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ABSTRACT

Hydrothermal experiments were conducted with fluid- and apatite-saturated, high-silica
rhyolitic melts at ca. 700 — 1000 °C and 50 and 200 MPa to determine the distribution of
H,O/OH, Cl, and F between melt, apatite, aqueous vapor, brine, or vapor plus brine. One to
three micron-diameter seed grains of fluorapatite were added to starting charges to serve as
apatite nucleation sites. CaHPO,4 and Ca(OH), were used to stimulate apatite crystallization,
and temperature was cycled daily, = 10 to = 15 °C, to promote growth of relatively equant
apatite crystals large enough for electron probe microanalysis (EPMA). The experiments were
conducted with gold capsules and run in cold-seal pressure vessels on a hydrothermal line and

an internally heated gas pressure vessel for durations of 165 to 1149 hours.

The run-product glasses were analyzed by EPMA and Fourier Transform Infrared
Spectroscopy, apatites by EPMA, and most fluid phases by chloridometer; Cl contents of fluids
were also estimated by mass balance calculations. The fluids contained 0.3 to 39 wt% CI at run
conditions. Most experiments were conducted at 50 MPa, and these glasses contain 0.02 to 0.42
wt% Cl, 1.8 to 3.1 wt% H,0, and 0.01 to 0.19 wt% F. The molar (Al,03/CaO+Na,O+K,0 =
A/CNK) and molar (NayO/Na,O+K,0 = N/NK) ratios of the 50 MPa glasses range from 0.88 to
1.04 and 0.48 to 0.68, respectively, and straddle the A/CNK and N/NK of the starting glass
(0.99 and 0.59, respectively). The measured wt% Cl and F in the 50-MPa apatites range from
0.14 to 3.8 (Xc™ of 0.02 to 0.56) and 0.32 to 2.4 (X of 0.08 to 0.63), respectively.

Stoichiometrically constrained Xou™ ranges from 0.14 to 0.7.

Partition and exchange coefficients were determined for OH, Cl, and F distribution
between apatite and melt + fluids. The distribution of these volatile components varies with

pressure and melt and apatite compositions. The exchange of F and Cl between apatite and
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melt, for example, fluctuates with the Si, P, Mg, Na, Ce, Fe, and S & Ca contents of the apatite
and with the molar A/CNK and N/NK ratios of the melts. Water and hydroxyl exchange
between experimental apatite and melt was also investigated. It is determined empirically that
the:  (Xio™"/Xa™) = ((-19.66) + (39.13)*(Xou™)/(Xci™™™)) for felsic melts at 50 to 200
MPa, having molar A/CNK ratios between 0.88 and 1.1, N/NK ratios > 0.55, and containing ca.
2 - 6 wt% H,0O. The apatites are characterized by per formula unit (6 > Si/Mg > 0.3). We test
this relationship by comparing H>O contents measured in melt inclusions from Augustine
volcano, Alaska, with calculated H,O concentrations of apatites from 9 samples from 7 of its
felsic eruptive units. The results for both approaches are consistent within precision for 6 of the

samples.

The empirical volatile exchange relationships determined for melt-apatite, melt-fluid,
and apatite-fluid pairs are applicable to a variety of magmatic systems. One implication of this
study is that the H,O concentrations of felsic melts may be calculated from apatite compositions
for volcanic systems involving equilibrium between these phases at 50 to 200 MPa, if estimates
for the Cl contents of the melts are available. This approach, however, will require additional
experimentation and testing. The compositions of igneous apatites could also provide
fundamental constraints on the concentrations of H,O and other volatiles in mineralizing
plutonic systems for which melt inclusions are small, rare and/or crystallized. Magmatic
apatites may also support assessment of H,O concentrations in melts derived from melt

inclusion compositions.
Keywords: apatite, melt, fluids, hydroxyl, chlorine, fluorine.

INTRODUCTION
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Apatite is Earth’s most abundant, naturally occurring phosphate mineral, but in most
magmatic rocks it is present only as a trace mineral. Despite this, it follows that the ubiquitous
crystallization of apatite has important bearing on trace-element behavior during magma
evolution since apatite incorporates REEs and other trace metals. Apatite also incorporates F,
CL, OH, S, and C in its structure. If the concentrations of these fugitive volatile components are
retained in igneous apatite as magmas crystallize and/or erupt, then analyses of apatite
chemistry can provide crucial constraints on the raw concentrations, fugacities, and the overall
behaviors of these volatiles in magmas and coexisting fluids. Thus, apatite has been applied as
a still-developing geochemical tool to monitor magmatic volatile behavior during melt and fluid
evolution and to provide constraints on how volatiles partition between apatite, fluids, and melts

as magmas ascend through the crust, cool, and crystallize.

Of particular importance is that the OH contents of apatite are a function of the
concentrations and thermodynamic behavior of H>O in coexisting melts (Mathez and Webster
2005; Webster et al. 2012). These relationships have received particular attention through
recent efforts to determine magmatic H,O concentrations in terrestrial and extraterrestrial
basaltic magmas (Patifio and Douce 2006; McCubbin et al. 2010a,b; Greenwood et al. 2011;
Patifio et al. 2011; Vander Kaaden et al. 2012; Gross et al. 2013; Sarafian et al. 2013; Tartese et
al. 2013, 2014; Barnes et al. 2014; McCubbin et al. 2014; Boyce et al. 2014; McCubbin and
Jones 2015; Stock et al. 2016; McCubbin et al. 2016). As the primary magmatic volatile
component, H,O is fundamentally important because it controls melting processes in the crust
and mantle, melt viscosity, the capacity of magma to ascend and flow, the explosivity of

eruptions, and the deposition of a variety of metallic magmatic-hydrothermal ores. It follows
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that improved constraints on the ranges in magmatic H,O concentrations are crucial for

interpreting magmatic, eruptive, and mineralizing processes.

Prior research on H,O and other magmatic volatiles has been based, largely, on analyses of
silicate melt (glass) inclusions (MI), but these samples of melt are subject to a host of potential
complications including loss of H, and/or H,O via diffusion through host crystals (Audetat and
Lowenstern 2014). Magmatic apatite entrapped in other phenocrysts, on the other hand, is less
susceptible to these problems. Volatile diffusion through apatite, for example, is sufficiently
slow such that apatite is better at retaining accurate information on magmatic volatiles (Brenan
1994; Piccoli and Candela 2002). Moreover, MI occur only rarely in plutonic rocks. When
present, they are typically crystallized so they must be rehomogenized to glass prior to analysis
for H,O and other volatile components. The rehomogenization process can pose problems
regarding H,O retention in the melt during heating. Plutons, however, do contain apatites that
preserve evidence of magma volatiles. This geochemical study of felsic melts (Table 1)
investigates experimental and modeling relations that are useful for estimating H,O and CI £ F
in felsic melts. The results are useful for comparison with volatiles from MI data, and with
further development may also prove beneficial for computing H,O concentrations in granitic

plutons mineralized with Cu, Mo, Au, and other metals.

METHODS
Experimental

All hydrothermal experiments were conducted at fluid(s)-saturated conditions, and the
calculated fluid(s)/melt mass ratios varied from ca. 0.2 - 0.5 at run conditions. The capsules
were loaded with approximately 30 to 60 mg of natural rhyolitic glass powder, < 5 mg of

Durango apatite seeds, < 5 mg of CaHPO,, < 3 mg of Ca(OH),, < 8 mg of an aqueous 2 molar
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HCI solution, < 7 mg of an aqueous NaCl plus KCI plus HCI solution, < 10 mg of NaCl plus
KCl salts, and < 10 mg of distilled deionized H,O (Table 2). Two experimental charges also
included < 5 mg of aqueous H3;PO, solution. The component concentrations in the starting
charges were varied to generate apatite grains with a range of F, Cl, and OH contents (Tables 2
and 3). In contrast, the mixtures and solutions of NaCl, KCl, and HCI were used to maintain the
molar A/CNK (Al,03/CaO+NaO+K,0) and N/NK (Na,O/Na,O+K,0) ratios of the melts
within more modest ranges. The experiments were conducted in Au capsules with external
diameters of 3 to 5 mm (wall thickness of 0.13 mm). The capsules were crimped shut, welded
with a tungsten-tipped arc welder, weighed, and stored in a drying oven at 115 °C for a
minimum of 1 hour before being reweighed to check for loss of volatile components (i.e., via

open or leaking capsules).

Fine apatite seed grains were prepared from a purified mineral separate of the Durango,
apatite (Durango, Mexico) (Jarosewich et al. 1980) by hand crushing to fragment sizes of 10 to
30 pm in diameter in an agate mortar and pestle. These fragments were further ground in a
McCrone micronizing mill (using sintered alumina grinding elements) to generate ultra-fine 1 to
3 um diameter seeds. The final grinding process generated shredded apatite grain exteriors with
highly reactive surface areas. The Ca and P concentrations of the starting charges were
supplemented by addition of CaHPO,4 and Ca(OH), = H3POj4 to stimulate growth of new apatite

on the Durango apatite seeds.

The experiments were conducted in an internally heated pressure vessel (IHPV) and in Rene
41 cold seal (CS) pressure vessels at the American Museum of Natural History (AMNH) using
the techniques of Doherty et al. (2014). Run temperatures and pressures were monitored using

chromel-alumel thermocouples and factory-calibrated bourdon tube gauges. The temperatures
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were initially held constant for ca. 72 hours, and subsequently, temperature was cycled daily
within £ 10 to = 15 °C of the reported run temperature. The runs were concluded by holding the
temperature constant (at run temperatures) for the final 48 to 72 hours. This procedure was
employed to assist in the growth of apatite phenocrysts large enough for analysis by EPMA.
The THPV runs were quenched from run temperature to below the predicted glass transition
temperature within 20 seconds. The CS experiments were quenched to the glass transition

temperwture within <40 seconds.

Experimental fo, was controlled by the intrinsic fy, of the CS pressure vessels, their nickel
alloy (Rene 41) filler rods, and the fy2 of the IHPV as well as by the water activity of each
charge. We did not intentionally buffer fop with either Hy-emitting solid buffer assemblages or
a Shaw membrane. The ambient fo, buffering capacity of the IHPV is approximately equivalent
to that of the Mn;O-Mn3;0;4 solid oxygen buffer for runs with an amo of one (Mathez and
Webster 2005). As most IHPV runs had an apyo < 1 and the run temperatures are different from
the IHPV test conditions, the fo, of these runs was less than that of the Mn;.,O-Mn3O, buffer at
run conditions. Previously, this IHPV has been demonstrated to provide a range in fop of NNO
to NNO + 2 log units (Webster et al. 2009; Webster et al. 2011) for run conditions and ap»0
similar to those of the present study. The CS pressure vessels were controlled at an fgp

marginally > of the NNO solid oxygen buffer with apyo near unity.

Analytical

EPMA. The glass and apatite compositions were measured with wavelength-dispersive
spectrometry using a Cameca SX-100 electron microprobe (EPMA) at the AMNH (Table 3).
Experimentally generated and natural apatites were analyzed for F, Cl, Na, Fe, Ti, Si, Mn, S,

Mg, Ca, Al, and P £ K, Ce, Sr, and Ba, and the standard materials used include MgF, for F,
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boracite for Cl, berlinite for P, wollastonite for Ca, and barite for S. All elements were analyzed
using a 15 kV voltage and 20 nA cup (beam) current except for F, CI, K, and Na for which a 10
kV and 4 nA cup current were used. Count times were 20 seconds for P, Ca, Ti, Fe, Si, Mg, Al,
S, Sr, Ce, Ba, and Mn; and 30 seconds for F, Na, Cl, and K. All analyses were conducted using
a 4 to 6 um diameter beam. Four to twelve apatite grains were analyzed for each set of run

products.

Most analyses involved movement of the apatite under the electron beam. Stationary
analyses were avoided when possible because they can be problematic (Stormer et al. 1993;
Goldoff et al. 2012; Stock et al. 2015) given that the X-ray intensities of the primary
constituents of apatite (i.e., F, Cl, P, and Ca) vary with extended exposure time to an electron
beam. Hence, we searched for apatite grains larger than 10 pm in small dimension and moved
these samples under the defocussed electron beam during analyses. We also attempted to
analyze apatite grains oriented perpendicular to their c-axis, as X-ray intensities for F and CI
have been shown to be most stable at this orientation (Goldoff et al. 2012). This analytical
objective was not always achieved however. The averages reported in this study include a few
analyses conducted at or near orientations of the beam parallel to the apatite axis and some
stationary analyses. Goldoff et al. (2012) also determined that the measured X-ray intensities of
F and CI are comparatively more stable for OH-poor apatite for intermediate composition (non
F- or Cl-end member) apatites at the analytical conditions used herein, and nearly all apatites

analyzed contain sub-equal mole fractions of F, OH, and CI.

The Durango apatite was analyzed 24 times during the course of this investigation to test
analytical accuracy and monitor changes in results from analytical session to session. The

EPMA analyses return 3.34+0.07 wt% F, 0.42+0.04 wt% Cl, 54.26+0.36 wt% CaO, 40.43+0.44
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wt% P,0s, and 0.34+0.08 wt% SO,. For comparison, wet-chemical analyses indicate that this
apatite contains 3.53, 0.41, 54.02, 40.78, and 0.30 wt% (Jarosewich et al. 1980) of these

constituents, respectively.

