellow hash marks. See text for discussion. Representative,
maximum errors for glasses (varying as a function of Cl[Me/Mo]) shown as crosses on right-hand

side of plots.

Fig.10. Graphs plotting the CI solubility-normalized ratios (Cl[Me/Mo]) or CI concentration in

melt versus the Larsen melt differentiation index (wt.% values of [(S10,/3 + K,0) -
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(CaO+MgO+FeO)] for melt inclusions exhibiting positive to negative trends; comparisons with
modeled results are also included.

Graph (A) models the geochemical evolution of fluid-absent (solid curves) and fluid-saturated
(dashed curves; open symbols for open-system and filled grey symbols for closed-system
conditions) magma through fractional crystallization and magma ascent (decompression), for
melt inclusions from Pantelleria, Italy (P; Giondada and Landi, 2010; Neave, 2012; Lanzo et al.,
2013), Ruapehu, NZ (R; Kilgour et al., 2013), and Satsuma-Iwojima (&; Saito et al., 2001). The
fluid/melt partition coetficient for CI is modeled to decrease with decreasing pressure (see
Sections 2.3 and 4.3.1 for further details).

Graph (B) displays model results for up to 46 wt.% isobaric fractional crystallization of fluid-
absent, felsic magmas at 200 MPa (solid curves 1, 9, and 12). Other modeling, shown as dashed
and dot-dash curves, represents fluid-saturated melts as they evolve via fractional crystallization
at either fixed pressure or decreasing pressure during ascent towards surface. Here, the fluid/melt
partition coefticient for CI 1s modeled to increase with decreasing pressure as described in text
(see Sections 2.3 and 4.3.1 for further details, and Appendix C).

Curve 2 = 80 wt.% crystallization of closed-system fluid-saturated rhyodacitic melt at 200 MPa
and S-enriched, OS conditions;

Curve 3 = 80 wt.% crystallization of closed-system fluid-saturated rhyodacitic melt at 200 MPa
and S-poor, NOS conditions;

Curves 4 to 8 = up to 40 wt.% fractional crystallization accompanied by decompression of
rhyodacitic melts for conditions of: S-enriched OS closed-system (curve 4), NOS open-system
(curve 5), NOS closed-system (curve 6), NOS closed-system with excess fluid mass of 2 wt.%

(curve 7), and NOS closed-system with excess fluid mass of 4 wt.% (curve 8).
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Curves 10 and 13 = rhyolitic melts at closed-system NOS conditions and tixed 200 MPa pressure
Curve 11 = rhyolitic melt ascent at closed-system NOS conditions.

The increments in modeled pressure for magma decompression are 200, 190, 150, 100, 50, and 10
MPa.

Graph (C) shows the same model results as graph (B), except that (C) shows the measured melt
Cl (wt.%) only, and does not involve computed Cl solubility.

Graph (D) compares melt inclusion compositions for Mayor Island (k; Barclay et al., 1996),) and
Healy caldera, Kermadec arc (q; Saunders et al., 2010) with modeled curves 1, 4, 6, 7, 8, 9, 10,
and 11 from Fig. (B).

All remaining data shown as faint yellow hash marks. All modeling for fluid-saturated melts
returns slopes that are horizontal to negative; these slopes become increasing vertical with
increasing Larsen index. See Appendix A for details on fractional crystallization modeling and
Appendix C for modeling of Cl exchange between fluids and melts. Representative, maximum
error bars for glasses (varying as a function of Cl[Me/Mo]) shown as crosses on right-hand side

of plots.

Fig.11. Graphs plotting the Cl solubility-normalized ratios (Cl[Me/Mo]) versus the Larsen melt
differentiation index (wt.% values of [(S10,/3 + K;0) - (CaO+MgO+Fe0O)] for melt inclusion
sets exhibiting small to larger dispersion. The solid-arrowed curves represent schematically
mterpreted, primary-evolution trends for melts; the curves are dashed where the interpretations
are less certain, and remaining data shown as faint yellow hash marks. Many of the sets show
larger dispersion at higher Larsen indices (highlighted by outlining data), and some exhibit

distinet shifts of data to higher Cl[Me/Mo]| with increasing dispersion and increasing Larsen
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index; this 1s likely due to fluid-melt interactions. Dashed arrows with question marks represent
potential paths of evolution with increasing or decreasing Cl[Me/Mo] and Larsen indices
reflecting Cl gain or loss from melt.

