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Abstract

A method for analyzing low-salinity fluids (up to ~ 11wt% NaCl equivalent) that have
been equilibrated with felsic melts in high-pressure, high-temperatu: » experiments is reported.
Experiments were performed at a pressure of 200 MPa and 8.10°C in internally-heated pressure
vessels, wherein magmatic fluids were quenched and re :ov. red in a multi-step process for
analyses of major (Na, K, Ca, Cl, and F) and trace {.}, Be, Mn, Cu, Zn, Rb, and Sr) elements by
ion chromatography and inductively coupled »~la_ma mass spectrometry (ICP-MS). The
quenched melts were analyzed for major ana .-ace elements by electron microprobe and laser
ablation inductively coupled plasma ria.. suectrometry (LA-ICP-MS). Such analyses permitted
the composition of the fluid to be :'irec.dy measured without the need for mass balance
calculations or trapping fluids w thin fluid inclusions while still enabling the precise
determination of partitior. coe ficients. Mass balance calculations tend to overestimate Na, K,
Ca, and Be; underestime*~ Cu, Zn, and F; and are in agreement for Li, Mn, Rb, Sr, and CI when
compared to direct measurements. Additionally, a comparison of partition coefficients
calculated from measured and mass balance derived concentrations to available literature data is
consistent with mass balance calculations being less accurate than measured values. Thus, direct

measurements of quenched fluids by ion chromatography and ICP-MS offer a robust method for
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characterizing the composition of magmatic-hydrothermal fluids that have been equilibrated with
silicate melts.
Keywords: Magmatic-hydrothermal fluids, lon Chromatography, (LA)-ICP-MS, direct

measurement; mass balance

1. Introduction

Magmatically derived fluids play a crucial role in linking the Sarth’s interior and surface.
These fluids are responsible for the transportation of volatiles {4, r, CI, S, CO,) and some
trace elements (e.g. Li, Cu, Mo, etc.) from Earth’s mantle a.'d lower crust to its upper crust and
surface. In order to understand these mass transfers, it is 1. woerative to determine the behavior of
volatiles and metals in magmatic-hydrothermal sy *2ms. A primary method of constraining this
behavior is through laboratory experiment: su.h as the previous studies on fluid/melt
partitioning for granitic systems given ir, Table 1.

The first challenge experim~nta' c.udies face is independently determining what the
compositions of fluids and meli. are when they are both present and in equilibrium. Generally,
fluid compositions are eith2r corstrained by a mass balance calculation or directly measured by
the characterization of eir.her synthetic fluid inclusions or quenched fluids (e.g. Webster et al.,
1989; Zajacz et al., 2008; Iveson et al., 2019). Additionally, in-situ techniques such as
hydrothermal diamond-anvil cells combined with synchrotron analyses (e.g. Borchert et al.,
2009, 2010) have been used; however, these types of studies are limited in number and
discussion of the technique will not be included here. Both the mass balance and direct

measurement techniques have their own strengths, benefits, and uncertainties. Mass balance

calculations offer the promise of determining the concentration of a larger number of elements in



the fluid by observing the changes in the composition of the silicate melt; however, there is often
uncertainty in the masses of the phases present, particularly in multi-phase systems involving a
melt, a fluid, and crystals; the composition of those phases; or if there is any mass exchange with
or across noble metal capsules. This can result in over- or underestimation of true fluid
compositions and wider ranges of reported partition coefficients. For example, the fluid-melt
partition coefficients for beryllium, and a variety of other elements, reported by experimental
studies utilizing a mass balance approach have a broader range of va!'tes compared to natural
fluid inclusion studies (Webster et al., 1989; Zajacz et al., 2002} ,*.zditionally, elements like
copper and other chalcophile metals can easily alloy with ncohle metals making mass balance
calculations complicated (Zajacz et al., 2011). In some ra. =s, the noble metal capsule may also
act as a source of contamination and may contain .~ ve'al to tens of ppm of metals such as Cu,
Pd, and Ag and given the large mass ratio f c7.psule to starting materials these trace metals may
be present in sufficient concentrations to Yisrupt mass balance calculations. Thus, it is unclear if
a mass balance technique can reliab' ¢~l2ulate the concentration of all elements (e.g. Iveson et
al., 2019).