The glasses were analyzed for Na,O, K,0, FeO, SiO,, and F in the first instrument pass
using an electron beam accelerating potential of 15 kV and a 2 nA cup current. AlO3s, TiO,,
Ca0O, MgO, MnO, P,0s, Cl, and SO, £+ SrO and Ce,Os3 were analyzed in the second instrument
pass using an accelerating potential of 15 kV and 10 nA cup current. Both beam conditions
included use of a 5 um, defocussed spot. The glasses were continually moved under the

electron beam to minimize alkali and/or F migration or loss.

A high-silica rhyolite glass, the Big Southern Buttes obsidian, was analyzed 36 times
during the course of this investigation (Table 1). EPMA returns of 0.22+0.10 wt% F and
0.199+0.01 wt% CI compare to wet-chemical analyses of 0.31 and 0.2 wt% (Macdonald et al.
1992) for these constituents, respectively. These analyses also provide relative precisions about
the mean values. The 1-o precisions are > 150 rel% for MgO, P,Os, and SO, analyses of these
trace constituents. The 1-o precisions range from 30 - 60 rel% for F, TiO,, and MnO. The 1-¢
precisions are 15 rel% for CaO, 10 rel% for Na,O and FeO, 6 rel% for Cl, 3 rel% for K,0, 2

rel% for Al,O3, and 0.8 rel% for SiO,.

FTIR. The H,O concentrations of the run-product glasses, containing minimal to no crystals
and/or vesicles, were measured with Fourier Transform Infrared Spectroscopy (FTIR) at the
AMNH (Table 3). Glass chips were doubly polished to wafers with thicknesses of 70 to 327
pum (with a range of < 5 um in an individual wafer), that supported transmission of the IR beam

between the rare crystals and vesicles while maintaining a beam size of > 5000 um® (some areas
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10

were 100 x 100 um). Wafer thicknesses were determined using a Mitutoyo digitometer with a

precision of + 2 pm.

FTIR measurements to determine the total H,O concentrations in glass wafers were made
using a Thermo Nicolet Nexus 670 FTIR with a continuum microscope by Thermo Spectra-
Tech at room temperature in transmittance mode. Nitrogen gas was passed at a rate of 15 L/min
to minimize potential H and C contamination. Spectra were collected in both the mid- and near-
IR regions (400 to 8500 cm™) at a resolution of 4 cm™ using a KBr beam splitter, a MCT/A
detector cooled by liquid N,, and a globar source. Four hundred scans were performed for each
spectrum, and a background spectrum was taken after each analysis. Four analyses were
averaged to determine the homogeneity of the glass and to confirm that each analysis was taken
without significant contribution from crystals or vesicles. The IR absorptions of the 4500 cm™
and 5200 cm™ (OH™ and molecular H,O, respectively) peaks were measured and then converted
to concentrations of molecular water and hydroxyl ion using the Beer-Lambert Law as modified

by Nowak and Behrens (1995) (see Mandeville et al. (2002) for details). The concentrations
were combined to give total H,O contents. The extinction coefficients, €520 = 1.79 and €4500 =
1.56 L/molscm of Nowak and Behrens (1995), were used. The 2350 cm’ peak for molecular
CO, was also monitored to determine the level of carbon contamination of these runs, and all

runs save two contain < 25 ppm CO,. The glasses of experiments CS-15-05C and CS-15-04C

contain 122 ppm and 52 ppm CO,, respectively.

Determining CI concentrations of fluids and constraints on fluid phase equilibria. The run
products include a saline aqueous liquid, variably vesicular glass, as well as salts and
aluminosilicate-dominated materials that precipitated from the liquid during the quench. The

terminology fluid or fluid phase(s) is used, generically, to describe the aqueous phase or phases
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11

at run conditions. The fluids from these experiments involved low-density vapor, higher-
density brine (saline liquid), or coexisting vapor and brine. We could not constrain which fluid
phases were stable at our run conditions, but the analogue system NaCl-H,O (Bodnar et al.
1985) indicates that vapor and brine coexist with as little as 1 wt% NaCl equivalent (i.e., 0.6
wt% Cl) in the bulk integrated fluids at 50 MPa and 800 — 900 °C. Application of these
observations indicates that most of our 50 MPa experiments involved vapor and brine, because
all but 5 of our runs contained at least 1 wt% CI in the fluid(s) (Table 3). For experiments
involving both vapor and brine, the reported Cl concentrations represent those in the bulk-

integrated vapor plus brine.

The Cl concentrations of the quenched liquids of all but 10 of the run products were
measured with a Buchler chloridometer. After quenching the experiments, the capsules were
cleaned, weighed, and punctured. The punctured capsules were soaked in 500 to 2000 mg of
distilled and deionized H,O to dilute and dissolve all chloride salts that precipitated from the
fluids during the quench. The open capsules were soaked for 4 to 28 days prior to fluid
sampling and analysis, and afterward, were heated at 115 °C and reweighed. The recorded mass
change (before and after the soak-and-heat process) represents the mass of run-product liquid
with or without quenched salts that dissolved in the distilled, deionized H,O during soaking.
The diluted fluids were sampled with 10 pl capillary tubes and analyzed for chloride ions with a
Buchler chloridometer using methods of Webster et al. (2009). The measured chloride values
were corrected for the dilution factors associated with the post-run soaking of the capsules in
distilled and deionized water. Based on replicate analyses of a standard aqueous NaCl solution
containing 3.5 wt% Cl, conducted for the duration of this study, the chloridometer returns a 1o

precision of 3.8 rel%.
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12

The masses of melt, fluid, and apatite and the Cl concentrations of all of the bulk fluids at
run conditions were calculated using mass balance. The melt mass was computed by
accounting for the increase in melt mass due to dissolution of H,O, Cl, Ca, and P (from
solutions and salts added at the start of each experimental run) into the molten rock powders and
for the reduction in melt mass resulting from mineral crystallization. The mass of apatite was
calculated from the total mass of P added which was obtained by summing the added masses of
apatite seeds, CaHPOy salt, dilute phosphoric acid solution, and the trace amount in the glass
powders, less the mass of P dissolved in the melt. The mass of P sequestered by the fluid(s) of
our runs is negligible based on experimental results of Antignano and Manning (2008)
demonstrating that the P concentrations of such fluids saturated in apatite are low. The quantity
of fluid was computed from the total mass of the starting charge less the melt mass at run
conditions. In order to compute the CI contents of the fluids (Figure 1), the concentrations of Cl
in and the computed masses of melt and apatite were used to estimate the masses of Cl
sequestered by melt and apatite. The CI concentrations of the fluid(s) were computed from the
total mass of Cl in the starting charge of the experiment, less that contained in the melt and
apatite. This approach also assumes that every two moles of Cl are chemically associated with

one mole each of Na and K having an averaged cation mass of 31.

We report and apply the chloridometer data as representative of the CI contents of most
fluid(s) at run conditions (Table 3). For those 10 other run-product liquids not directly
analyzed, we apply the calculated CI concentrations. Excluding the single outlier, the computed
and measured Cl concentrations are mutually consistent within the associated precision (Figure
1). The measured concentrations of Cl in the fluids vary from 0.4 to 39 wt%, and the computed

ClI contents range from 0.3 to 39 wt%.

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



285

286

287

288

289
290
291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-5746

13

Error analysis. The reported precisions for the measured concentrations of components in
melt, fluid (i.e., CI by chloridometer), and apatite are simple 1 ¢ standard deviations about the
average compositions. All other reported precisions were determined by standard error

propagation methods (Table 3).

RESULTS
Observations on Run Products and Attainment of Equilibrium

All glasses are vesicular and contain apatite (Table 2). Most of the glasses also contain
minor abundances of iron oxides, and a small number contain trace clinopyroxene + plagioclase
+ a wollastonite-like Ca- and Si-dominated phase. Most solid run products contain > 90 vol%
glass. The glasses contain three textural varieties of apatite crystals including fine-grained
acicular crystals too small for EPMA, clusters of anhedral crystals generally < 5 pum in
diameter, and subhedral crystals ranging from <5 to rarely 50 um in diameter. The first two
forms of apatite occur intimately embedded in glass, and are comparable to those observed in
experiments of Doherty et al. (2014). The final textural variety of apatite occurs as crystals fully
or partially embedded in glass, as crystals within vesicles, or as free crystals (devoid of contact
with glass). Apatites analyzed by EPMA for this study were the third (subhedral) textural
variety. Specifically, these crystals are > 10 um in diameter. All apatites were largely to fully
embedded in glass. These apatites are interpreted to have grown sufficiently slowly from the P-
bearing starting melt compositions and to have attained equilibrium with melt and fluid(s). This
is because crystal growth was limited by the relatively slow diffusion of P (Wolf and London

1994; Baker 2008) through the highly polymerized rhyolitic melts.

Melts. The molar A/CNK and N/NK ratios of the natural starting glass are 0.99 and 0.59 (Table

1), respectively, but the components were exchanged between melt, fluid(s), and apatite during
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the course of the runs. As a consequence, the molar A/CNK ratio of the ca. 50 MPa melts vary
from 0.88 to 1.04. Most, however, range from 0.95 to 0.99. Molar N/NK ratios of these melts

range from 0.48 to 0.68, but most are restricted to 0.55 to 0.6.

Run-product glass compositions indicate that the ca. 50 MPa melts dissolved 1.8 to 3.1 wt%
H,0, 0.03 to 0.48 wt% Cl, 0.01 to 0.19 wt% F, and < 0.01 wt% SO,. In several following plots,
we have computed the (maximum) Cl solubility (Webster et al. 2015) for each melt (i.e., for
melts saturated in brine or vapor plus brine, at equilibrium). We have also normalized the
measured CI contents to these Cl solubilities, in order to reduce dispersion in the experimental

results.

Apatites. The apatites contain variable halogen and hydroxyl contents as well as differing
concentrations of Na, Fe, Ce, Mg, Ca, P, and Si (Table 3). Hydroxyl concentrations range from
0.5 to 2.5 wt%, Cl from 0.14 to 3.8 wt%, and F from 0.32 to 2.2 wt%. These values correspond
to Xou™ of 0.14 to 0.7, X™™ of 0.02 to 0.56, and X*™ of 0.08 to 0.59. The Xou™" was
calculated with the method of Piccoli and Candela (2002) which involves the assumption that
the hydroxyl site is filled dominantly by F, Cl, and OH. Thus, the molar occupancies in this site
are assumed to sum to unity or near unity. Relationships involving the cations are addressed

below.

DISCUSSION
Melt compositional relations

The H,;0, F, and CI concentrations in the melts vary due to exchange of F, OH, and Cl
between the F-rich Durango starting apatite, the melt, and the fluids. The H,O and Cl contents

also change as a function of the fluid phase relations in the runs.
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The concentrations of H,O in most fluid(s)-saturated rhyolitic melts at 50 MPa exhibit little
change with increasing Cl in the melts even though the Cl contents of the accompanying fluids
vary from < 1 to 39 wt% (Figure 2A,B). In fact, all but two of the ca. 50 MPa and 850 °C melts
are consistent with an average H,O content of 2.71+0.18 wt%. This value agrees well with
modeled H,O solubilities of 2.78 wt% (Ghiorso and Gualda 2015), 2.6 wt% (Newman and
Lowenstern 2002), and 2.69 wt% (Moore et al. 1998) for rhyolitic melts at 50 MPa and 850 °C.
It might be expected that the H,O contents of the melts should decrease as increasing quantities
of NaCl and KCIl, with lesser HCI, were added to the experiments. Diluting the H,O in the
fluid(s), by addition of chlorides, decreases H,O concentrations in fluids which might also
decrease the H,O concentrations of the coexisting melts at equilibrium. It is noteworthy that the
two 50 MPa melts containing the maximum recorded CI contents (e.g., 0.35 wt%) do exhibit
reduced H,O contents (Fig. 2A). Likewise, the HO contents of the four 200 MPa runs also
remain relatively fixed at 5.68 £ 0.15 wt% as the Cl concentrations of these melts increase

through a range of 0.2 wt% and the coexisting fluids increase from 4 to 7.6 wt%.

These observations can be interpreted by considering the solubility behavior of ClI in these
melts and the relevant phase relations of vapor and brine. The relationship showing relatively
fixed H,O contents of melts with increasing Cl in the melt and fluid(s) system has been
observed previously with haplogranite (Webster 1992), topaz rhyolite (Webster and Rebbert
1998), phonolite (Webster et al. 2014), and andesite (Botcharnikov et al. 2006; 2007) melts. It
reflects strongly non-ideal mixing behavior between H,O and the chloride species that are
dissolved in the fluid(s) with associated effects on volatile dissolution in coexisting melts
(Shinohara 1994; Lowenstern 1994; Signorelli and Carroll 2000; Webster and Mandeville

2007). In this regard, H,O and dissolved alkali chloride species in aqueous hydrothermal
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solutions mix non-ideally within and near the vapor-brine solvus in pressure-temperature-
composition space (Bodnar et al. 1985; Dreisner and Heinrich 2007). The dissolution behavior
of Cl in melt is also relevant. The abscissa of Figure 2B expresses the CI contents of melt as the
measured Cl concentration normalized to the modeled solubility of Cl for the specific
temperature, pressure, and composition of each melt. With values of the (measured Cl/modeled
Cl) ratio <1, the melt is saturated in a Cl-bearing vapor. However, with increasing Cl in the
system, there is a break in slope at values of the (measured Cl/modeled Cl) ratio of unity where
the melt is in equilibrium with either brine only (along the vertical curve in Fig. 2B) or brine
plus vapor (at the intersection of the vertical and horizontal curves) and the melt contains its
maximum possible Cl content. At the condition of two fluid phases, changes in the CI or H,O
concentrations of the bulk system cause changes in the ratio of vapor to brine while the CI or
H,O concentrations of the melt are fixed. It is only along the vertical curve that the H,O

concentration of the melt is free to vary.