Graph (A) shows data for Ascension Island (a; Harris, 1986; Webster and Rebbert, 2001;
Chamberlain et al., 2016) and Merapi, Indonesia (M; Nadeau et al., 2013; Preece et al., 2014).
Graph (B) displays melt inclusions for Santorini (S; Michaud et al., 2000), Shiveluch (s;
Humphreys et al., 2008; Naumov et al., 2008), Mt. Hood (f; Koleszar et al., 2012),
Paektu/Baitoushan (p; Horn, 1997; lacovino et al., 2016).

Graph (C) displays melt inclusions from >12 eruptive units of Augustine volcano, Alaska (A;
Roman et al., 1986; Tappen et al., 2009; Webster et al., 2010; Nadeau et al., 2015; Webster et
al., 2015). See text for discussion. Representative, maximum errors for glasses (varying as a

function of Cl[Me/Mo]) shown as crosses on right-hand side of plots.

Fig. 12. A comparison of experimentally determined and modeled Cl partitioning behavior
between silicate melt and vapor, vapor plus HSL, or HSL at pressures of 200-220 MPa for various
melt compositions. Experimental data sources are as follows: basaltic melts [B] — Webster et al.
(1999), Webster and De Vivo (2002), Mathez and Webster (2005); andesitic melts [A] —
Botcharnikov et al. (2007), Zajacz et al. (2012); phonolitic melts [P] — Webster et al. (2014);
rhyodacitic melts [r] — Botcharnikov et al. (2004), Webster et al. (2009), Iveson et al. (2017,
2019); haplogranitic melts [R] — Webster et al. (1992), Kravchuk and Keppler (1994).

Graph (A) shows fits to experimental data on equilibrium fluid-melt CI partitioning relevant to
haplogranite, rhyodacite, phonolite, andesite, and basalt melt compositions. Chlorine partitioning

varies strongly with the bulk ClI content of the system and the melt. Similarity in these curves is
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the basis for modeling the partitioning of CI between fluid(s) and melt described in the text and
Appendix C.

Graph (B) shows experimentally determined CI partitioning behavior for high-silica rhyolite or
haplogranite (red curve; data of Webster et al., 1992; Kravchuk and Keppler, 1994) and
rhyodacite (blue curve; data of Botcharnikov et al., 2004; Webster et al., 2009; Iveson et al.,
2017; 2019) melts and vapor, vapor plus HSL, HSL at 200 MPa. Black curves represent
modeling of CI partitioning for these melts and other intermediate melt compositions ranging
between haplogranite (high-Si0,) and rhyodacite melts. Modeled curves based on Appendix
equations C.2-C.9.

Graph (C) shows experimentally determined Cl partitioning behavior for rthyodacite (blue curve;
data of Botcharnikov et al., 2004; Webster et al., 2009; Iveson et al., 2017; 2019) and andesite
(grey curve; Botcharnikov et al., 2007; Zajacz et al., 2012) melts and vapor, vapor plus HSL,
HSL at 200 MPa. Black curves represent modeling of CI partitioning for other melt compositions
ranging between rhyodacite to andesite melts. Modeled curves based on Appendix equations

C.2-C.6 and C.9-C.12.