Fluid inclusion studies "av > 'secome increasingly popular and have benefited from the
advancement in experimcntal techniques (e.g. Sterner and Bodnar, 1984; Li and Audétat, 2009).
Determining the trace element concentrations of fluid inclusions requires pre-existing knowledge
of the concentration of some element or element ratio in the fluid. The known element is usually
sodium, in the form of NaClequiy Which is determined by microthermometry. The sodium
concentration is calculated by correcting the measured NaClegquiy for the presence of other salts by
using either a mass or charge balance approach and then that concentration is used as the internal

standard. However, in the case of a mass balance based reduction of data (Heinrich et al., 2003),



there is a lack of data available for systems that are dominated by salts other than NaCl, which
can result in the overestimation of trace elements (Allan et al., 2005; Pettke et al., 2012). A
charge balance based reduction of data (Allan et al., 2005) may improve the calculations, but still
requires accurate determination of chlorine from NaClequiv. Accurate determination of NaCleguiv
can be hampered by the presence of other elements, such as boron, lithium, and fluorine
(Sirbescu et al., 2013); the presence of clathrates in CO,-bearing fluids (Fall et al., 2011); the
presence of multivalent salts (i.e. CaCly); and elements that may fo. .~ chlorides, hydroxides,
sulfides/sulfate, etc. (i.e. iron). Additionally, depending on the a.: of the fluid inclusions, it is
necessary to separate the signal of the host from the fluid ii.~lusion during analyses by laser
ablation inductively coupled mass spectrometry. For sysw.is where this host is quartz the
separation of signals may be simple, but for morz v:\m.lex hosts such as sulfides or oxides this
process can be more challenging. Thus, th re riay be greater uncertainty in fluid inclusion
studies if the above issues are not fully ccnsidered. Furthermore, fluid inclusion studies often
require dedicated instruments (Pett!~. L 008; Pettke et al., 2012), which may make this technique

less approachable to some resea ~hers.

Given the uncerta ntie ; in mass balance calculations and the potential problems related to
microthermometry and d=-a reduction in fluid inclusion studies, it is necessary to develop
alternative techniques to complement these methods and increase the accuracy of fluid
measurements. One alternative method is the direct measurement of quenched fluids (e.g. Iveson
et al., 2019). Here, we present a method that goes beyond current quench fluid measurements in
order to measure the major (both cations and anions) and trace element concentrations of fluids

that have been equilibrated with silicate melts in high-pressure, high-temperature experiments.

2. Experimental Methods



2.1. Experimental Setup

Experiments were performed to test the extent to which a fluid equilibrated with a felsic
melt can be quenched, recovered, and analyzed. The starting material for the experiments
reported here include powdered Bishop Tuff rhyolite (e.g. Hildreth, 1979), courtesy of Bruno
Scaillet; a quartz chip (1.5 x 1.5 x 5 mm rectangle) to buffer the activity of SiO,; and an aqueous
sodium-potassium chloride solution with variable composition. The compositions of the starting
materials are given in Table 2 and the ratio of Bishop Tuff to startii fluid was between 0.5 and
1 (Table 3). At the pressure (200 MPa) and temperature (800°2) L < te experiments the aqueous
chloride solution is a supercritical fluid with up to ~11 wt v. NaCl equivalent. In one experiment,
fluorine was added as a mixture of NaF, KF, and AlF; in . «atio of 1:1:2 in order to maintain the
ASI (aluminum saturation index defined as Al,C3 "Ja-O + K,0 + Ca0) on a molar basis) of the
Bishop Tuff (ASI = ~1). Amorphous SiO; vas also added to the experiment containing the
fluoride mixture in order to compensate . ~r the additional alkalis. Starting materials were loaded
into gold capsules (5 mm outer diarate~ 20 mm length, 0.2 mm wall thickness) and the quartz
chips were contained within an ¢nen smaller, inner gold capsule (3 mm outer diameter, 7 mm
length, 0.2 mm wall thickr2ss, Trior to loading the starting materials, the capsules were cleaned
in a bath of boiling HCI v ~liowed by a bath of boiling demineralized water to remove any
contamination on the capsule surface. Capsules were then annealed with an oxy-methane flame.
Once annealed, capsules were then tri-crimped on one end and welded shut using a Puk spot
welder. The starting materials were then loaded into the capsules and they were sealed by tri-
crimping and welding the open end. Capsules were then weighed and placed in a drying oven at
120°C overnight to check for leaks. Capsules exhibiting weight loss (>1 mg) were discarded.

The weights of the starting materials are given in Table 3.