Apatite compositional relations

Major and minor components, in addition to OH, F, and CI, can vary significantly within the
experimental apatites, and several of the mechanisms of trace-component incorporation within
apatite involve coupled substitutions. Magnesium and Na correlate positively with CI (Figure
3A); whereas, S, Si (Figure 3B), Ca, and F correlate negatively with Cl. Additionally, Ca, S,
and Si associate positively with F and Na, Fe, and Mg correlate negatively with F. The positive
Ca-F relations are consistent with the structure-based interpretations of natural apatites from
Utah of Hughes et al. (2015), and the Na-Cl correlation may simply reflect the fact that NaCl
was the dominant salt used in adding Cl to the experimental charges (Table 2). Some

relationships shown by our experimental charges are consistent with prior studies on cation
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sequestration by apatite and with covariations of these cations with halogen and hydroxyl
substitutions in apatite. For example, the observation that the Mg contents of apatite are higher
in Cl-bearing apatite and lower in apatites with relatively higher F contents is consistent with
prior studies on Mg incorporation in apatite (Pan and Fleet 2002). Specifically, Ca replacement
by Mg correlates with OH replacement of F as well as Cl as observed previously by (Patel
1980). Tacker (2004) reports that Mn preferentially orders with OH. Likewise, higher Mn
contents in apatite correlate with increasing (CI/F) (Pan and Fleet 2002). Fleet et al. (2000)

observed previously that:
REE’" + Na" =2Ca”™". (1)

This geochemical association is supported by the compositions of these experimental apatites as
(Ce + Na) substitute for Ca (Fig. 3C). In addition, the substitution of Ce for Ca in the apatites

also correlates with changes in the halogen occupancy on the hydroxyl site:
2REE* + ClI'=3Ca*" + F.. )

The co-substitution of S and Si in apatites correlates with decreasing P (Fig. 3D), consistent

with:
SO4* + Si0s* =2 PO, (3)

of Peng et al. (1997) and Pan and Fleet (2002). Sulfur incorporation in these apatites also

correlates with increasing Na:
S04 +Na' = PO, + Ca® (4)

as observed previously by Peng et al. (1997) and Pan and Fleet (2002).
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Fluid composition relations

The concentrations of Cl, Na, Mg, and P increase and those of Si and F in apatite decrease
with increasing Cl in the coexisting fluid phase(s). Moreover, the per formula unit (pfu) (S+Si)
and (Ce+Si) in apatite increase with increasing Cl contents in the fluid(s). The CI contents of

the melt increase with increasing Cl in the fluid(s).

F Partitioning

Although not displayed graphically herein, the F concentrations of apatite appear to
correlate positively with the F contents of coexisting melts. This observation is not statistically
valid, however, because of the large errors associated with the EPMA analysis of F in the F-

poor, run-product glasses.

ClI Partitioning

Fluids(s)/Mélts. Chlorine partitions in favor of fluid(s) relative to melts, but CI partitioning at
50 MPa is complicated by the non-ideal mixing and dissolution behaviors of H,O and Cl in the
pseudo-system: rhyolitic melt-apatite-vapor+brine. Figure 4A shows that the Cl concentrations
of most melts increase with increasing Cl in the fluid(s), but the data indicate significant
dispersion when displayed in this fashion. Consequently, the data have been recast with the Cl
in fluid(s) plotted against the (measured Cl/ modeled Cl) melt ratio and with additional data for
apatite-free experiments involving haplogranitic melts included in Figure 4B. Here, the
partitioning behavior is more apparent. With < 3 wt% Cl in the fluid(s) and for (measured Cl/
modeled Cl) melt ratios < 0.9, the Cl content of the melts rises rapidly with increasing Cl in the
system whereas the Cl concentrations in the fluid(s) increase minimally. Conversely with
continued addition of Cl, there is a break in slope and the (measured Cl/modeled CI) approaches

unity in the melt and remains at or near this value while the CI in the fluid(s) increases
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significantly because the melt has dissolved its maximum concentration of Cl. Any additional
ClI added to the system is consumed by fluid(s) and coexisting apatite as discussed below. In
summary, this behavior is consistent with vapor-melt-apatite-only conditions for those runs with
<3 wt% Cl in the fluid(s) and (measured Cl/modeled CI) ratios < 0.9. It is also consistent with
brine-melt-apatitetvapor conditions where (measured Cl/modeled Cl) ratios of the melt are at or
near unity as shown previously in the prior experimental studies of Webster (1992), Shinohara
(1994), Lowenstern (1994), Webster and Rebbert (1998), Signorelli and Carroll (2000),
Botcharnikov et al. (2006, 2007), Webster and Mandeville (2007), and Webster et al. (2014) at
shallow crustal pressures and magmatic temperatures. It is noteworthy that the runs conducted
at 1000 °C and 50 MPa and at 1000 °C and 100 MPa and are consistent, within estimated
precision, with the majority of the other 50 MPa runs that were conducted at ca. 850 °C
implying that pressure and temperature can vary through this range with only minimal
consequences for Cl distribution between fluid(s) and melt. However, the 200 MPa data
indicate that Cl partitions more strongly in favor of the fluid(s) at higher pressure. This has also
been observed previously with felsic melts (Webster 1992). The (wt% Cl in fluid[s]/wt% Cl in

melt) Nernstian partition coefficients vary from 1.7 to 163 at ca. 50 MPa.

Apatite/Melts. Chlorine partitions strongly in favor of apatite relative to these felsic melts, and
the partitioning behavior shows higher concentrations in both phases as the CI content of the
system increases, which is consistent with prior experimental results (Doherty et al. 2014).
Figure SA displays the (Xci™"/Xou™") ratio versus the (measured Cl/modeled Cl) ratio for the
melts. Here, we have marked out the two runs that experienced a slower, non-isobaric quench

by labeling them as SQ in this figure.
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Our experiments show that the (Xc™™/Xou™") ratio increases at a relatively modest rate as
Cl is initially added to the system (with the lowest concentrations of Cl in apatite and melt) and
as the (measured Cl/modeled Cl) ratio in the melt increases to values less than but approaching
unity. With continued addition of Cl to the system, the (measured Cl/modeled CI) ratio in melt
is fixed near unity after the break in the slope, and henceforth the (X¢™/Xou™™) ratio increases
dramatically because the melt has dissolved its maximum solubility of Cl. This behavior is
similar, to a first order, to that observed for Cl partitioning between fluid(s) and these melts

(Fig. 4B).

Our results involving the high-silica rhyolitic melt are compared (Figure 5B) with prior
experiments employing a rhyodacitic melt and conducted at 50 MPa and 850 to 950 °C
(Doherty et al. 2014). The two data sets are consistent, within the propagated precision, for low
and high concentrations of Cl in the melt, for rhyodacitic to rhyolitic melts with a molar A/CNK

ratio of 0.88 to 1.05.

Apatite/fluid(s). Chlorine partitions in favor of the fluid(s) relative to apatite with Nernstian

D™ ranging from 0.05 to 1.8 for all experiments of this study with most values less than

apat/fluids Of ca. 2.3 for melt-

unity. For comparison, Kusebauch et al. (2015) determined D¢
absent, volatile-exchange experiments with apatite and fluid at 400 to 700 °C and 200 MPa and
Webster et al. (2009) observed D™ of 0.02 to 0.11 for fluids and apatites saturated in
rhyodacitic melts at ca. 900 °C and 200 MPa. Moreover, the bulk of our 50 MPa experiments
are consistent with increasing (Xc/"™/Xon™™) with increasing Xc™ /X o™ ® (Figure 6). For

50 MPa melts with molar A/CNK ratio of 0.9 to 1.05 and N/NK ratio of 0.53 to 0.68, this

partitioning behavior is expressed empirically by:
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it fluids
% ~1.701+0.506x log 01 )
Xou XHZO

where the mole fractions of the volatile components in the fluid(s) are defined in the appendix.

H,O/OH Partitioning and Exchange

Apatite/melt. All runs exhibit molar Nernstian partition coefficients for the distribution of OH

and H,0 between apatite and melt that are near unity. Values of Dxop /™"

range from 0.7 to
1.4 for all but the two cold seal runs that quenched slowly and non-isobarically. Most of these

experiments are consistent with OH and H,O partitioning slightly in favor of apatite at 50 to 200

MPa and 850 to 1000 °C.

Recent research has shown that the use of Nernst-style partition coefficients for the essential
structural components F, Cl, and OH in apatite is not optimal for calculating the volatile
contents of melts because these compositionally simple partition coefficients (e.g., Do ™" =
concentration of Cl in apatite/concentration of Cl in melt) for any one of these volatiles may
vary with the abundances of the others (Boyce et al. 2014; see summary in McCubbin et al.
2015). To avoid this compositional interdependence of the components in the hydroxyl site of
apatite, McCubbin et al. (2015) recommend the application of two volatiles in apatite rather

than one as is done with simple Nernst-style partition coefficients. Using this approach, two

volatiles in apatites can be applied in exchange coefficients (i.e., Kg) such as for example:

melt apat
apat-melt _ XCI * XOH

Ao melt t (6)
OH-CI XOH * Xca:f)a
that are based on representative exchange equilibria like:
melt at melt at
b XS =X XS (7)
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We have adopted this approach to generate exchange coefficients for F, Cl, and OH (Fig. 7).
Given that water dissolves in melts as (OH)™ as well as molecular H,O, we use (OH)™ in melt to

represent the OH/H,O components in melt that participate in such exchange reactions.

t-felsi It t-felsi It t-felsi 1t 1
AN Kaon-ar ™™, and Kacre™ " values of this

The majority of the Kgon.r
study are less than unity and range from ca. 0.002 to 0.08, 0.02 to 0.22, and 0.01 to 3.8,
respectively. Interestingly, McCubbin et al. (2015) studied exchange equilibria involving
apatite and iron-rich basaltic melt at 1 to 1.2 GPa and 950 to 1000°C, and determined Kgop.r*"
basaltiemelt g7 - opparbasaltiemelt "o 4 Ry oy pPrbasaltiemelt G yes that vary from 0.012 to 0.016, 0.018
to 0.09, and 0.17 to 0.3, respectively. It is remarkable that these ranges overlap reasonably well
with those of our runs given the strong differences in fluid phase relations, pressure, and melt
composition of the two experimental studies and that our runs involved significant non-ideal

mixing behavior for H,O and CI.

The influence of melt composition, however, can be significant for exchange reactions like
these. Prior experimental work has shown that apatite-melt and apatite-fluid volatile
partitioning behavior varies with melt composition and, in particular, with changes in the molar
A/CNK (Mathez and Webster 2005; Webster et al. 2009; Doherty et al. 2014). This influence is
likewise shown by some of the exchange coefficients (Fig. 7). For example, the KacpsP* ™"
increases and the Kaon.c/™ ™" decreases with the molar (A/CNK)/(N/NK) ratio of these felsic
melts. Here, the molar A/CNK ratio has a larger influence than the N/NK ratio in this
relationship. The apparent weak increase in the Kaomr P ™! however, is not statistically
significant. The propagated errors associated with these exchange coefficients are quite

significant (i.e., exceeding 100 rel%) due to the inherent imprecision in measuring the F

contents of such low-F melts with accuracy. To this point, we have applied larger symbols for
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those runs involving relatively lower propagated imprecisions on the Kq values (i.e., values <

apat-melt

100 rel%). These data points demonstrate that the relations involving Kgcy.r and Kyon-

o™ ™! and melt composition are statistically valid if we consider the anomalous point for run
CS-15-06 (i.e., the run with the lowest value of (A/CNK)/(N/NK)) as an outlier. More
experimental data are required to confirm these apparent relations, but it does appear that the K4
values are not strictly constant for the ranges in melt composition, pressure, and temperature of
this study given the strongly non-ideal mixing behavior for Cl and H,O in vapor-brine systems.

These relationships further indicate that the application of exchange coefficients must involve

compositional matching of the melts for interpreting natural systems with experimental data.

apat-melt apat-melt

Moreover, given the apparent lack of constancy for Kyci.r and Kyomn.ci under the
experimental conditions of this investigation, we do not use these exchange coefficients but
rather we apply ratios of (Xou™™/Xc™") and (Xg™™/Xc™") in the data interpretation that

follows.