Fig. 13. Graph plotting the CI concentration of fluid(s) (calculated for 200 MPa) versus the
Larsen index using methods of this investigation for melt inclusions (shown as individual data
points) from Soufriere Hills, Montserrat (M); the Bishop Tuft (b); Mt. St. Helens (H); and Mt.
Mazama (m); remaining data shown as faint yellow hash marks. The melt inclusion-calculated
Cl contents of 1 wt.% of vapor are compared with constraints from prior research; values of
D¢ idmelt from prior work were used to compute the Cl concentrations of vapors coexisting with

these melt inclusion Cl contents (expressed by arrows). Solid arrows involved either singular or
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higher values of D¢ dmelt and dashed arrows applied lower values of Dedmelt to compute Cl
in vapor if a range in D¢ M9melt was involved. Arrows are thickened where the bulk of the data
plot. Data: violet arrows represent Mt. Mazama, black for Bishop Tuff, red for Mt. St. Helens,
and green for Soufriere hills, Montserrat. See text for discussion; methods of computing CI
contents of fluids described in Appendix C. Figure symbols and sources of data are provided in
Table 1. Representative, maximum errors for the CI concentration of fluids shown on right-hand

side of plots.



Magmatic systems of this study, number of melt inclusion and matrix glass samples fr&R each system, and :

VOLCANIC SYSTEMS
Magmatic  Symbol, am.i No. of Magmatic System Name and
System colour used in glass I . Data Sources
’ ocation
No. figures samples
1 G, blue 10 Agung, Indonesia Self & King (1996)
X b Streck & Wacaster (2006);
2 a, blue, brown 34 Arenal, Costa Rica Wade et al. (2006)
Roman et al. 2006; Tappen et al.
3 A, multicolored 264 Augustine volcano, AK USA (2009); Webster et al. (2010);
Nadeau et al. (2015)
Baitoushan or Paektu, China, Horn (1997); Hom &
4 p, green, brown 128 Schmincke (2000); Iacovino et
North Korea
al. (2016)
5 X, blue 14 Bataan, Philippines Meétrich et al. (1999)
6 K, purple 14 Bezymianny, Kamchatka, Russia Tolstykh et al. (2003)
. Wallace et al. (1999); Dunbar &
7 b, gray, black 156 Bishop Tuff, CA USA Hervig (1992a)
8 7, green 35 Cerro el Lobo, Ceno 5 g™, Webster et al. (1996)
Mexico
9 d, blue 51 ChiltepgfFLpgi yolcanic Kutterolf et al. (2013)
complex, Nicaragua
10 e multicolored 67 Climax-related 1igneous rocks, Audétat (2015); Audétat & Li
’ Climax, CO USA (2017)
11 K, green 11 Dikii greben, Kamchatka, Russia Tolstykh et al. (2003)
12 §, violet 4 Dzarta-Khuduk, Mongolia Andreeva & Kovalenko (2011)
13 F, brown 29 Fantale, Ethiopia Webster et al. (1993)
Healy Caldera, Kermadec arc,
14 q, red 30 Pacific Ocean Saunders et al. (2010)
15 h, green 6 Hekla, Iceland Portnyagin et al. (2012)
i Hideaway Park topaz rhyolite, .
16 7., black 49 Red Mtn.. CO USA Mercer et al. (2015)
. . Congdon & Nash (1988);
17 Z, violet 25 Honeycomb Hills, UT USA Gavigan ct al. (1991)
18 1, black 25 Izu arc front, Pacific Ocean Straub & Layne (2003)
19 K, blue 12 Karymsky, Kamchatka, Russia Tolstykh et al. (2001; 2003)
20 k, red 32 Kos plateau tuff, Greece Bachmann et al. (2010)
21 K, brown 7 Kudryavyi, Kamchatka, Russia Tolstykh et al. (2003)
DeRosa et al. (2003); Webster,
22 L, multicolored 34 Lipari, Italy Frezzotti, DiMartino (Supp.
Data)
23 g, brown 7 Llallagua, Bolivia Wittenbrink (2006);

Wittenbrink et al. (2009)