Experiments were conducted in vertically oriented internally-heated pressure vessels
(IHPV) at the Institut des Sciences de la Terre d’Orléans (ISTO), France (CNRS, BRGM,
Université d’Orléans) at a temperature of 800°C and a pressure of 200 MPa for a duration of ~1
week. Vessels were pressurized with a mixture of pure argon and Ar-H; (2 vol% hydrogen). The
vessel was first pressurized with 30 MPa of the Ar-H, mixture, to maintain a consistent oxygen
fugacity during the experiment (~QFM; Table 3), followed by 130-140 MPa of pure argon. The
final pressure was achieved upon heating. The oxygen fugacity of u.= experiments was
measured after quench by using CoPd sensors (Taylor et al., 127, "which were placed in a
separate capsule next to the experimental charges. These scnarate capsules contained cobalt and
palladium powder, water, and the interiors were lined zirc > powder to limit chemical interaction
with the capsule wall. Upon completion of the exp > 1ment the sensor charges were inspected to
confirm the presences of a CoPd alloy, Cc"), a'1d water. Upon completion of each experiment,
the capsules were quenched by one of tw> methods: a “slow” and “rapid” quench. The two
quench methods were used to evali’~te f‘he quench method and speed have a significant effect
on the run products, such as bac. -reaction of the aqueous solution with the glass or greater
amounts of precipitation from . fluid phase. Method one, used in three experiments, was a
“slow” quench and was « ~hieved by turning off the power to the IHPV and allowing the vessel to
cool via water circulating continuously around the vessel. Method two was a “rapid” drop-
quench, used in one experiment, which was performed in a two-step manner. Initially the
experiment was quenched by turning off the power to the vessel. The capsule was then removed
and reloaded into the vessel, re-pressurized, and re-heated to run conditions, and held for one
additional hour. After one hour the capsule was drop quenched. Drop quench was achieved by

placing the capsule inside an alumina basket that is suspended by a thin platinum wire. When a



current is passed across the wire it heats and breaks. The alumina basket then falls to the cold
end of the vessel and the capsule is quenched. The second method required two steps because the
wire holding the alumina basket generally breaks after ~24 hours due to oxidation. Quenching by
using method one cools the glass to below the glass transition temperature within a few minutes
and for method two the glass cools to below the glass transition temperature within a few
seconds.

2.2. Recovery of Run Products

Recovery of the quenched aqueous solutions and any querzh . zcipitates, which are
analogous to the supercritical fluid, was achieved through . multistep processes after the method
of Iveson et al. (2019). The recovery process is designea = dissolve any fluid or quench
products in multiple fluid aliquots of large enouch * ol.me that they can be analyzed and the
concentration of major and trace elements n trose aliquots can be quantified. The recovery
process is detailed in Iveson et al. (2019, and a general description of the steps taken in this
study are presented below and outli~ad ir Figure 1. Post-experiment capsules were removed
from the vessels and cleaned in .1 acetone bath in a sonic wash to remove contamination on the
outside of the capsule. Afte ci2mning, capsules were weighed to assess any weight loss that
occurred during the expe.*ment. Capsules exhibiting negligible weight loss or gain (less than +
0.5 mg) were deemed successful. Cleaned capsules were then placed in a vial with a weighed
amount (5 ml by volume) of demineralized water and punctured while submerged. The opening
of the capsules was confirmed by bubbles exiting the capsule. The vial was then sealed and
agitated. Capsules remained submerged for at least one week to ensure the quench fluid
completely mixed with the demineralized water and any water-soluble quench products were re-

dissolved. The capsules were then removed from the water and dried at 120°C overnight and



then weighed to determine the mass of the quench fluid recovered by difference. The water in
which the capsules were soaked was then sampled for analysis by ion chromatography by
pipetting 50-100 pl into a glass vial. Once dried, capsules were opened using a straight edge
razor, reweighed, and placed in a weighed amount (10 mL by volume) of 5 M HCI in a Teflon
beaker at 60°C for 20 minutes to dissolve water insoluble precipitates. The capsules were then
removed from the acid and dried overnight. Once dried, the capsules were weighed to determine
the mass of precipitates dissolved. The capsules were inspected afie. the acid-soaking step to
determine if any precipitates remained. In the case where salts 2iu ~ot fully dissolve or were re-
precipitated on the capsule walls, the capsules were re-soan>d in acid. Precipitates that were
insoluble in the HCI were not observed. Note that in the . ,eriments performed here, very few
precipitates were observed often resulting in no m. s c.aange after the acid-soaking step. The
soak solution was then added to the HCI sz wutiun. The vial containing the soak solution was
rinsed out with 1 mL of 5 M HCI twice w fully recover the solution. The mixture of the soak and
HCI solution was then dried overnicht or a hot plate at ~70°C. The dried down precipitates were
then re-dissolved in a weighed a.mount (5 ml by volume) of 0.28M nitric acid to be analyzed by
solution ICP-MS (inductiv2'v o~upled plasma mass spectrometry). This process produced
solutions that were dilute X by 100 to 300 times. The quartz chips were also recovered and
weighed in order to accurately determine the mass of the melt by difference for the mass balance
calculation. This was done because the glass tended to fracture and recovery of all pieces was
not possible and thus could not be accurately weighed. Once the masses of the quartz and run
product fluid were known, and assuming the weight of the gold capsule does not change
significantly, the mass of the glass can be calculated by difference. The run product glasses,

analogous to the melts, were removed from the capsules, mounted in epoxy, and polished for



electron microprobe and laser ablation ICP-MS analysis. The final masses of the melt and fluid
phases are given in Table 3 and examples of backscatter electron images of samples are given in
the supplementary information.