To investigate the partitioning of H,O/OH between apatite and melts, for example, the
exchange coefficients and equilibria expressed in equations (6) and (7) have been rearranged to
provide equations that support the calculation of H;O concentrations in apatite-saturated felsic
melts. We plot the (Xino™"/Xa™") versus the (Xou™™)/(Xc™) in Figure 8 (A,B). This plot
distinguishes apatites based on their Si and Mg contents for felsic melts with restricted
compositional parameters. For apatite-saturated rhyolitic melts characterized by A/CNK ratios
between 0.88 to 1.1 and N/NK ratios > 0.55, empirical fits to the data are expressed by the

equation:

(Xi2o™/Xc™ ™) = ((-2.86) + (16.18)*(Xou™ V(X r™™)) (8)
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with an R*=0.94. Equation (8) bears on apatites with pfu Si/Mg ratios > 6. For similar melts

coexisting with apatites having pfu (6 > Si/Mg > 0.3) the empirically based relation is:
(Xi20™"/Xc™") = ((-21.99) + (41.48)*(Xou™ V(X ™)) )

with an R?=0.89. Regarding the relationships involving apatite volatile components and their
trace cation contents, it has been noted previously that Si in apatite correlates positively with F
and that Mg correlates positively with Cl while F and CI are anti-correlated. This is consistent
with the observation that the (Si/Mg) pfu ratio varies with the distribution of Cl and OH

between apatite and melt as seen in Figure 8.

To expand the applicability of these relations in pressure-temperature-composition space,
we have added results from several experiments involving apatites having pfu (6 > Si/Mg > 0.3)
in equilibrium with rhyodacitic melts at 200 (Webster et al. 2009) and 50 MPa (Doherty et al.

2014) to generate:
(Xi20™ "X ™) = ((-19.66) + (39.13)*(Xou™™V(X™™)) (10)

with an R?=0.88. One can rearrange and solve equations (9) and (10) for Xipo™", but this

melt

approach requires an estimate for the X¢;  which is calculated with equations provided in the

appendix.

APPLICATION OF THESE DATA

Constraining the H,O concentrations of eruptive and plutonic felsic magmas has important
implications for aluminosilicate melting temperatures, melt viscosity, and bulk magma rheology
as well as for their role in processes of volcanism, magmatic-hydrothermal mineralization, and

magma evolution. Compositions of silicate MI have been used to estimate the concentrations
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of H,O and other volatile components in magmas, but some MI are fraught with complications
including volatile leakage along cracks or host cleavage, diffusive loss of H,O and H, through
the host mineral, and/or sequestration of H,O and CO, from melt or glass into the shrinkage or
vapor bubbles (Audetat and Lowenstern 2014; Moore et al. 2015; Wallace et al. 2015; Esposito

etal. 2016).

The compositions of igneous apatite have been employed to determine concentrations of
H,O, F, Cl, S (and CO;) in melts and magmatic fluids at the times or stages of apatite
crystallization (Candela 1986; Brenan 1993; Piccoli and Candela 1994; Marks et al. 2012). Prior
apatite-based research has, for example, led to estimates of magmatic H,O concentrations for
basaltic systems (McCubbin et al. 2010a; Vander Kaaden et al. 2012, Gross et al. 2013; Boyce
et al. 2014; McCubbin and Jones 2015). Regarding the use of apatite compositions as a
geochemical tool, equation (5) supports the estimation of CI contents in magmatic fluids and
equations (8), (9), and (10) provide a basis for calculating the H,O contents in felsic melts
supporting plutonic and volcanic processes. It is important to bear in mind that these relations
apply to specific ranges in the molar A/CNK and N/NK ratios of the experimental melts and to
experimental apatites with specific ranges in F, Cl, and OH abundances (Figure 9A) and minor-
to trace-element Si and Mg contents. As demonstrated below, applications of these equations
should be restricted to igneous apatites and melts having compositions similar to those of this

investigation.

Constraining volatile componentsin magmas of Augustine volcano, Alaska

Augustine volcano is located approximately 290 km southwest of Anchorage and is one of
many island-arc stratovolcanoes in the Aleutian island chain of southern Alaska. Augustine was

built from numerous prehistoric eruptive deposits (ash and other tephra, lava, and lahar
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materials) and similar materials from the 7 historic eruptions of the past 200 years. Low K,O,
calc-alkaline magmas containing elevated volatile abundances (Johnston 1978) and particularly
Cl-enriched gases (Symonds et al. 1990) are typical of Augustine’s eruptions. Felsic to
intermediate SiO, content MI contained by Augustine phenocrysts are volatile enriched with up
to 8 wt% H,0, 0.14 wt% CO,, 0.78 wt% Cl, 0.1 wt% S, and 0.4 wt% F (Roman et al. 2006;
Tappen et al. 2009; Webster et al. 2010; Nadeau et al. 2015; Webster unpublished data).
Geochemical relationships involving these volatile components in MI and apatites (Webster et
al. 2010; Nadeau et al. 2015) imply that most Augustine magmas contained Cl-bearing to Cl-
enriched fluids that exsolved well prior to eruption (i.e., these magmas were fluid saturated in

the shallow, and potentially, in the middle crust).

To test the relationship expressed by equation (10), we apply published data on the H,O and
Cl concentrations of MI in pyroxene, plagioclase, and/or amphibole or quartz phenocrysts from
4 prehistoric eruptions (i.e., 2100 annum before present (a.b.p.), 1700 a.b.p., 1400 a.b.p., and
1000 a.b.p.), phenocrysts erupted in the 1986 and 2006 eruptions (Tappen et al. 2009; Webster
et al. 2010), and phenocrysts erupted with a massive Pleistocene pumiceous rhyolite (Nadeau et
al. 2015). The averaged molar A/CNK ratios of these felsic MI range from 0.96 to 1.03 which
is consistent with the range of 0.88 to 1.1 from the felsic experimental melts. The molar N/NK
ratios of the MI, however, range from 0.73 to 0.82 and exceed those of the experimental melts
(i.e. ranging from 0.55 to 0.61 for runs involved in the generation of equation (10)); we apply
them nevertheless. We also use analytical data on the mole fractions of OH, F, and Cl in apatite
grains from these same eruptive units (Fig. 9B, Table 4) to estimate the H,O concentrations of
the magmas involved in these specific eruptions. Most of the analyzed apatites occur as

inclusions within pyroxene, plagioclase, iron-titanium oxide, and amphibole phenocrysts, and a
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few occur as small individual phenocrysts in the matrix glass. The average pfu (Si/Mg) ratios
of apatites from Augustine range from 0.31 to 0.88 which is consistent with the range of 6 >

(Si/Mg) > 0.3 for the experimental apatites providing the empirical basis for equation (10).

The Cl concentrations of those MI which have also been analyzed for H,O are converted to

melt melt

values of X¢;— (see appendix), and the X¢; ~ values are fed into equation (10) along with the
averaged Xop™" and the X values of the Augustine apatites from each sample. As detailed
in the appendix, an initial estimate of the mass of H,O in the melt is required to calculate the
Xer™", and this value is subsequently changed iteratively until the calculated wt% H,O in the

melt provides a H>O content equivalent to that of the estimated iterative value

Apparent H,O concentrations calculated from the averaged apatite data are compared with
the measured averages of the H,O contents of the MI for the 9 samples of these 7 units in Figure
10. Before evaluation of the data, it should be kept in mind that a comparison like this assumes
that the apatite grains grew and maintained equilibrium with felsic fractions of Augustine melts
while the felsic MI were being entrapped in other phenocrysts. It also involves the assumption
that the average Cl and H,O contents of the melts and the average F and CI contents of the
apatites (recall that the OH contents of apatites are calculated from the measured F and Cl
concentrations by difference) reflect the volatile exchange processes linking these phases during
magma evolution. It is noteworthy that the 1-6 spread in the precision of the measured H,O
concentrations of MI from units erupted 1400 and 1000 years before present is ca. = 2 wt%,
because these MI represent a large range in pressures as the Augustine magmas ascended
through the shallow crust (Tappen et al. 2009). For example, the measured H,O contents of the
MI erupted ca. 1000 a.b.p. range from 1.6 to 7.6 wt%, and those in MI that erupted 1400 a.b.p.

range from 2 to 8 wt%. It is clear that application of data like these, for such a comparison, is

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



618

619

620

621

622

623
624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-5746

28

not ideal. Conversely, the measured range in H,O is much smaller for MI erupted during the
Pleistocene (i.e. the yellow pumice), 1700 a.b.p., in 1986 and again in 2006. Each of these
samples demonstrates a strong and statistically significant agreement between measured and
calculated H,O concentrations. The cause for the lack of agreement for the two other

Pleistocene samples is not known.

IMPLICATIONS

This study provides new experimental data and insights into the partitioning and exchange
of F, Cl, and OH/H,0 between aqueous fluids, apatite, and felsic aluminosilicate melts at ca.
700 to 1000 °C and 50 to 200 MPa. The determined relationships bear on magma evolution,

fluid exsolution, and the potential for mineralization in felsic plutons.

The experimental apatites are generally subequal in their F, OH, and Cl contents, and hence,
contain a significant contribution from OH. The melts contain trace to minor concentrations of
F, 1.8 to 3.1 wt% H,O, and trace levels of Cl up to values equivalent to brine-saturated felsic
melts. Volatile distribution between these phases is observed to vary with pressure and the
molar A/CNK and N/NK ratios of the melts, as well as the Si, P, Mg, Ce, Na, S, Fe, and + Ca

concentrations of the apatites.

The experimental volatile exchange relationships determined for melt-apatite, melt-fluid,
and apatite-fluid pairs are potentially applicable to a variety of magmatic systems. Of particular
interest is that the H,O concentrations of felsic melts may be calculated from apatite
compositions for magmatic systems involving equilibrium between these phases at 50 to 200
MPa, if estimates for the Cl contents of the melts are available and if the apatites are large
enough for EPMA. With further development, this approach may prove to be highly useful for

verifying the H,O concentrations of eruptive magmas as constrained from MI. For example,
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our comparison of H,O concentrations measured in silicate melt inclusions from 7 eruptive
units of Augustine volcano, Alaska, with apparent H>O contents calculated from apatite
compositions indicates reasonable agreement for 4 of the units. This application, however, also
points to the need for valid information on the timing of apatite crystallization, on the
equilibration of apatite with melt with or without fluid, and on the potential for late-stage
reaction and/or re-equilibration of apatite and other phases. The compositions of igneous
apatites should also provide fundamental constraints on the concentrations of H,O and other
volatiles in mineralizing plutonic systems for which MI are rare and typically crystallized (i.e.,

MI that are difficult to locate, prepare, and analyze).

In our assessment, these initial results are promising and indicate that additional
experimentation is required to expand the ranges of the experimental apatite compositions to
better fill the OH-F-Cl compositional space (Fig. 9A). Additional experiments for near end-
member F-, Cl-, and OH-rich apatites, for example, are needed. Moreover, future experiments
should cover a broader range in crustal pressures and work to better constrain the importance of
melt composition on the exchanges of these volatile components between melt and apatite.
Additionally, the role of other key magmatic volatile components, including CO, and reduced
and oxidized S species in the fluids, should be investigated. Finally with regard to equilibrium
during volatile exchange, future comparative testing would best involve either MI entrapped
within apatite phenocrysts and/or MI and apatites co-entrapped within the same growth zones of
other phenocrysts. Presumably, equilibration of apatite and melt would be better constrained in

the latter two situations.
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FIGURE CAPTIONS

1.

. Plots comparing the (Xci™™/Xox

Plot comparing the Cl concentrations of aqueous run-product liquids measured by
chloridometer with Cl concentrations of fluids (vapor, brine, or integrated vapor plus brine)
calculated by mass balance for run conditions. See text for description of methods used.
Solid curve is the 1:1 line. Red circles designate 200 MPa and 748 - 775 °C, green diamonds
designate ca. 50 MP and 850 °C, and blue squares designate 50 MPa and 1000 °C runs. The
reason for the outlier, noted with the question mark, is unknown.

Plots comparing the measured H,O versus measured Cl concentrations of fluid- and apatite-
saturated melts (A) and (measured Cl content/modeled Cl solubility) ratios of melts (B). At
200 MPa, the bold, solid horizontal curve displays H>O and Cl contents where silicate melt
is stable with vapor. The bold vertical curves designate melt plus brine stabilities for the
maximum Cl solubility in the most primitive melt (solid curve) and the minimum CI
solubility for most felsic (most evolved) melt (dashed curve). The intersection point of the
bold vertical and horizontal curves is where melt, vapor, and brine are stable. Phase
relations are equivalent for 50 MPa conditions (fine curves). In (B) all of the vertical curves
overlap at unity for the (measured CI content of melts/modeled Cl solubility in melts) ratio.
Chlorine solubility computed using the model of Webster et al. (2015). Symbols are the
same as in Figure 1.

Plots comparing pfu contents of (A) Na (circles) and Mg (squares) versus Cl; (B) Si (circles)
and S (diamonds) versus Cl; (C) (Ce+Na) versus (Cat+Ca); and (D) (S+Si) versus (P+P) of
run product apatites for ca. 50 MPa and 850 °C experiments.

Plots comparing the CI concentrations of fluid(s) versus the measured Cl concentrations of
apatite-saturated melts (A) and the (measured Cl content/modeled Cl solubility) ratio of
melts (B). In (A), the data show significant dispersion as a function of pressure,
temperature, and subtle differences in melt composition (see text for discussion).
Nevertheless the Cl concentrations of the felsic melts increase rapidly with increasing Cl
contents in the fluid(s). In (B), the dispersion of CI concentrations in the melt is reduced for
all 50 MPa runs by normalizing to the computed Cl solubility of the melts accounting for
differences in temperature and melt composition. These data show definitive increases in
the (measured CI content/modeled Cl solubility) ratio of the melts with increasing Cl in the
fluid(s). With the (measured CI content/modeled CI solubility) ratio of the melts at unity, all
additional excess Cl partitions in favor of the fluid(s) and apatite (see Fig. 5) as the melt
contains its maximum Cl solubility. Symbols are the same as in Figure 1, except the violet
triangles represent 100 MPa and 1000 °C runs of this study and the black circles designate
apatite-free Cl partitioning experiments for felsic melts at 50 MPa and 910 to 930 °C of
(Webster and Rebbert 1998). The 50 MPa Cl partitioning results of this study are highly
consistent with those of Webster and Rebbert (1998). Chlorine solubility computed using
the model of Webster et al. (2015).