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

B=Bandeleier,
C=Cerro
Toledo,
multicolored

k, green
u, multicolored

M, violet,
green, blue

e, black

¥, multicolored

I, blue
(m, violet,
pink)
Y, black

E, violet, pink

H. red

9, red

P, multicolored

%, black
Q, black, blue
n, blue
R.. green
S, black, blue

&, blue

s, green, blue

M,
multicolored

Z, light blue,
dark blue

115

49

178

186

10

198

58

47

156

14

71

22

23

25

64

21

17

97

126

55

Lower Bandelier Tuff and Cerro
Toledo rhyolite, NM USA

Mayor Island, NZ

Manus back-arc basin, Pacific
Ocean

Merapi, Indonesia

MOR dacite, East Pacific Rise
Mt. Hood, OR USA
Mt. Jang, Korea
Mt. Mazama, OR USA

Mt. Pinatubo, Philippines

Mt. Putauaki (Mt. Edgecomb),
NZ

Mt. St. Helens, WA USA

Niuatahi-Motutahi lavas, Tonga
arc, Pacific Ocean

Pantelleria, Italy

Plat Pays, Dominica Lesser
Antilles, Caribbean Sea

Quilotoa, Ecuador

Rosia Montana-related dacites,
Romania

Ruapehu, NZ
Santorini, Greece

Satuma-Iwojima, Japan

Shiveluch, Russia

Soufriere Hills volcano,
Montserrat

Spor Mountain, UT USA

86

Dunbar & Hervig (1992b); Stix
& Layne (1996)

Barclay et al. (1996)

Yang & Scott (2002); Sun et al.
(2007); Beier et al. (2015)

Nadeau et al. (2013); Preece et
al. (2014); Borisova et al.
(2013); Costa et al. (2013)

Wanless et al. (2011)

Koleszar (2011); Koleszar et al.
(2012)

Yang (1997)

Mandeville et al. (2009); Wright
etal. (2012)
Borisova et al. (2005; 2006;
2014)

Norling et al. (2016)

Blundy & Cashman (2001;
2005); Blundy et al. (2008);
Berlo et al. (2004); Edmonds et
al. (2008)

Park et al. (2015)

Lowenstern (1994); Neave et al.
(2012); Lanzo et al. (2013);
Gioncada & Landi (2010)

Gurenko et al. (2005)
Stewart & Castro (2016)
Naumov et al. (2013)

Kilgour et al. (2013)

Michaud et al. (2000); Cottrell
et al. (1999)

Saito et al. (2001)

Humphreys et al. (2008);
Naumov et al. (2008); Tolstykh
et al. (2000)

Humphreys et al. (2009; 2010);
Mann et al. (2013); Edmonds et
al. (2002)

Hofstra et al. (2013); Webster &
Rebbert (Supp. Data)
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~1I~Taupo, Bégué (2014); Bégué et al.
w=Whakamaru, (2015); Saunders et al. (2010);
46 (3:](3;:1;11{3;1., 342 Taupo V.Z., North Island, NZ Johnson et al. (2011 2013): ’
. ’ Chambefort et al. 2014)
multicolored
Webster & Duffield (1991;
47 Z, pink 169 Taylor Creek, NM USA 1994); Dutfield & Du Bray
(1990)
48 I, black 15 Toba, Indonesia Chesner & Luhr (2010)
Unidentified, East. Volcanic -
49 K, black 17 Front, Russia Tolstykh et al. (2003)
. X Gioncada et al. (1998); Frezzotti
50 V, turquoise 32 Vulcano, Ttaly et al. (2004)
i . ) Rapien (1998); Rapien et al.
51 W, black, red 69 White Island, New Zealand (2003): Mandon (2017)
PLUTONIC SYSTEMS
Magmatic  Symbol, anfl Number Magmatic System Name and
System colour used in  of glass . Data Sources
’ Location
No. figures samples
52 X, green 15 Amix Z-Nb-REE mfioraiiged Schmidt et al. (2002)
S complex, Namibia
Roedder & Coombs (1967);
. o S Harris (1986); Webster &
53 a, multicolored 71 Ascension Island, Atlantic Ocean Rebbert (2001): Chamberlain et
al. (2016)
54 ¢, violet g7 Cemo de Pasco Zn-Pb-Ag-Cu-Bi Rottier et al. (2016)
mineralized granites, Peru
. Cerro Rico de Potosi silver Wittenbrink (2006);
33 #, black ] deposit, Bolivia Wittenbrink et al. (2009)
‘ . .. Wittenbrink (2006);
56 #, red 1 Chorolque tin porphyry, Bolivia Wittenbrink et al. (2009)
57 ¢, black 6 Deva Cu-Au porphyry, Romania Pintea (2014)
58 D, black 5 Dexing Cu'lgfiﬁ“ porphyry, Bao et al. (2016)
59 1, black, violet, 47 Ehrenfriedersdorf granites, Webster et al. (1997); Thomas
red Germany et al. (2000)
‘ ) . Wittenbrink (2006);
60 #, green 3 El Salvador Cu porphyry, Chile Wittenbrink et al. (2009)
61 (@, black 4 Olso rift granites, Norway Hansteen ((gi ;“ 91103)t enhouwer
62 $, green 16 Red M"“ma“b‘g‘gp"rphyry’ AZ Student & Bodnar (2004)
63 8, red 21 Tyrone Cu porphyry, NM USA Student & Bodnar (2004)
64 7. blue, green 33 Zinnwald Sn-W granites, Thomas et al. (2005); Webster