3. Analytical Methods

3.1. lon Chromatography

The concentrations of major cations and anions in the quench fluids were measured by
ion chromatography (IC) and were carried out by using a Therm.ri_her Dionex ICS-6000
instrument. Samples of the soak solutions were diluted by a ‘nov 'n factor of 10 with 0.01 M
nitric acid for cation analyses (Na*, K*, Ca**, Mg?") anc ui.-apure water (18.2 MQ cm resistivity)
for anion analyses (F" and CI"). Cations and anions **'ee analyzed in isocratic modes by using a
Dionex lonPac CG12AA column (20 mmol mew anesulfonic acid eluent) and Dionex lonPac
AS11-HC-4pm column (30 mM potassium h,droxide eluent), respectively. Calibration of the
instrument was performed by using 17 s >luuons of different concentrations diluted from two
commercial multi-element solutic*'s (iverck 1.09032.0001 and Merck1.09036.0001for anions
and cations, respectively) betwe~n 2 and 200 times. Analytical precision of the instrument was
estimated by repeated anc lyse s of an in-house standard every 5-10 samples. The reproducibility
and accuracy of these ren-ated analyses is between 5 and 10% (RSD) for all cations and anions
presented. In the case of one sample, an aliquot of the final nitric acid solution intended for ICP-
MS analyses was sampled, dried down in a PFA beaker on a hotplate at 130°C, and recovered
with 0.01 M nitric acid solution for cation analysis. This optional step was useful for highly
diluted samples in order to increase the signal-to-noise ratio and improving the quantification of

the concentration of sodium and potassium. Note, analysis by ion chromatography permits more



accurate analyses of major cations and anions, which varies from lveson et al. (2019) who only
analyzed the soak fluid for chlorine by chloridometery.

3.2. Solution ICP-MS

The concentration of trace elements in the quenched fluids (mixed solutions) were
analyzed by inductively coupled plasma mass spectrometry (ICP-MS) by using a ThermoFisher
Element-XR ICP-MS in low and medium resolutions. Samples were introduced to a hot plasma
(1200V) with a 100 pl min™ nebulizer and a quartz cyclonic chambe:  All samples, blanks,
calibration and standard solutions were prepared with 0.28 M =, ucid and were spiked with
internal standards (2 ppb In-Re) in order to monitor and co: -act tor instrumental drift. The
unknown samples were diluted by an additional 10 times, »roducing solutions with an overall
dilution factor between 1,000 and 10,000. Calibrai”:n .urves were generated by analyzing three
different multi-element solutions diluted tc orcduce seven to ten solutions of different
concentrations per multi-element solutio.: The first standard solution of trace elements included
Li, Be, Sc, V, Cr, Mn, Fe, Co, Ni, C1. .'n, Ga, Rb, Sr, Y, Zr, Nb, Cd, Ba, Hf, Pb, Th, U and was
diluted to concentrations betwee . 0.U1 and 10 ppm. The second standard solution included rare-
earth elements and was di!*au 2 between 0.001 to 1 ppm. The third standard solution for major
elements included Al, Si, ©a, Ti, Mn, Fe diluted between 0.01 to 100 ppm. The analytical
precision was estimated by repeated analyses of HCI-HF dissolved USGS certified reference
material (BIR-1, BHVO-2, and BCR-2) diluted by a factor of between 5,000 and 10,000. The
external reproducibility is better than 5% (RSD) for all measurable elements and an accuracy of
between 5 and 10% (RSD) for all elements, excluding silicon which is lost during preparation of
the standard (i.e. partial evaporation as SiFy).