% ratio versus the (measured Cl content/modeled ClI

solubility) ratio of the melts for this investigation (A) and this study in comparison with
similar experiments involving rhyodacitic melts of Doherty et al. (2014) (B). With
increasing Cl in the system, both the (X¢;™"/Xou™") and the (measured Cl content/modeled
Cl solubility) ratios increase, until the (measured Cl content/modeled CI solubility) ratio of
the melts achieves unity and all additional excess Cl partitions in favor of apatites and the
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fluid(s) because the melt contains its maximum Cl solubility. Plot (B) shows that the
exchange of Cl and OH between apatite and the high-silica rhyolitic melts of this study is
consistent with that involving the rhyodacitic melts of Doherty et al. (2014) — all at 50 MPa.
Symbols are the same as in Figure 4, except that the green lozenge symbols designate
experiments for felsic melts at 900 to 920 °C (Doherty et al. 2014). Chlorine solubility is
computed using the model of Webster et al. (2015). Symbols labeled SQ represent
experimental charges that experienced a slow, non-isobaric quench.

. Plot displaying the exchange of Cl and OH (or H,O) between apatite and fluids, expressed

as the (Xc™/Xou™™) ratio versus the (Xca™ %/ Xp0™)) ratio for runs at 50 MPa. The
exchange relationship is linear and near vertical up to values of the (X¢™/Xou™") ratio of
ca. 0.8. With increasing Cl content in the system, the slope of the exchange relation
decreases. Symbols are the same as in Figure 4.

. Plots showing the KacrrP ™ (circles), Kaon.ci™ ™ (squares), and Kqour™™" (triangles
g q g

(see text for definition of these exchange coefficients) versus the molar (A/CNK)/(N/NK)
ratio for the experiments from this study. We apply larger symbols to highlight those
experiments involving relatively lower propagated imprecisions on the exchange
coefficients that are less than 100 rel%. These highlighted data demonstrate statistically
valid increasing KacrpP ™ and decreasing Kaom.cr* ™ with changing melt composition
and pressure-temperature conditions. If the anomalous run with the lowest molar
(A/CNK)/(N/NK) ratio (identified with a question mark) is treated as an outlier, then the
statistical significance of these relations increases. See text for discussion.

. Plots displaying the (Xi2o™" /X ™" ratio versus the Xou™Y(Xc™) ratio for runs with

rhyolitic melts (A) and those for rhyodacitic and rhyolitic melts at 50 to 200 MPa that
empirically support equation (10) (B). All melts have 0.88 < A/CNK < 1.1 and N/NK >
0.55. The apatites are distinguished by pfu (Si/Mg) ratios > 6 (squares fit by dashed curve)
and with (6 > Si/Mg > 0.3) (triangles fit by solid curve). Data for rhyolitic runs are from
this study and those for rhyodacitic runs are from Webster et al. (2009) for 200 MPa and
Dobherty et al. (2014) for 50 MPa.

. Plot displaying the averaged mole fractions of F, OH, and ClI for the experimental apatites of

this study, Webster et al. (2009), and Doherty et al. (2014) used to generate equation (10)
(A), and the averaged compositions of natural apatites from 9 samples representing 7
different eruptive units of Augustine volcano, Alaska (B). Symbols in (A) are the same as
in Figure 1. The downward-pointing triangle represents 50 MPa run of Doherty et al.
(2014). The upward-pointing triangles represent 200 MPa data of Webster et al. (2009).
Symbols in (B) include right-pointing triangle = sample AUJW004 erupted 2006; diamond
= sample from the 1986 eruption; square = prehistoric tephra erupted ca. 1000 years before
present (a.b.p.); upward-pointing triangle = prehistoric tephra erupted ca. 1700 a.b.p.;
downward-pointing triangle = prehistoric tephra erupted ca. 2100 a.b.p.; filled rectangle =
prehistoric tephra erupted ca. 1400 a.b.p.; open rectangle = massive Pleistocene flow-
banded rhyolite; open circle = massive Pleistocene white pumice; and filled circle = massive
Pleistocene yellow pumice. The black curves outlining the data in (A) indicate the
compositional region of applicability for equation (10) based on the error-propagated spread
in mole fractions of OH, F, and Cl in the apatite data, and for (B) outline the error-
propagated spread in natural apatite compositional variability.
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10. Plot comparing the average measured concentrations of H,O in felsic silicate melt inclusions
versus the H,O concentrations in melt calculated from averaged apatite compositions from 9
samples representing 7 eruptive units of Augustine volcano, Alaska. Accounting for the 1-G
standard deviations for the measured H,O in the melt inclusions and the propagated errors
associated with the calculated H,O contents from the apatite compositions, the two
estimates of H,O concentrations in these melts are mutually consistent for 6 of the samples.
See text for discussion. The symbols are as follows: downward-pointing triangle = sample
AUJW004 erupted 2006; circle = sample of the 1986 eruption; filled diamond = prehistoric
tephra erupted ca. 1000 years before present (a.b.p.); square = prehistoric tephra erupted ca.
1700 a.b.p.; lozenge-shaped symbol = prehistoric tephra erupted ca. 2100 a.b.p.; upward-
pointing filled triangle = prehistoric tephra erupted ca. 1400 a.b.p.; half-filled diamond =
massive Pleistocene flow-banded rhyolite; half-filled square = massive Pleistocene white
pumice; and half-filled triangle = massive Pleistocene yellow pumice. Sources of the melt
inclusion data include 2100 to 1000 a.b.p. tephra (Tappen et al. 2009), the 1986 and 2006
eruptions (Webster et al. 2010), and the massive Pleistocene pumices (Nadeau et al. 2015).

APPENDIX
The mole fraction of H,O in the fluid(s) is calculated with the equation:

fluids

mzo
X fluids __ 1 8 (I)

H,O — fluids fluids fluids

mess.o° | mass;* | massiy
18 35.453 31

and the mole fraction of Cl in the fluid(s) is calculated with the equation:

rnas%ﬂlui ds
fluid _ 5.45
XCI - fluids 3 fl u?ds fluids (H)

mass'yc |, mass;™ | massyy
18 35.453 31

recalling that the mass of 31 accounts for the moles of Cl that are chemically associated with an
assumed equimolar quantity of Na and K (i.e., their averaged mass). Similarly, the Xio™" and

Xci™" are calculated, respectively, with the equations:
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mass.,
,0
Xt — 18 (111
"o mss:?ot " maSScrrfdt " mn;?attile—freenﬂt
18 35.453 265
and:
n']a$gl‘dt 996
X = 35453 997 (IV)
ms%n;dt + massﬂ?ct) + n]asa/n;?;lile—freerrelt
35.453 18 265

Rearranging allows one to calculate the wt% H,O in the melt with equation (V):

et | [ Wt% Cl in melt (100—inputvvt% H,0 in melt - wt% Cl in melt)
185 Xl
: 35.45 265 (V)

wt% H,0 in melt =

X7

This approach, however, requires the input of an initial estimate of the mass of H,O in the melt
(i.e., to estimate the inputwt% H,O in melt) in order to solve equations (IV) and (V). It requires
that this mass of H,O in the melt be modified, iteratively, until its estimated equivalent
concentration, i.e., ([mass of HO in melt/mass of melt]*100) ratio corresponds to the final H,O

concentration determined using the equation (V).
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Tablel

Compositions of rhyolitic starting obsidians, obsidian-apatite mixes, and natural apatite
used in runs.

L os Posos Rhyolite F-bearing Durango

(Wt%) (LPR)™ LPA-1 mix° L PA-2 mix® thyolite® apatite
S0, 76.49 75.96 74.33 70.71 0.34
TiO, 0.10 0.10 0.10 0.26 0.043
Al,O; 12.59 12.50 12.24 12.35 bd
MgO 0.06 0.06 0.06 0.17 0.01
MnO 0.06 0.06 0.06 0.04 0.01
Ca0 0.31 0.68 1.83 0.77 54.02
FeO 0.88 0.87 0.85 1.01 0.06
Na,O 434 431 4.22 3.28 0.23
K,0 4.59 456 4.46 5.19 0.01
P,0s 0.01 0.29 116 0.02 40.78
SO, 0.003 0.005 0.011 nd 0.30
BaO 0.05 0.05 0.05 0.01 0.0002
SO 0.0005 0.001 0.002 nd 0.07
Ce,0; 0.011 0.015 0.026 0.02 0.52

F 0.08 0.10 0.18 0.18 353
Cl 0.12 0.12 0.13 0.065 0.41
Total 99.69 99.68 99.71 94.08 100.33
A/CNK? 0.99 0.94 0.81 0.99 nd
N/NK" 0.59 0.59 0.59 0.49 nd

#Analysis of natural Los Posos rhyolite powder by colorimetry, XRF, and INAA
(Macdonald et al. 1992).

®Analysis of natura Los Posos rhyolite, fused to glass at elevated temperature and
pressure prior to analysis by EPMA (this study).

“‘Mixture of 99.3 wt.% LPR and 0.69 wt% Durango apatite seeds.

9Mixture of 97.17 wt.% L PR and 2.83 wt% Durango apatite seeds.

°Sample TM-61a provided by Eric Christiansen and used for apatite-deficient runs.
"Bulk analysis by wet chemistry (Jarosewich et al. 1980); with TiO,, BaO, and Ce;04
by LA-ICPMS (Marks et al. 2012).

nd = data not determined; bd=below EPMA detection limit.

IMolar (Al,0s/Na,O+CaO+K,0).

"Molar (Na,O/Na,0+K ;0).
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Experimental run conditions, materials added to starting charges, and phases present at run conditions.