Germany

etal. (2004)




TAall. N

Igneous systems (filtered from Table 1) exhibiting geochemical = textural evidence of exs,scglved pre-eruptive o

sources

VOLCANIC SYSTEMS
Magmat
ic
o Range cogll[t):n Range TZT::“. Reference
Vagmatic System Ran of usedto  Ran of chemic s: those
geof (measur cdnstrai e of (measur al discussing
C it Cl ed gS 0 ed i potential
0‘;“;;’3“; (wt.  ClUmod chel:ﬁica o« o Clmod ":é :f“ role of
g %) eled Cl) o eled Cl) brine
(basedon 5 " Coeny Mothe %) v ™A8M ey i
Num MLorMG)  \pp o orMG prez«;nce \;111 . orMG bf;;l:e system
fhe" Locati oo @Nos % . i @OS @ are listed
(from ocation MG  conditio . conditio in bold
Table ns brine ns vapor) font
1) (HSL) ik
or
vapor?
Roman et
al. (2000);
Tappen et
al (2009);
Webster
et al.
3 Augustine, rhyodacite  0.14- 0.13- 3 ]IZ{S:OCL bdl- 0.19- Ves N('?c(l)elagl) ;e "
AK USA to rhyolite 1.35 1.30 CEO> 0.14 1.86 al((ZOIS)'
Webster
et al.
(2015);
this study
for 20
MPa
Hom
(1997):
Horn &
Schminke
Baitoushan/P  comendite, 5 YES: C, (2000);
. 0.08- 0.03- CO,, bdl- -
4 aektu, China,  trachyte & 08 175 L0 S 0.06 0.07-2.6 Yes Iacovino
North Korea thyolite ' e R ' etal.
F (2016);
b
this study
for 20
MPa
Metrich et
al. (1999);
5 Bataan, thvolite 0.09- 0.04- YES: Cl. 0.07- 0.06- Yes this study
) Philippines Y 0.49 0.95 S 0.08 1.35 for 20
MPa OS
conditions
YES: Wallace et
5 Bishop Tuff, Lvolit 0.04- 0.12- Igzg < 0.17- N ;l)l (11)999&?;
CAUSA PROTEoar 040 ot 001 057 © Heria
Be,B (1992a)
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Cerro el

10

12

14

16

18

20

YES: Cl
Lobo, Cerro topaz 0.09- 0.21- ’ Webster et
¢l Pajaro, tyolie 027 054 HOBe md030TT RO g g0q)

Mexico
Chiltepe/

Apoyo da(:lte__ 0.08- 0.03- YES: 0.05- Kutterolf
volcanic rhyodacite 0.38 0.60 Br. Br/Cl nd. 0.08 No etal
complex, & rhyolite ) ) Y ' (2013)

Nicaragua

Climax- Audétat

related 2015);
igneous thvolite 0.04- 0.08- YES: bdl- 0.12- Ves Audéta:t

rocks, Y 0.57 0.67 Mo 0.02 0.95 .