3.3. Electron Probe Microanalysis




Glass run products were analyzed by using a Cameca SX-Five electron probe
microanalyzer (EPMA). Wavelength dispersive spectroscopy (WDS) was used to analyze Si, P,
Ti, Al, Fe, Mg, Mn, Ca, Na, K, CI, and F. Counting times for all elements except fluorine were
10 seconds on peak and 5 seconds on background; for fluorine the counting time was increased
to 30 seconds on peak and 15 seconds on background to lower the detection limit. The
conditions of the electron beam were an accelerating voltage of 15 kV, a current of 5 nA, and a
beam diameter of 20 microns to limit the diffusion of sodium and putassium in glass away from
the electron beam (Morgan and London, 1996). The standards *~e. < albite, topaz, andradite,
apatite, orthoclase, vanadinite, MnTiOg3, Fe,O3, and MgO. ..~ addition to the run products, four
rhyolite glasses with a known composition were analyzeu =s unknowns. These rhyolite glasses
are hydrated equivalents of the dry synthetic glass - :pcrted in Table 1 of Scaillet and Evans
(1999) that were doped with variable amo: ats Jf water. The water concentration of these glasses
had previously been measured by Karl F.>cher titration and determined to be anhydrous or have
2.42,4.24, and 6.38 wt% water, resrac.valy (Scaillet and Evans, 1999). Analyses of these
glasses during the analytical ses.‘ons allowed the water content of the run product glasses and
loss of sodium and potassi*'™m ("¢ to diffusion away from the electron beam to be estimated. The
concentration of sodium .1 tne analyzed rhyolite glasses was within uncertainty of the rhyolite
glass from Scaillet and Evans (1999) for all water contents, excluding one analysis of the glass
with 2.42 wt% water. For potassium, the concentrations of the analyzed glass were slightly
greater (up to 0.2 wt%) than the reported values in Scaillet and Evans (1999). See
supplementary files for analyses of rhyolite standards. These results are consistent with no
sodium or potassium loss during EPMA analyses. Energy dispersive spectroscopy (EDS) semi-

quantitative line scans were also performed on select glasses from core-to-rim in order to identify



if an ion exchange reaction between the glass and fluid occurred during quench. These line
scans were performed by using a ZEISS Merlin Compact SEM equipped with a Bruker EDS
detector. All EPMA and SEM analyses were performed at ISTO-CNRS-BRGM, Orléans,
France.
3.4. LA-ICP-MS

The concentrations of trace elements in run product glasses were measured by laser
ablation inductively coupled mass spectrometry (LA-ICPMS). All a:.alyses were performed by
using a RESOlution-SE Ar-F excimer laser (193 nm) with a S2=% Laurin Technic sample cell
coupled to a triple quadrupole Agilent 8900 mass spectrom.ter at ISTO-CNRS-BRGM, Orléans,
France. The operating conditions of the laser were a spot .*ze of 50 microns, a fluence of ~4
Jlem? and a repetition rate of 10 Hz. Helium (~20 m! min) and argon (~0.92 I/min) were added
to the cell and argon (0.9 I/min) was introc’ icer. into the torch as auxiliary gas. The plasma was
sustained at an argon flow rate of 15 I/m..» and an RF power of 1480 W. The reference material
NIST 612 was used for tuning to m‘~in ize fractionation (U/Th of ~1), oxide production of
(ThO/Th ~0.14 to 0.26), and do.hly-charged ions (Ca**/Ca* ~0.28 to 0.38). The isotopes
analyzed as part of this stvv o= Li’, Be®, Si?®, Mn™, Cu®®, Zn®®, Rb®, and Sr® and were part of
a suite of 46 total isotope: analyzed. Analytical dwell time was 10 ms per isotope; the total
integration time per sweep was 0.5180 seconds. For each time-resolved analysis, the background
was measured for 30 seconds, followed by 50 seconds of ablated sample analysis, followed by
another 10 seconds of background analysis and 15 seconds of washout. Sample analyses (15
analyses) were bracketed by analyses of reference materials. The external standard was
NIST610. The reference materials NIST612, BCR-2G, and BHVO-2G were also analyzed as

unknowns to monitor accuracy and precision. For NIST612, the vast majority of elements were



within uncertainty of the accepted values with a bias of between -4 and 9% relative to the
accepted values. For BCR-2G and BHVO-2G the bias was greater due to poor matrix matching.
The samples in this study are high-silica rhyolites and thus the matrix is similar to that of the
NIST standards. Data reduction was performed by using the program SILLS (Guillong et al.,
2008) and the internal standard for data reduction was SiO,. Compositions used for NIST610,
NIST612, BCR-2G, and BHVO-2G are those provided on the GeoRem website (May 2022) and
Pearce et al. (1997).
3.5. Mass Balance

A mass balance calculation was performed in addition to a complete recovery and
analysis of the quench fluid. The masses of the fluid, me.* and starting materials, as well as the
composition of the starting materials and quenchad' .ne.t is required in order to calculate the
compositions of the fluid phase by mass b: @anr.e. The mass of the fluid is known by weighing the
capsules before and after each step in the vecovery process and calculating the mass by
difference. The mass of the melt is ~alc 'luted by difference after recovering and weighing the
quartz chip and assuming the au. capsules were inert and no mass exchange across the outer
capsule wall occurred. The ~0,~~.0sitions of the initial glass and quenched melt were obtained by
EPMA and LA-ICP-MS s adescribed above. Once the mass of the melt and fluid, as well as the
composition of the melt is known, the composition of the final fluid phase is then calculated
using the following equation:

Fluid
Ci

[(MOGlass « Cio,Glass) + (Mo,Fluid % CiO.Fluid) + (MOF Mix CiO’F Mix)] — (MMelt CiMelt)