T P Duration Startin e d
Run 1.D. °C) (MPa) (hrs) silicates Added salts and solutions Stable phases at end of run Notes
1-12-05A 1000 101 286 LPA-1 + apat NaCl:KCl + H3POj solution + CaHPO, + Ca(OH), + DD H,O glass, apat, salts, aqliq, pyr
1-12-05B 1000 101 286 LPA-1 + apat NaCL:KCI + H;PO, solution + CaHPO,4 + Ca(OH), + DD H,0O glass, apat, salts, aqliq, FeOx
CS-14-18A 850 49 1008 LPA-1 + apat HCI1:NaCl:KCl solution + HCl solution + CaHPO,4 + Ca(OH), + DD H,O glass, apat, salts, aqliq
CS-14-18B 850 49 1008 LPA-1 + apat NaCl:KClI + HCl solution + CaHPO,4 + Ca(OH), + glass, apat, salts, aqliq
CS-14-18C 850 49 1008 LPA-1 + apat HCI1:NaCl:KCl solution + HCI solution + CaHPO, + Ca(OH), glass, apat, salts, aqliq
CS-14-18D 850 49 1008 LPA-1 + apat HCIL:NaCl:KCl solution + HCI solution + CaHPO, + Ca(OH), + DD H,0O glass, apat, salts, aqliq
CS-15-01B* 702 49.5 767 LPA-1 + apat NaCl:KCI + HCI:NaCL:KCl solution + HCI solution + CaHPO,4 + Ca(OH), glass, apat, salts, aqliq, plag, qtz, FeOx Trace glass
CS-15-02% 843 49.5 575 LPA-1 + apat HCI1:NaCl:KCl solution + HCI solution + CaHPO, + Ca(OH), + DD H,O glass, apat, salts, aqliq, cpx
CS-15-03% 844 49 844 LPA-1 + apat HCIL:NaCl:KCl solution + HCI solution + CaHPO,4 + Ca(OH), + DD H,0 glass, apat, salts, aqliq
CS-15-04A° 344 495 579 LPA-1 + apat NaClL:KCl1 + HCI:NaCl:KCl1 solutl(]))nD-%-I—II{(él solution + CaHPO, + Ca(OH), + alass, apat, salts, aqliq, cpx, FeOx
2
CS-15-04B° 344 495 579 LPA-1 + apat NaCl:KCl1 + HCI:NaCl:KCl solutl(]))nD-*-l}I-I(C)l solution + CaHPO, + Ca(OH), + glass, apat, salts, aqlig, FeOx
2
CS-15-04C* 844 49.5 579 LPA-1 + apat NaCl:KClI + HCI:NaCl:KCl solution + HCI solution + CaHPO, + Ca(OH), glass, apat, salts, aqliq, FeOx
CS-15-05A% 862 51 858 LPA-1 + apat HCI1:NaCL:KCl solution + CaHPO,4 + Ca(OH), + DD H,0 glass, apat, salts, aqliq, qtz, FeOx
CS-15-05B% 862 51 858 LPA-1 + apat HCIL:NaCl:KCl solution + HCI solution + CaHPO, + Ca(OH), + DD H,0O glass, apat, salts, aqliq, qtz
CS-15-05C? 362 5] 358 LPA-1 + apat NaCl:KCl1 + HCI:NaCl:KCl solutl(]))nD-*-l}I-I(C)l solution + CaHPO, + Ca(OH), + glass, apat, salts, aqliq
2
CS-15-05D% 862 51 858 LPA-1 + apat HCI1:NaCL:KCl solution + CaHPO,4 + Ca(OH), + DD H,0 glass, apat, salts, aqliq, qtz
CS-15-062 350 495 679 LPA-1 + apat NaCl + HCI:NaCl:KCl solution + HIC{I(s)olutlon + CaHPO, + Ca(OH), + DD glass, apat, salts, aqliq, FeOx
2
CS-15-072 844 49.5 795 LPA-1 + apat NaCl + HCI:NaCl:KCl solution + HCI solution + CaHPO, + Ca(OH), glass, apat, salts, aqliq, FeOx
CS-15-09A™¢ 850 49 670 LPA-1 + apat CaHPO, + Ca(OH), + DD H,O glass, apat, salts, aqliq, CaSi Slow, non-isobaric quench
CS-15-09B*¢ 850 49 670 LPA-1 + apat CaHPO, + Ca(OH), + DD H,O glass, apat, salts, aqliq, CaSi Slow, non-isobaric quench
CS-15-16A% 853 50 936 LPA-2 + apat CaHPO, + Ca(OH), + DD H,0O glass, apat, salts, aqliq, FeOx, CaSi
a NaCl + NaCl:KC1 + HCI:NaCl:KCl solution + HCI solution + CaHPO, + .
1-15-14A 995 50 792 LPA-2 + apat Ca(OH), + DD H,0 glass, apat, salts, aqliq, FeOx
1-15-14B? 995 50 792 LPA-2 + apat HCI1:NaCL:KCl solution + CaHPO,4 + Ca(OH), + DD H,0 glass, apat, salts, aqliq, FeOx
CS-15-18% 722 49 1149 LPA-2 + apat NaCl:KClI + HCI:NaCl:KCl solution + HCI solution + CaHPO, + Ca(OH), glass, apat, salts, aqliq, FeOx
1-15-10A% 775 203 478 LPA-2 + apat HCI1:NaCl:KCl solution + HCI solution + CaHPO, + Ca(OH), + DD H,0 glass, apat, salts, aqliq, cpx
1-15-10B? 775 203 478 LPA-2 + apat HCI:NaCl:KCl solution + HCI solution + CaHPO, + Ca(OH), + DD H,O glass, apat, salts, aqlig, cpx
1-15-13A° 748 202 603 LPA-2 + apat HCIL:NaCl:KCl solution + HCI solution + CaHPO, + Ca(OH), + DD H,O glass, apat, salts, aqliq
1-15-13B% 748 202 603 LPA-2 + apat HCI:NaCl:KCl solution + HCI solution + CaHPO, + Ca(OH), + DD H,O glass, apat, salts, aqliq
CS-14-17B" 868 51 165 LPA-1 + apat HCI:NaClL:KCl solution + HCI solution + CaHPO, + Ca(OH), glass, salts, aqliq, plag, pm-sized apat No analyzable apatite
CS-14-17C* 868 51 165 LPA-1 + apat HC1:NaCL:KCl solution + HCI solution + CaHPO, + Ca(OH), + DD H,O glass, salts, aqliq, cpx, pm-sized apat No analyzable apatite
CS-14-17D 868 51 165 LPA-1 + apat NaClL:KClI + HCl solution + CaHPO, + Ca(OH), glass, salts, aqliq, plag, pm-sized apat No analyzable apatite
1-95-9E 930 50 624 TM-61a NaCl:KCI + DD H,O glass, salts, aqliq, pm-sized apat No analyzable apatite
1-95-9F 930 50 624 TM-61a NaCl:KCI + DD H,O glass, salts, aqliq, pm-sized apat No analyzable apatite
1-95-9B 930 50 624 TM-61a NaCl:KCl glass, salts, aqliq, pm-sized apat No analyzable apatite
1-95-9D 930 50 624 TM-61a NaCl:KCIl + DD H,0 glass, salts, aqliq, pm-sized apat No analyzable apatite
1-95-9C 930 50 624 TM-61a NaCl:KCIl + DD H,0 glass, salts, aqliq, pm-sized apat No analyzable apatite
1-95-10F 901 49 288 TM-61a NaCl:KCI + DD H,0 glass, salts, aqliq, pm-sized apat No analyzable apatite

Runs with “CS-* prefix were conducted in cold seal pressure vessels and runs with “1-“ prefix in internally heated pressure vessel.
*Temperature held constant at run temperature for initial 72 hours, cycled + 10-15°C daily afterward, and temperature held constant at run temperature for final 48-72 hours.
*Starting silicate glass or glass-apatite mixtures used (see Table 1 for compositions).
‘LPA-1 mix, LPA-2 mix, apat = 1-3 um-diameter Durango apatite seeds, DD H,O = distilled and deionized H,O. All solutions involved distilled and deionized H,O.

Phases in run product at conclusion of experiment: apat = apatite, plag = plagioclase, FeOx = iron (+ titanium) oxides, cpx = clinopyroxene, CaSi — high-Ca

aluminosilicate phase, salts = residual soluble salts, and aqliq = aqueous liquid.
*Run experienced slow, non-isobaric (uncontrolled) quench.
‘Premature, slow, non isobaric quench and apatite too small to analyze
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Table 3 — Compositions (in wt% and mole fraction) of melt (i.e., glass), bulk fluid, and apatite a run
conditions.

Experimental Run  1-12-05A 1-12-05B CS-14-18A CS-14-18B CS-14-18C
Melt (Wt%)
SO, 7232+1.12 72.98+ 0.68 7430 £ 0.32 74.00 + 0.86 74.18 + 0.52
TiO, 0.11+0.02 0.12+0.02 0.09+ 0.03 0.09 + 0.03 0.12+0.02
Al,Oz 12.37+0.24 12.13+0.25 12.37 +0.08 12.35+0.1 12.14+0.12
MgO 0.07+0.01 0.07 +0.01 0.05+ 0.01 0.06 + 0.01 0.05+0.01
Ca0 0.95+0.24 1.03+0.06 0.43+0.14 0.27 + 0.02 0.14+0.02
MnO 0.04+0.01 0.04 +0.03 0.02+0.03 0.03+0.02 0.02 + 0.02
FeO 0.91+0.12 0.80+0.12 0.76+0.14 0.47+0.15 0.41+0.07
Na,O 4.18+0.13 407+0.12 427+0.25 361+0.14 4.25+0.31
K.O 572+0.18 5.08+0.15 4.39+0.08 5.61+0.14 441+0.14
P,Os 0.01+0.01 0.02+0.01 0.01+0.02 0.02+0.02 0.07 + 0.03
S0, 0.002 + 0.004 0.001 + 0.002 0.001 + 0.001 0.005 + 0.004 0.009 + 0.006
F 0.008 + 0.01 0.11+0.12 0.08+ 0.01 0.15+0.02 bdl
cl 0.42 +0.02 0.48+0.01 0.36+0.01 0.31+0.01 0.30+0.01
Tota 97.11 96.94 97.12 96.98 96.14
H,O, FTIR Nd Nd 222 281 2.72
AICNK? 0.84 0.86 0.99 0.99 1.01
N/NK? 053 0.55 0.60 0.49 0.59
Cl solubility inmelt  0.46 0.47 0.35 0.30 0.29
Experimental Run  1-12-05A 1-12-05B CS-14-18A CS-14-18B CS-14-18C
Apatite (wt%)
SO, 0.51+0.22 0.49+0.12 0.41+0.16 0.24+0.18 0.45+0.19
TiO, 0.01+0.01 0.01+0.01 0 0.01+0.01 0.01+0.01
Al,Oz 0.01+0.01 0.02+0.01 0.09 + 0.08 0.03+0.03 0.11+0.11
MgO 0.01+0.01 0.02+0.01 0.03+0.02 0.10+0.03 0.13+0.05
Ca0 54,00 + 0.38 53.60 + 0.72 54.1+0.3 54.2+0.35 53.1+ 054
MnO 0.03+0.02 0.01+0.01 0.03+0.03 0.05+ 0.03 0.07 +0.02
FeO 0.06 + 0.02 0.07 +0.02 0.13+0.07 0.09+0.04 0.26 + 0.06
Na,O 0.15+ 0.08 0.37+0.33 0.25+0.15 0.14+0.12 044 +0.14
K.O 0.05+ 0.03 0.08 +0.02 0.09 + 0.03 0.04 + 0.06 0.09 + 0.04
P,Os 40.48+0.24 40.36+0.35 40.24+0.76 40.18+0.35 39.83+0.64
F 1.96 + 0.29 1.55+ 0.30 146+ 0.37 1.49 + 0.09 1.57+0.19
cl 116+ 0.12 1.38+0.25 1.81+0.14 245+ 023 2.13+0.23
S0, 0.01+0.01 0.01 +0.01 0.19+0.10 0.06 + 0.10 0.23+0.11
BaO 0.03+0.03 0.03+0.03 0.03+0.03 0.02+ 0.02 0.03+0.03
Ce0; 0.66 + 0.09 0.43+0.11 0.42+0.21 0.21+0.17 0.53+0.08
SO Nd Nd Nd Nd Nd
Tota 99.47 98.87 99.31 99.32 98.99
X P 0.17 0.20 0.27 0.34 0.31
X 0.52 0.41 0.39 0.42 0.42
X o™ 0.31 0.39 0.34 0.24 0.27
W1% Cl in fluid(s) 95 9.0 37 12.8 91
Exchange Coefficients
K g P felsiomelt 0.012 0.21 0.29 0.74 0.33
K o Pt felsicmelt 0.13 0.15 0.11 0.039 0.048
K gopPa felsomet 0.0016 0.032 0.03 0.029 0.016
Partition Coefficients
Dg®/mt 2.8 29 5.1 75 7.1
Dyon ™™ 1.0 1.2 14 0.81 0.94
DgMidemt 22.6 18.8 104 412 30.4
D fluid(s) 0.12 0.15 0.49 0.18 0.23
DFa/mt 245 14.1 18.3 105 224
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Table 3 continued.

Experimental Run CS-14-18D CS-15-01B CS15-02 CS15-03 CS-15-04A
Melt (Wt%)
S0, 73.83+0.56 Insufficient 745+ 0.38 74.1+0.26 74.90 + 0.28
TiO, 0.07 £ 0.02 Glass 0.06 + 0.04 0.1+0.04 0.09 + 0.04
Al,O, 12.31+0.19 12.20+0.14 12,30+ 0.14 12.20 + 0.08
MgO 0.05 + 0.005 0.05 + 0.02 0.08 + 0.02 0.08 + 0.02
Ca0 0.45 + 0.09 0.10+ 0.05 0.20 + 0.08 0.08 + 0.03
MnO 0.04 +0.03 0.02 + 0.02 0.01+ 0.01 0.01+ 0.01
FeO 0.78 + 0.08 0.77+0.14 0.83+0.14 0.75 + 0.06
Na,O 418+0.12 4.63+0.05 452+0.12 430+ 0.08
K.0 444 +0.19 454 +0.15 460+0.11 5.27+0.23
P,0s 0.04 +0.03 0.02 + 0.02 0.11+0.26 0.05 + 0.06
SO, 0.008 + 0.006 0.01+0.01 0.01+0.01 0.01+0.01
F 0.16 + 0.02 0.04 +0.02 0.01+0.02 0.02+0.02
cl 0.31+0.01 0.24+0.01 0.29 + 0.01 0.28 + 0.01
Total 96.65 97.18 97.15 98.04
H,O, FTIR 2.82 254 2.82 251
A/CNK? 0.98 0.96 0.96 0.94
N/NK? 0.59 0.61 0.60 0.55
Cl solubility in melt 0.36 0.33 0.34 0.32
Experimental Run CS-14-18D CS-15-01B CS15-02 CS-15-03 CS-15-04A
Apatite (Wt%)
S0, 0.46 + 0.27 0.38+0.16 0.26 +0.13 0.32+0.25 0.21+0.04
TiO, 0.01+0.01 0.01+0.01 0.01+0.01 0.01+0.01 0.01+0.01
Al,Oz 0.04 + 0.05 0.04 +0.06 0.01+0.01 0.03+0.05 0.01+0.01
MgO 0.06 + 0.03 0.04 +0.05 0.28 + 0.05 0.21+0.10 0.24 + 0.09
Ca0 53.7+0.61 54.80+ 0.25 54.41+ 0.97 5450+ 1.86 5366+ 1.21
MnO 0.06 + 0.07 0.01+0.02 0.05 + 0.05 0.28+0.12 0.16 + 0.17
FeO 0.12 + 0.07 0.21+0.30 0.19+0.01 0.38+0.22 0.24+0.13
NaO 0.28+0.17 0.29+0.12 0.35+0.08 0.40 +0.28 0.42 +0.16
K.0 0.13+0.13 0.14 +0.06 0.14 +0.03 0.09 + 0.01 0.11 +0.02
P,0s 40.02 + 0.48 4052 +0.25 40.64+ 0.57 39.83 + 1.57 4055+ 0.38
F 1.93+0.35 2.38+0.23 1.40+ 0.29 1.41+0.29 0.58+0.18
cl 151+0.35 1.52+0.58 2.03+0.56 176 +0.25 3.19+ 041
S0, 0.22+0.12 0.19+0.15 0.09+0.11 0.03+0.05 0.01+ 0.01
BaO 0.01+0.03 0.02 +0.03 0.01+0.01 0.03 +0.03 0.02 + 0.03
Ce,05 0.37+0.27 0.12+0.16 0.30+0.23 0.08+0.12 0.42+0.25
SO Nd Nd Nd Nd Nd
Total 99.30 100.93 100.74 99.36 99.75
X PP 0.22 0.22 0.30 0.26 0.47
X0l 0.51 0.63 0.37 0.38 0.15
X o™ 0.27 0.15 0.33 0.36 0.38
Wit% Cl in fluid(s) 2.3 14.4 11 0.97 15.8

Exchange Coefficients

K g P felsiomelt 0.42 Nd 0.25 0.044 0.40

K gop.qr P fetsicmelt 0.07 Nd 0.053 0.074 0.045

K gop.Pa felsomelt 0.03 Nd 0.013 0.0033 0.018
Partition Coefficients
D®/mt 49 Nd 85 6.1 11.4
Dyop ™M 0.89 Nd 12 1.2 14
D fudemt 75 Nd 48 33 56.4
D P /fluid(s) 0.65 0.11 18 18 0.20
DPmt 121 Nd 35 141 29
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Table 3 continued.