. & Li

Climax, CO 2017)
USA
pantellerite Andreeva
I?hzﬁui; & 0.32- 0.23- YES:F  bdl- 0.58- No &
trachydacit  0.68 0.36 brine,Li  0.02 091 Kovalenko
Mongolia
e (2011)
Saunders
NO: not etal.
Healy Island, R 0.33- 0.67- m 0.96- (2010);
Kermadec arc rhyolite 0.66 1.05 publishe nd. 1.50 Yes this study
d work, for 20
MPa
[ Mercer et
Hideaway }IES al. (2015);
Park, Red topaz 0.23 0.44- C02 (';1 bdl- 0.62- Ves this study
Mtn., CO rthyolite 0.35 0.88 (’ ;16D 0.03 1.27 for 20
USA \anc MPa OS
n mica) o
conditions
Izu arc front,  thyo-dacite  0.21- 03-0.57 ‘[}?g gl’ d 0.42- N Stﬁaurb &
Pacific Ocean  tothyolite  0.73 ST : o na- 0.81 © (2?8'01163
J
Kosplateas o 007- 022 sg&:)s: bdl- 031 . Bail‘;a“n
tuff, Greece 0.17 0.53 Hgé 0.08 0.75 (2010)



22

24

26

27

29

30

Lipari, Italy

Lower
Bandelier
Tuff and
Cerro Toledo
rhyolite, NM
USA

Major Island,
NZ

Manus back-
arc basin,
Pacific Ocean

Merapi,
Indonesia

Mt. Hood,
OR USA

Mt. Jang,
Korea

rhyolite

rhyolite

alkaline
rhyolite

dacite to
rhyolite

dacite &
trachydacit
e

rhyodacite
to thyolite

rhyolite

0.18-
0.49

0.1-
0.31

0.21-
0.48

0.09-
0.84

0.21-
0.7

0.15-
0.36

0.19-
0.44

0.3-0.97

0.2-0.5

0.03-
1.82

0.14-
0.62

0.08-
0.47

0.48-
1.08

NO: not
in prior
publishe
d work

YES: CL
L0

YES: Cl,
H,O

2

YES: Cl,
H,0.S+

YES: Cl,
H,0. L1

YES: Cl,
CO,,

H,O

2

YES:
H,O

bdl-
0.02 0.7-2.0
< 0.43-
0.01 1.39
nd. 05-125
0.02- 0.04-
024 262
0.07- 0.19-
0.08 0.88
<0.0 0.21-
1 1.18
0.68-
n.d. 155

90

DeRosa et
al., 2003:
Webster,
Frezzotti,
Yes DiMartino
unpub.
Data; this
study for
20 MPa

Dunbar
and Hervig
(1992b);
Stix &
Layne
(1996)

Yes

Barclay et
al. (1996);
this study
for 20
MPa OS
conditions

Yes

Yang &
Scott
(2002);
Sun et al.
(2007):
Beier et al.
(2015);
this study
for 20
MPa
Nadeau et
al. (2013):
Preece et
al. (2014);
Yes Borisova
et al.
(2013);
Costa et al.
(2013)

Yes

Koleszar
(2011);
Yes Koleszar
et al.
(2012)

Yang
(1997);
No this study
for 20
MPa



31

32

33

34

36

38

Mt. Mazama,

OR USA

Mt. Pinatubo,

Philippines

Mt. Putauaki,

NZ

Mt. St.
Helens, WA
USA

Niuatahi-
Motutahi
lavas, Tonga
arc

Pantelleria,
Ttaly

Quilotoa,
Ecuador

rhyodacite
to thyolite

rhyolite

dacite to
rhyolite

rhyolite

dacite to
rhyolite

pantellerite

rhyolite

0.02-
0.4

0.02-
0.13

0.04-
0.53

0.26-
0.42

0.47-
1.09

0.06-
0.2

0.01-
0.75

0.06-
0.3

0.11-
0.74

0.08-
0.62

0.20-
0.36

0.54-13

0.07-
0.28

YES: C1,

S.F.
H,0.
CO,, Li,
Be.B

YES:
CO,. S.