MFluid

where, CF"™ s the concentration of element i in the fluid; M¢ass is the mass of the starting

0,Glass
Ci

glass; is the concentration of element i in the starting glass; M2F% js the mass of the



starting fluid; ¢>F"™** is the concentration of element i in the starting fluid; M M is the mass

o,F Mix
Ci

of the fluorine mixture; is the concentration of element i in the starting fluorine mixture;

MMelt s the mass of the melt at pressure and temperature; CM¢" is the concentration of element i
in the melt at pressure and temperature; and M@ is the mass of the fluid. The masses and
concentrations of element i in the starting fluid and fluorine mix can be excluded for those
elements that are not present. These terms only need to be included for elements such as Na, K,
Cl, F, and Al.

4. Results and Discussion

4.1. General Observations of Run Products

All run products were comparable in regard to “ne macroscopic properties of the quench
fluids and glasses. Upon piercing of the capsule: wrine submerged in distilled water, gas bubbles
were released from the capsules. There were "« observable color changes or cloudiness
introduced by mixing the quench fluidz viu~ the distilled water. Additionally, very few quench
precipitates were observed after th2 casules were removed from the soak solution and dried. In
all experiments, the mass of the quanch precipitates measured by difference during the recovery
process was <1 mg. The run .voduct glasses for all fluorine-free experiments yielded a
translucent glass with nur arous bubbles and no observable crystalline phases. The bubbles are
part of the supercritical fluid phase; however, because they are trapped in the glass and their
volume and exact number are unknown they are not recovered nor weighed. Thus, their mass is
included in the mass of the melt. This introduces uncertainty in the mass balance calculation, but
given the mass of the quenched fluid recovered is approximately that of the starting fluid this
uncertainty is likely minor in the present study. However, in some cases particularly if a large

number of bubbles form, the uncertainty may be higher. For example, if a melt (density of 2.4



g/cm®) has a bubble number density of 10° bubbles/cm?® with an average diameter of 30 microns
that are ~60% filled with a ~2 m NaClequiy fluid at room pressure and temperature (all values
estimated from Larsen and Gardner (2000) and Klyukin et al. (2019)) then the uncertainty in the
mass of the melt is ~5%. Note, these bubbles do not affect the measured values as only the mass
of the recovered fluid is needed for the ICP-MS and ion chromatography analyses. In the
fluorine-bearing experiment, the crystalline phases present included quartz and alkali feldspar,
along with clusters of biotite and fluorite crystals. The individual c.y-tals in the fluorine-bearing
experiment were generally less than 5um in size. Quartz is thz mczt abundant crystalline phase
(~1-2 modal percent) found in zones dispersed throughout .~e glass along with lesser amounts of
plagioclase. The clusters of biotite and fluorite are dispers>u throughout the glass and are
estimated to be less than 1 modal percent.

4.2. Compositions of Run Products

The major element and select trau~ element concentrations of the run product glasses are
reported in Table 4. The run produrt* glosv.es are hydrated equivalents of the starting material,
with minor changes in the Na/K -atio and trace element compositions due to equilibration with
the fluid phase. The measi'=a >~mpositions of the quench fluids are reported in Table 4 and the
compositions calculated ©v mass balance are reported in Table 5. The quench fluids are aqueous
chloride solutions with minor fluorine. In several of the experiments, fluorine was not added but
minor amounts of fluorine were measured and this fluorine was sourced from the starting glass.
The Bishop Tuff has up to a few hundred ppm fluorine (Mahood and Hildreth, 1983) but this
concentration is below detection (~1000 ppm) of the EPMA analyses for the glasses used here.
The composition of the quench fluid is a function of the starting fluid composition and the

majority of the trace elements vary as a function of the chlorine concentrations such that Na, K,



Ca, Li, Mn, Rb, and Sr increase with increasing chlorine content, whereas Be, Cu, Zn have no
change or exhibit a decrease with increasing chlorine content (Figure 2).
Partition coefficients for both the mass balance calculation and the measured values were

calculated by

CFluid
DFluid/Melt i
i - CMelt
L
where D™ #/Me! i the partition coefficient for element i between ne fluid and the melt, ¢/

is the concentration of element i in the fluid, and C¢' is the roncar.ration of element i in the
melt. Partition coefficients derived from mass balance cal. tlations and those that are derived
from measurements are given in Table 6.