Experimental Run CS-15-04B CS-15-04C CS-15-05A CS-15-05B CS-15-05C
Melt (Wt%)
SO, 74.3+0.38 7520+0.53  74.63+0.29 75.04+0.11 74.77+0.15
TiO, 0.08 +0.05 0.07 + 0.03 0.09 + 0.03 0.10 + 0.02 0.06 + 0.02
Al,O; 12.20+0.23 11.80+ 0.19 12.06 + 0.09 12.22+0.13 11.98 + 0.09
MgO 0.04 +0.02 0.04 +0.01 0.05 + 0.01 0.06 + 0.02 0.05+0.01
Ca0 0.03+0.01 0.07 + 0.06 0.28+0.15 0.28+0.08 0.09 + 0.02
MnO 0.02 +0.02 0.02+0.01 0.02+0.02 Bdl 0.02 +0.01
FeO 0.45 +0.20 0.21+0.08 0.76 +0.05 0.75+0.15 0.75+0.11
Na,O 3.71+043 3.45+0.16 416+0.21 4.48+0.07 413+0.26
K,0 5.97 + 0.48 5.75+ 0.17 452+0.08 457+0.10 4.99+0.05
P,0s 0.16 + 0.02 0.11+0.03 0.04 + 0.02 0.04 + 0.02 0.05+ 0.03
SO, 0.01+0.02 0.01+0.01 0.009 + 0.004 0.008 + 0.007 0.008 + 0.005
F 0.01+0.01 0.05+0.03 0.13+0.04 0.07 + 0.03 0.05+0.01
cl 0.24 +0.02 0.24 +0.02 0.19 +0.02 0.17+0.01 0.29+0.01
Total 97.28 97.21 96.95 97.78 97.22
H.0, FTIR 2.58 2.62 311 2.99 2.82
A/CNK? 0.97 0.95 0.99 0.95 0.97
N/NK? 0.49 0.48 0.58 0.60 0.56
Cl solubility in melt 0.27 0.27 0.34 0.35 0.30
Apatite (Wt%)
Experimental Run CS-15-04B CS-15-04C CS-15-05A CS-15-05B CS-15-05C
SO, 0.15 + 0.09 0.27+0.18 0.51+0.15 0.36 + 0.06 0.42 +0.07
TiO, 0.01+0.01 0.01 + 0.01 0.01+ 0.01 0.01+0.01 0.002 + 0.003
Al,O; 0.03+0.03 0.02 + 0.01 0.03 + 0.02 0.003 + 0.003 0.02 +0.03
MgO 0.38+0.04 0.34+0.05 0.05 + 0.01 0.05 + 0.03 0.15+0.07
Ca0 53.82+0.79 52.70+0.79 5353+ 047 53.48+0.35 52.28 + 0.99
MnO 0.06 + 0.02 0.18+0.02 0.05+ 0.01 0.03+0.02 0.10 +0.08
FeO 0.21+0.05 1.20+0.23 0.19+0.16 0.12+0.06 0.21+0.09
Na,O 0.59 + 0.04 0.74+0.24 0.23 +0.07 0.21+0.03 043+0.25
K,0 0.11+0.05 0.09 + 0.04 0.13+0.03 0.08 + 0.01 0.12+0.05
P,0s 4155+ 0.41 41.02+079  39.29+0.37 40.20 + 0.27 39.89+ 1.01
F 0.40 + 0.07 0.32+0.05 1.82+0.18 1.89+0.15 1.03+0.20
cl 3.70+0.48 3.82+0.33 1.32+0.28 1.39+0.17 2.48 + 0.40
SO, 0.01+0.01 0.01+0.01 0.29 + 0.10 0.30+0.04 0.13+0.11
BaO 0.01+0.01 0.02+0.04 0.02+0.03 0.02+0.03 0.01+0.01
Ce,0; 0.02 +0.02 0.11+0.14 0.53+0.06 0.51+0.06 0.64+0.18
SO Nd Nd 0.05+ 0.04 0.03 + 0.02 0.05 + 0.02
Total 101.20 101.73 97.69 98.55 98.00
X 054 0.56 0.19 0.20 0.36
N 0.11 0.08 0.48 0.50 0.27
Apparent X o 0.36 0.36 0.32 0.30 0.36
Wit% Cl in fluid(s) 301 39.2 0.7 0.3 87

Exchange Coefficients

K g Pat fetsiomelt 0.40 2.6 0.51 0.31 0.40

K dop.q P fetsicmett 0.03 0.029 0.051 0.042 0.052

K gop.¥a felsiomelt 0.012 0.077 0.026 0.013 0.021
Partition Coefficients
D/t 15.4 15.9 6.9 8.1 85
Dy oM 13 13 1.0 0.95 1.2
D fluid(emt 125 163 37 17 30
D 2P /Muid 0.12 0.097 1.9 48 0.28
DPa/mt 40 6.3 14 27 22
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Table 3 continued.

Experimental Run ~ CS-15-05D CS-15-06 CS-15-07 CS-15-09A CS-15-09B
Melt (Wt%)
S0, 7511+0.26  7496+067 7475+040  7455+0.66  74.38+0.43
TiO, 0.06 + 0.03 0.08 +0.03 0.07 + 0.03 0.02 +0.01 0.05 + 0.03
Al,O5 1206+ 015 12.17+017 1215+012 11.91+0.15  12.06+0.10
MgO 0.05 + 0.01 0.04 +0.02 0.05 + 0.01 0.06 +0.01 0.05 + 0.01
Ca0 0.10+0.03 0.04 +0.04 0.16 + 0.05 0.62 +0.04 0.35 + 0.06
MnO 0.01+0.01 0.01+0.01 0.01+0.02 0.02 +0.02 0.01 +0.02
FeO 0.82+0.08 0.30+0.07 0.43+0.12 0.79 + 0.09 0.80+ 0.07
Na,O 435+0.13 525+ 0.13 5.17+0.15 3.56 + 0.27 405+0.16
K0 445+ 0.07 3.78+0.07 3.71+0.02 4.67 +0.04 497+012
P,0s 0.03+0.03 0.26 + 0.08 0.03+0.03 0.02 +0.01 0.03+0.03
SO, 0.003+0.004 0.006+0.01  0.01+0.01 0.009+0.007  0.005 + 0.006
F 0.06 + 0.03 0.11+0.02 0.09 + 0.02 0.03+0.04 0.04 +0.02
cl 0.10+0.01 0.30+0.02 0.31+0.01 0.04 +0.01 0.03+0.01
Total 97.21 97.31 96.92 96.33 96.86
H.0, FTIR 2.44 2.74 2.62 37 32
A/CNK? 0.99 0.95 0.95 0.99 0.95
N/NK? 0.60 0.68 0.68 0.54 0.55
Cl solubility inmelt ~ 0.32 0.32 0.33 0.35 0.34
Experimental Run  CS-15-05D CS-15-06 CS-15-07 CS-15-09A CS-15-09B
Apatite (Wt%)
S0, 0.42 + 0.05 0.29+0.11 0.47 + 0.27 0.80+0.23 0.84+0.13
TiO, 0.01+0.01 0.004+0.003 0.003+0.006 0.01+0.01 0.01+ 0.01
Al,O5 0.01+0.01 0.01+0.01 0.03+0.04 0.19+0.04 0.001 + 0.001
MgO 0.08 + 0.06 0.30+0.06 0.12+0.03 0.03 +0.02 0.10 + 0.05
Ca0 5319+059  52.03+069 5327+039 5496+0.88  5586+0.17
MnO 0.07 +0.06 0.13+0.04 0.02+0.01 0.01+0.01 0.02+0.02
FeO 0.22+0.17 0.27 +0.04 0.08+ 0.02 0.12+0.06 0.03+0.03
Na,O 0.26 + 0.06 0.55 + 0.10 0.31+0.05 0.02 + 0.02 0.02 + 0.02
K0 0.10+ 0.03 0.08 + 0.01 0.09 + 0.05 0.003+0.004 0.01+0.01
P,0s 4014+065  4060+0.41  4017+081  3878+150  39.40+0.01
F 1.80 + 0.50 0.66 + 0.12 1.62+0.04 1.06 + 0.26 0.89+0.13
cl 1.31+0.30 3.60 + 0.09 2.04+0.11 0.14 +0.03 0.40 + 0.07
SO, 0.28+0.04 0.06 + 0.08 0.23+0.12 0.37 +0.06 0.05 + 0.02
BaO 0.01+0.02 0.01+0.01 0.06 + 0.05 0.03+0.03 0.01+0.01
Ce,0; 0.49 + 0.05 0.56 +0.13 0.49 + 0.07 0.39+0.27 0.02+0.03
S{e) 0.05 + 0.03 0.04 +0.02 0.03+ 0.02 0.03 +0.03 0.02 + 0.01
Total 98.33 99.09 98.91 96.74 97.66
Xg®* 0.19 0.53 0.30 0.02 0.06
X0 0.48 0.18 0.43 0.28 0.24
Apparent X, 033 0.29 0.27 0.70 0.70
Wt% Cl in fluid(s) 0.6 28.4 9.2 14 43

Exchange Coefficients

K o felsicmelt 0.47 2.07 0.38 0.11 0.63

K gop.q P fesicmalt 0.033 0.031 0.054 0.22 0.076

K o 2P feisiomelt 0.016 0.064 0.02 0.025 0.048

Partition Coefficients
DM 13.8 12.0 6.6 3.9 13.6
Dy oM 1.2 1.03 0.96 24 27
D uid©mt 6.5 95.2 29.9 38 145
D fMuid(s) 2.1 0.13 0.22 0.1 0.09
DPa/mt 30 6 18 353 22.2
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Table 3 continued.

Experimental Run ~ CS-15-16A 1-15-14A 1-15-14B Cs-15-18 1-15-10A°
Melt (Wt%)
SO, 7481+0.13  7406+083  7533+033 737+0.23 71.68+0.12
TiO, 0.04 +0.04 0.06 + 0.03 0.06 + 0.05 0.07 +0.01 0.07 + 0.02
Al Oz 1236+ 0.08  1240+015 1257+0.08  1222+027  11.72+0.07
MgO 0.05+0.01 0.06 + 0.01 0.05+0.01 0.06 + 0.01 0.03+0.01
Ca0 0.70+0.12 0.48+0.11 0.54 + 0.03 0.23+0.15 2.07+0.04
MnO 0.03+0.03 0.04 +0.02 0.04 + 0.02 0.03+0.01 0.02 + 0.02
FeO 0.99+0.14 1.02+0.02 1.02+0.13 0.7+0.05 0.64 + 0.09
Na,O 3.89 + 0.09 4.47 +0.37 3.86+0.14 468+ 022 3.63+0.10
K0 4,66+ 0.05 4.34+0.18 4.42+0.08 535+ 0.14 3.38+0.04
P,0s 0.03+0.03 0.10+0.03 0.17 +0.03 0.06 + 0.07 0.08 + 0.06
SO, 0.004 +0.002 0.003+0.005 0.004+0.002 0.005+0.004 0.003+ 0.004
F 0.19+0.07 0.06 + 0.04 0.05+ 0.07 0.05+0.04 0.10+ 0.02
cl 0.11+0.01 0.42 +0.01 0.09 + 0.01 0.36+ 0.01 0.32+0.01
Total 97.86 97.50 98.20 97.46 93.74
H,0, FTIR 29 2.35 23 2.54 5.76
AICNK? 0.97 0.96 1.04 0.88 0.87
N/NK? 0.56 0.61 057 0.57 0.62
Cl solubility inmelt ~ 0.40 0.39 0.37 0.35 0.62
Experimental Run ~ CS-15-16A 1-15-14A 1-15-14B Cs-15-18 1-15-10A°
Apatite (Wt%)
S0, 1.02+0.31 0.26 +0.14 0.18+0.02 0.16 + 0.07 1.53+0.16
TiO, 0.01+0.01 0.003+0.005 0.01+0.01 0.003+0.007  0.01+ 0.005
Al Oz 0.05+0.03 0.003+001 012+0.1 0.003+0.004 0.27+0.10
MgO 0.12 + 0.01 0.13+0.01 0.18+ 0.02 0.13+0.03 0.09 + 0.06
Ca0 5367+0.79  5433+0.73 5472+13 5433+0.30  53.40+0.36
MnO 0.01+ 0.02 0.03+0.03 0.22 +0.03 0.03+0.03 0.03+0.02
FeO 0.19+0.15 0.13+0.03 0.39 + 0.07 0.13+0.04 0.26 + 0.06
Na,O 0.07 +0.04 0.18+0.08 0.11+0.05 0.18+0.04 0.20 + 0.06
K0 0.03 + 0.02 0.09 + 0.03 0.05 + 0.02 0.09 + 0.03 0.13+0.03
P,0s 4021+0.77  41.10+0.40  4048+112  41.10+025  39.80+ 0.61
F 221+011 1.90 + 0.06 1.74+0.15 1.90+ 0.07 2.00+ 0.09
cl 0.64 + 0.09 1.72 +0.09 1.24+0.04 1.72+0.15 0.86 + 0.27
SO, 0.07 £ 0.10 0.006+0.01 0.001+0.01  0.006+0.004 0.03+0.004
BaO 0.01+0.01 0.01+0.01 0.02 + 0.03 0.01+0.02 0.01+0.03
Ce,05 0.02 + 0.02 0.26 + 0.23 0.03 + 0.07 0.26 + 0.08 0.05 + 0.03
S0 0.04 + 0.02 0.03 +0.02 0.05 + 0.02 0.03 +0.02 0.02 + 0.01
Total 98.29 100.00 99.36 99.99 98.29
X P 0.09 0.25 0.18 0.25 0.13
X P 0.59 0.51 0.46 0.51 0.53
Apparent X o™ 0.32 0.24 0.36 0.24 0.34
Wt% Cl in fluid(s) 0.62 42 0.40 342 7.6