YES: Cl
=Li Cu

YES: Cl,

0.
CO,.Li

YES: CL

S

YES: CL

CO,,
H,O. S

YES:
L0

bdl-
0.10

nd.

0.01-
0.09

bdl-
0.15

0.01-
0.06

bdl-
0.08

0.01-
0.05

0.02-
1.08

0.07-
1.06

0.11-
0.89

0.29-
0.51

0.77-
1.85

0.11-
0.40

Yes

No

Yes

91

Mandevill
eetal
(2009):

Wright et

al. (2012);

this study
for 20

MPa OS
conditions

Borisova
et al.
(2005:
2006;
2014)

Norling et
al. (2016);
this study
for 20
MPa OS
conditions

Blundy &
Cashman
(2001:
2005);
Blundy et
al. (2008);
Berlo et
al. (2004);
Edmonds
et al.
(2008)

Park et al.
(2015)

Lowenster
n (1994);
Neave et
al. (2012);
Lanzo et
al. (2013);
Gioncada
& Landi

(2010);
this study
for 20
MPa

Stewart &
Castro
(2016)



42

43

44

46

47

Satuma-
Iwojima,
Japan

Shiveluch,
Russia

Soufriere

Hills volcano,

Montserrat

Spor Mtn.,
Utah, USA

Taupo
Volcanic
Zone, NZ

Taylor Creek,

NM USA

rhyolite

dacite &

rhyolite

rhyolite

topaz
rhyolite

rhyolite

topaz

rhyolite

0.11-

018 0.16-0.4
0.03- 0.01-
0.38 0.65
0.11- 0.17-
0.52 0.84
0.17- 0.37-
0.47 1.29
0.09- 0.21-
0.77 1.29
0.02- 0.03-
0.55 1.18

YES:
H,O

YES:
H,0.Li

YES: Cl,
1LO.
Co,

NO: not
in prior
publishe
d work

YES: Cl1,
H;O.
CO,

NO: not
n prior
publishe
d work

0.01
8-
0.04

bdl-
0.44

nd.

bld-
0.01

0.22-

0.56 No
G
02 v
v
% v
= .

92

Saito et al.
(2001)

Humphre
ys et al.
(2008);

Naumov et

al. (2008);
Tolstykh

et al.
(2000)
Humphrey
s etal
(2009:
2010);
Mann et
al. (2013);
Edmonds
et al.
(2002);
this study
for 20
MPa OS
conditions
Unpub.
data J.
Webster;
unpub.
data C.

Mercer et

al. (2013);

this study

for 20

MPa

Bégué
(2014);
Bégue et

al. (2015);

Saunders
et al.
(2010);
Johnson
et al.
(2011:
2013);

Chambetfor

tetal

2014): this
study for
20 MPa

Webster &
Duftield

(1991;
1994)

Dutffield &

Du Bray
(1990):
this study
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for 20
MPa
A YES: Cl, Chesner &
o me O 02 RS e o W TEm
| - CO, ' (2010)
Gioncada
et al.
(1998):
Frezzotti
50 Vulcano, comenditic  0.01- 0.02- YES: nd 0.02- Ves et al.
i Ttaly rhyolite 0.78 0.85 H,0.S e 121 (2004);
this study
for 20
MPa OS
conditions
Rapien
(1998):
Rapien et
al. (2003);
51 White Island, alkaline 0.07- 0.06- YES: nd 0.08- No M. Rowe,
; NZ dacite 0.22 0.14 CO, o 0.19 unpub.
data ;
Student &
Bodnar
(2004)
PLUTONIC SYSTEMS
Magmat
ic
compon Textur :
Magmatic System Ran Rz:)l;ge énts Rz::;ge al :I:. R;fflllzzge
usedto  Ran chemic . .
geof (measur constrai  ge of (measur al dlSCl.lSS}llg
Compositi cl ed n SO ed eviden 7 otential
(wt.  Cl/mod >, 2 Clmod role of
on range %)  eled Cl) chemica  (wt. cled C1) ce of brine
(based on . ; Ily, the %) magm .
Num MI or MG) n of MI presence in of MI atic (HSL) in
Ml or MG or MG . system
ber . or  @NOS of Mz 4os brine i listed
(from  Location MG conditio oMed MG gie & in bold
Table ns brine ns vapor) font
1) (HSL) 2%
or
vapor?
Amix Zr-Nb. Schmidt et
REE : YES: al. (2002) 5
52 mineralized alkaline 01l 45038 REE nd. 0.28- No this study
granite 0.58 - 1.15 for 100
complex, behavior MPa OS
Namibia y