4.3. “Slow” vs Drop Quench

The quenching speed (a few minutr s fo. the slow quench and a few seconds for rapid
quench) of the experiment appears to ha.= little to no effect on the results of the experiments.
Neither type of experiments producea [rje amounts of quench precipitates. Additionally, the
absolute concentrations and par: tion coefficients for all elements in the glass and fluid are
consistent between the dron qu=r.ch experiment and the “slow” quench experiments and no back
reactions upon quencn hioVe neen observed. Previously, Shinohara et al. (1989) reported that an
ion exchange of sodium and potassium between the glass and fluid occurred upon quench,
changing the ratio of sodium to potassium in the fluid. Shinohara et al. (1989) observed that in a
profile of the glass from rim-to-core the sodium to potassium ratio varied and stabilized after
~100 microns away from the rim, which was interpreted as support for an ion exchange reaction
during quench. The effect of an ion exchange in the experiments reported here was examined by
performing EDS line scans from rim-to-core of both drop and “slow” quench glasses. Each line

scan comprises 100 points each spaced a few microns apart with a total analysis time of 72



seconds per line. For each point, an EDS spectrum was obtained and quantified (semi-
quantitative, standardless analysis) in order to determine the sodium/potassium ratio. Neither the
drop quench nor “slow” quench experiments exhibit any systematic changes in Na/K ratios
within 300 microns from the rim of the glass (Figure 3) and therefore an ion exchange or other
back-reactions that may occur upon quench can be excluded for the experimental design reported
here.

4.4. Mass Balance vs. Measurements

A comparison of the mass balance and measured comrz=i.ziis of the quench fluid for
Na, K, Rb, Cu, and Cl is given in Figure 4. The concentraticns of sodium, potassium, and
calcium, as well as beryllium, calculated by mass balanre e systematically higher than the
concentrations measured by ion chromatography ¢ - s0'ation ICP-MS. Additionally, the
concentrations of fluorine (even excluding rhe .luorine-bearing experiment), copper, and zinc
determined by the mass balance calculauan are less than the measured concentrations. For
lithium, rubidium, and strontium, m~ng,2rese, and chlorine, the mass balance and measured
concentrations are in agreement, althuugh for lithium the agreement is weaker. In some cases,
the concentrations calculat~d . * .nass balance are negative, a physical impossibility, highlighting
the significant underestn, ation for some elements.

The results of mass balance calculations for chlorine, sodium, and potassium were further
scrutinized in order to determine if the mass balance or measured concentrations are more
accurate. Sodium and potassium are the most abundant cations in the fluid phase and thus it is
reasonable to assume that the majority of the chlorine in the fluid phase is attached to either
sodium or potassium. Thus, the molal concentrations of sodium and potassium should be

approximately equal to or slightly less than the molal concentration of chlorine. The sum of the



sodium and potassium concentration may be slightly lower than the chlorine concentration in
order to accommaodate other cations that complex with chlorine. However, the concentration of
sodium and potassium should not be significantly greater than the concentration of chlorine as
the amount of hydroxide, fluoride, or ionic species that form are expected to be significantly less
than the chloride species (with the exception of one experiment; see below).

A comparison of the chlorine vs sodium + potassium for both the measured
concentrations and the concentrations derived from the mass balance <alculation are given in
Figure 5. The molal concentrations of sodium and potassium f2+ .2 mass balance calculations
are consistently higher than the molal concentrations of chicrine and in some cases is up to 0.5
molal higher than the chlorine. The measured molal concc~wrations of sodium and potassium are
in agreement with or slightly lower than the conre.’rat.on of chlorine, with the exception of one
experiment at a low chlorine concentratior (B7 -4-2-S4). Fluorine was added to experiment BT-
4-2-S4 as NaF and KF and thus excess scium and potassium is likely present as a fluoride or
hydroxide species. The hydroxide srac.2< are more likely as the fluorine will either generate HF
or be taken up by the fluorite an.' bio.ite present in the run products. Additionally, due to the
solubility differences of KF ai,2 ‘NaF (Morey and Chen, 1956), NaF may also be present as a
crystalline solid in the ru.> products. The difference in solubility may also affect the final Na/K
ratio of the fluid or melt. Although there is little variation observed in the reported melt
compositions, there is some variation in the fluid composition; however, there is insufficient
evidence to support that NaF or KF is the root cause of this variation. Additionally, it could be
hypothesized that the fluid-to-glass ratio may influence the accuracy of the mass balance
calculation. At large fluid/glass ratios, a large amount of material is transferred into the fluid to

reach equilibrium resulting in an easily resolvable difference between the starting and final glass



composition. However, there appears to be little to no correlation between fluid/glass ratio and
the difference between measured concentrations and concentrations calculated by mass balance
for the major cations. This is consistent with other factors such as contamination influencing this
difference. The discrepancy between measured and mass balance calculations for sodium and
potassium highlight the potential problems with mass balance calculations. In the case reported
here the data are consistent with mass balance calculations overestimating the concentrations of
sodium and potassium in the fluid phase and thus, the measured co.icentrations are more accurate
than mass balance calculations.