Exchange Coefficients

K o0 felsicmelt 0.50 0.14 0.39 0.13 0.14

K gop.q P esicmelt 0.067 0.086 0.038 0.098 0.074

K oy Pa-felsiomelt 0.034 0.012 0.015 0.013 0.010

Partition Coefficientsi
DMt 5.7 4.1 13.9 48 2.8
Dy o™/ 1.0 0.9 1.4 1.2 0.7
D uidemt 55 10.0 40 96.2 17.8
D ¥ /fluids) 1.04 0.41 34 0.05 0.09
DPmt 116 30.7 36.4 38 20
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Table 3 continued.

Experimental Run  1-15-10B 1-15-13A 1-15-13B CS-14-17B° CS-14-17C°
Melt (Wt%)
S0, 71.89+0.18  7332+068  73.87+030 7401+092  73.25+0.68
TiO, 0.08 + 0.01 0.08+0.04 0.08 + 0.05 0.08+0.04 0.07 + 0.01
Al,O5 11.70+£0.02  1229+£017  1225+021  11.90+0.36  11.60+0.23
MgO 0.04 +0.01 0.06 £ 0.01 0.09 +0.01 0.06 + 0.01 0.02 +0.01
Ca0 1.17 +0.05 0.29+0.03 0.45+0.11 0.32+0.03 0.02 + 0.02
MnO 0.04+0.01 0.01+0.01 0.01+0.01 0.02 + 0.02 0.02+0.03
FeO 0.77 +0.06 0.39+0.06 0.70+0.11 0.52 +0.03 0.70+0.06
Na,0O 3.78+0.02 3.34+0.18 3.56 + 0.05 432+0.16 4.01+0.30
K0 3.91+0.06 4.00 £ 0.06 4,01+ 0.03 4.33+0.10 4.88+0.07
P,0s 0.005+0.006 0.11+0.10 0.09 + 0.08 0.02 +0.03 0.35+0.04
SO, bdl 0.004+001  0.002+0.001 0.002+0.004 0.005+ 0.006
F 0.18 + 0.02 0.19+0.07 0.16 + 0.04 0.02 +0.04 0.03+0.01
cl 0.23+0.01 0.14+0.01 0.18+0.01 0.31+0.01 0.21 + 0.02
Total 93.79 94.23 95.45 95.91 95.15
H.O, FTIR 5.85 5.59 5.52 Nd Nd
A/CNK? 0.93 119 111 0.99 0.97
N/NK? 0.60 0.56 0.57 0.59 0.55
Cl solubility inmelt ~ 0.51 0.34 0.40 0.32 0.29
Experimental Run  1-15-10B 1-15-13A 1-15-13B CS-14-17B° CS-14-17C°
Apatite (Wt%)
SO, 0.20 + 0.20 0.12+0.01
TiO, 0.01+0.01 bdl
Al,Oq 0.01+£0.01 0.02 +0.03
MgO 0.50 + 0.26 0.14 +0.02
Ca0 5260+1.06 53.30+0.36
MnO 0.23+0.08 0.25+0.04
FeO 11+048 0.81+0.10
N&O 0.14+0.05 0.14 + 0.07
K0 0.04+0.04 0.04 +0.01
P,0s 4080+0.30  41.50+0.20
F 0.89 +0.05 0.76 +0.04
cl 2.38+0.22 2.09+0.15
SO, 0.01+0.01 0.01+0.01
BaO 0.01+0.01 0.02 +0.02
Ce,0s 0.04+0.04 0.07 +0.02
S0 0.10+0.03 0.06 + 0.02
Total 99.01 99.27
X 0.35 031
X o0 0.24 0.20
Apparent X o, 041 0.49
Wt% Cl in fluid(s) 40 57 42 95 2.8
Exchange Coefficients
K o felsicmelt Nd 3.77 26 Nd Nd
K gor.q P esemet Nd 0.015 0.026 Nd Nd
K o 2P feisiomelt Nd 0.058 0.067 Nd Nd
Partition Coefficients
Dg®/m Nd 16.7 11.9 Nd Nd
Dy oM Nd 0.89 11 Nd Nd
D uid©mt 17.8 39.9 23.9 311 13.7
D fMuid(s) Nd 0.42 0.50 Nd Nd
DPa/mt Nd 4.6 48 Nd Nd
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Table 3 continued.

Experimental Run ~ CS-14-17D°  1-95-9E¢ 1-95-9F¢ 1-95-9B¢ 1-95-9D°

Melt (Wt%)

SO, 74.57+0.16 74.59 72.34 75.23 732

TiO, 0.12+0.02 0.22 0.24 0.31 0.25

AlO; 11.94+0.22 12.49 12.3 12.74 12.24

MgO 0.04 £0.02 0.14 0.15 0.13 0.14

CaO 015+0.11 0.71 0.33 0.62 0.32

MnO 0.03+0.02 0.05 0.03 0.08 0.02

FeO 0.34+0.08 11 0.81 0.97 0.81

N&O 345+0.18 3.53 3.33 3.27 3.44

K0 5.74+0.09 5.32 7.63 5.24 6.89

P,Os 0.09£0.02 0.02 0.01 0.01 0.01

SO, 0.005+0.009 Nd Nd Nd Nd

F 0.03+0.02 0.13 0.14 0.08 0.10

Cl 0.25+0.01 0.33+0.02 0.32+0.04 0.02 +0.01 0.35+0.01

Total 96.75 98.63 97.63 98.72 97.76

H,0, FTIR Nd Nd Nd Nd Nd

A/CNK? 0.98 0.97 0.86 1.05 0.89

N/NK? 0.48 0.50 0.40 0.49 0.43

Cl solubility inmelt ~ 0.27 0.36 0.41 0.36 0.38

Experimental Run ~ CS-14-17D°  1.95-9E° 1-95-9F¢ 1-95-9B° 1-95-9D¢

Apatite (Wt%)

SO, No apatite No apatite No apatite No apatite

TiO,

Al,O5

MgO

Ca0

MnO

FeO

Na,O

Kzo

P05

F

cl

SO,

BaO

Ce 03

SO

Total

Xc|apatb Nd

mea:b Nd

Apparent X o Nd

W1% Cl in fluid(s) 18.3 45 6 16 0.5
Partition Coefficient

D" 74.6 1385 18.2 49.8 25
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Table 3 continued.

Experimental Run ~ 1-95-9C° 1-95-10F¢

Melt (wt%)

SO, 73.2 72.63

TiO, 0.25 0.22

Al0; 12.24 12.11

MgO 0.13 0.14

CaOo 0.32 0.66

MnO 0.02 0.03

FeO 0.81 1.01

N&O 344 345

KO 6.89 554

P,Os 0.01 0.01

SO, Nd Nd

F 0.10 0.18

Cl 0.35+ 0.03 0.37+0.01

Total 97.76 96.35

H.0, FTIR Nd Nd

AJCNK?® 0.89 0.94

N/NK? 043 0.49

Cl solubility inmelt ~ 0.35 0.40

Experimental Run  1-95-9C* 1-95-10F¢

Apatite (Wt%)

SiO; No apatite No apatite

TiO,

Al,O;

MgO

CaO

MnO

FeO

Na.O

K,0

P205

F

cl

SO,

BaO

Ce,03

SO

Total

X<:|apatb

X

Apparent Xop Pt

Wt% Cl in fluid(s) 36 27
Partition Coefficient

DCIquid(s)/mt 103 73

Note: Runswith “CS-* prefix were conducted in cold seal vessels and runswith “1-“ prefix involved
internally heated pressure vessel. Dyoy = partition coefficient for OH ion on molar basis; al other partition
coefficients D; calculated on awt% basis. Exchange coefficients defined in text. Reported errors are 1
sigma deviations.

Nd = data not determined; bdl = below detection limit.

#Molar ratios of (Al,O4/Na,O+CaO+K,0) and (Na,O/Na,O+K ,0) of melt.

PMole fractions of volatile components in apatite determined via Piccoli and Candela (2002) (apparent

X on™® computed by difference).

Apatite grains too small for accurate EMPA.

L ow-phosphorus, apatite-deficient runs.

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-5746

Table 4.
Average compositions of Augustine volcano, Alaska, apatites.
Apatite Yellow White Flow- 2100 a.b.p.® 1700 a.b.p. 1400a.b.p. 1000 a.b.p. 1986 2016
Constituent Pleistocene  Pleistocene banded (16) 9) (11) 4 2) sample
(Wt%) rhyolite® rhyolite Pleistocene JW004
15y (25) rhyolite (49) (6)
SiO, 0.13+0.03 0.15+0.10 0.18+0.10 0.18+0.08 0.18+0.12 0.09+0.05 0.11+0.09 0.19+0.11 0.28+0.11
TiO, 0.01+0.02  0.01£0.01 0.01+0.01 0.014£0.02  0.01£0.02  0.01+0.02  0.03+£0.02  0.002+0.003  0.07+0.09
ALO, 0 0.006£0.02  0.002+0.009 0.001+£0.002 0.01+0.01 0.01+0.02 0.02+0.05 0.04+0.05 0.005+0.008
MgO 0.23+0.01 0.22+0.01 0.22+0.01 0.22+0.08 0.20+0.04 0.21+0.02 0.27+0.06 0.20+0.01 0.24+0.02
CaO 53.71£0.33  53.78+0.71 53.99+0.51 53.22+0.84 53.36+0.78 53.79+0.74 53.12+0.29 51.92+0.51 53.17+0.69
MnO 0.39+0.02  0.3840.03 0.36+0.06 0.17+£0.04  0.16+£0.05  0.16+0.07  0.15£0.06  0.14+0.02 0.12+0.02
FeO 0.50+0.08 0.52+0.09 0.52+0.13 0.99+0.27 0.68+0.26 0.62+0.23 1.19+0.35 0.76+0.65 0.98+0.40
Na,O 0.14+0.06  0.13£0.05 0.16+0.17 0.16£0.05  0.16+£0.05  0.10+£0.06  0.15£0.03  0.19+0.08 0.18+0.04
P,0:s 41.14+0.31  40.98+0.75  41.20+0.33 40.41+0.52  40.19+0.62 40.74+0.28  40.43+1.0 39.53+0.53 40.15+0.34
F 1.01+0.15 0.99+40.16 0.96+0.16 1.12+0.17 1.11+0.14 1.19+0.30 1.32+0.09 1.46+0.03 1.42+0.17
Cl 1.94+0.09 1.98+0.10 1.87+0.20 2.03+0.38 2.44+0.22 2.3440.17 2.34+0.22 2.24+0.08 2.18+0.09
SO, 0.22+0.05 0.25+0.18 0.23+0.08 0.20+0.10 0.27+£0.10 0.20+0.05 0.27+0.05 0.35+0.19 0.27+0.11
TOTAL 99.43 99.41 99.70 98.71 98.77 99.46 99.40 97.02 100.91
chf‘Pat 0.28+0.01 0.29+0.01 0.27+0.03 0.30+0.06 0.35+0.03 0.34+0.02 0.34+0.03 0.33+0.03 0.32+0.01
dXFaPal 0.27+0.04  0.26+0.04 0.25+0.04 0.30+0.08  0.30+0.04  0.32+0.08  0.35+£0.02  0.39+0.02 0.38+0.05
X o™ 0.45+0.05  0.4540.05 0.47+0.07 0.40+0.08  0.35+0.4 0.34+0.08  0.31+0.03  0.2840.03 0.32+0.06
(SiMg)*° 0.38 0.46 0.55 0.56 0.6 0.31 0.32 0.67 0.77

*Age (a.b.p. = approximate years before present) or year of eruption.
"Number of analyzed apatites (n).
‘a.b.p. = approximate years since eruption.

X% calculated with method of Piccoli and Candela (2002).
‘Per formula unit cation ratio of Si to Mg.
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