conditions



53

54

57

58

59

61

62

Ascension
Island.
Atlantic
Ocean

Cerro de
Pasco Zn-Pb-
Ag-Cu-Bi
muneralized
granites, Peru

Deva Cu-Au
porphyry.
Romania®™

Dexing Cu-
Mo-Au
porphyry.
China

Ehrenfrieders
dorf granites,
Germany

Oslo rift,
Norway

Red
Mountain Cu

porphyry, AZ
USA

granite, F-
rich granite

syenite/trac
hyte/
granite

granite

granite

syenite to
granite

syenite to
granite

granite

0.25-
0.63

0.06-
0.67

0.19-
0.36

0.15-
043

0.01-
0.59

0.09-
0.14

0.4-0.8

=4
(98]
(V5]
i
!\)
oo

0.38-
0.57

0.24-0.6

0.01-
0.65

0.47-
1.57

0.23-0.7

YES: CI,
H,0, Be,

B.Li

YES: Cl

YES: Cl

YES: CL

YES: CL

S

YES:
EPMA
H,0 “by
differenc

(<

n.d.

n.d.

n.d.

bdl-
0.02

n.d.

bdl-
0.04

n.d.

0.4-4.2

0.86-1.3

0.02-
0.93

0.68-
224

Yes

Yes

Yes

No

Yes

94

Roedder
&
Coombs
(1967);
‘Webster
&
Rebbert
(2001);
Harris
(1986):
Chamberla
in et al.
(2016):
this study
for 20
MPa OS
conditions

Rottier et
al. (2016);
this study
for 100
MPa

Pintea
(2014) ;
this study
for 100
MPa OS
conditions

Bao et al.
(2016);
this study
for 100
MPa OS
conditions

Webster et
al. (1997):
Thomas et
al. (2000)

Hansteen
&
Lustenho
uwer
1990; this
study for
100 MPa

Student &
Bodnar
(2004)



Tyrone Cu
porphyry, AZ

Zinnwald,
64 Germany Sn-
W granites

granite

syenite to
granite

0.05-
0.58

0.01-
0.59

0.18-1.8

0.01-
0.34

NO: not
in prior
publishe
d work

YES:
H,0. Li,
CLF

nd.

nd.

027-2.6

0.01-
0.49

Yes

95

Student &
Bodnar
(2004):

this study
for 100

MPa

Webster et
al. (2004);
Thomas et
al. (2005)

MI = melt inclusion, MG = matrix glass
ClI solubility calculated for 20 MPa for eruptive systems and 100 MPa for plutons
n.d. = no data; bdl = below detection limit.
tPhysical evidence includes fluid inclusions in phenocrysts, salt crystals in phenocrysts,
coexisting melt and fluid inclusions in same growth zones of phenocrysts, systematic
variation in melt inclusion bubble volumes, unidirectional solidification textures in rocks,

or miarolitic cavities in rocks.

T1Na20 values were increased until molar (A/CNK) ratios achieved values similar to
those of other porphyritic granites.
[f 20 MPa calculated values of Cl[Me/Mo] > 1, then brine + vapor exsolution indicated

for NOS conditions.