The partition coefficients of previous studies (Table 1) were compared to the partition
coefficients reported here (Table 6) in order to determine * the over- or underestimation of major
and trace elements is common in data reported ir \*ereure (Figure 6). The partition coefficients
used here are for comparative purposes or’v, ., a comparison of absolute concentrations between
studies and experiments bears no significonce, due to the difference in bulk composition of
starting materials. The mass balanc~ ar1 'neasured partition coefficients reported here are in
agreement with previous studies. However, previous studies have reported similar observations
regarding differences in m~-s .~ance and measured concentrations in fluid phases. For
example, the potassium v ncentrations calculated by Schmidt et al. (2020) by mass balance were
either greater than or consistent with synthetic fluid inclusions from the same experiments,
suggesting overestimation of potassium partition coefficients. Thus, it is reasonable to suggest
that partition coefficients calculated by mass balance for sodium, calcium, and beryllium in
previous studies are, as in this study, overestimated. Conversely, other estimates such as
fluorine, copper, and zinc may be underestimated when calculated by mass balance or are, at

minimum, inconsistent. For fluorine, the concentration is systematically underestimated in this



study and the one partition coefficient reported is lower than in previous studies. This
underestimation may be a result of a low concentration in the starting material and high detection
limits of the EPMA.. At present the only other study to compare mass balance calculations and
measured values for fluorine is Wu and Koga (2018) who reported large uncertainty and general
scatter in their mass balance calculations. For copper, most experimental studies consider the
capsule to be a sink for copper (e.g. Zajacz et al., 2011) and thus overestimating the copper
partition coefficient would be expected. However, in this study the partition coefficients were
underestimated. The most likely source of this additional copz2r .2 tne gold capsule itself.
Analyses of one batch of starting gold tubing by LA-ICP-IN.S is consistent with the capsule
having ~5 ppm of copper, but according to the manufactu.=r (Ogussa) the gold may contain a
maximum of 50 ppm. This is equal to or greater th>1 th.e copper concentration in the starting
glasses. Given the ratio of the gold capsul! - to ,tarting materials (~1.3 g Auto ~0.05t0 0.1 g
starting material) this copper concentraticn is sufficient to disrupt the mass balance calculation.
The partition coefficients derived fr~m m:asured values (Table 6; 32 - 380) and from a mass
balance (Table 6; 11 — 28.2) for ~opper are generally consistent with natural fluid inclusions in
felsic systems with similar ~an*.es of 1 to 3 m Cl (Zajacz et al., 2008 (15 - 2698; median 34)).
These values are also coi.~istent with previous experimental studies, who report partition
coefficients for copper of 20 to 433 with a median of 68.5 for fluids with salinities between 1 and
3 m Cl and partition coefficients of 3 to 103 with a median of 8.8 for fluids with salinities of less
than 1 m Cl, excluding outliers (Williams et al., 1995; Simon et al., 2006; Tattitch et al., 2015).
Because the partition coefficient for copper is strongly a function of the chloride content of the
fluid, the range of values from the present study should span a similar range as previous studies

(~10-1000) for fluids of similar salinity. The measured values are within this expected range;



however, the values from the mass balance calculation underestimate the partition coefficient,
particularly at higher salinities (>1 m CI). Thus, it is clear our mass balance calculations cannot
be used for copper partitioning studies. For zinc, the concentrations and partition coefficients
were underestimated in this study; however, this is inconsistent with lveson et al. (2019) who
reported agreement between mass balance and measured partition coefficients. There are also a
number of elements whose mass balance calculations are consistent with measured values both
in this study and previously reported (e.g. Iveson et al., 2019) incluu:ng lithium, rubidium,
strontium, manganese, and chlorine, suggesting that, for at lea< t1,.22e elements, mass balance
calculations are accurate. It is not clear why the mass balai.~e tor these elements is accurate
between studies. However, it can be hypothesized that co. *amination of lithium, rubidium,
strontium, manganese, and chlorine is limited in &~ or7 tory settings; whereas for other metals,
particularly in experimental laboratories w iere metal alloys are common, contamination may be
more prevalent. Additionally, the concer.:ation of these elements may not be heavily influenced
by crystals/nano-crystallites found *~ tf.= :un products or starting materials, which may either
release or sequester the metals u.'riny the experiments. Regardless, given the overestimation of
major elements like sodiur~ a1,2 potassium and the underestimation of elements like copper and
zinc it is reasonable to qustuon the accuracy of mass balance calculations.

4.5. General Reliability of Mass Balance Calculation

A reliable mass balance calculation requires that the compositions and masses of all
crystalline phases and the melt are known and there is no mass transfer during the experiment or
contamination during capsule preparation. However, a number of issues may arise when trying to
meet these requirements. When determining the composition of hydrous glasses by EPMA,

diffusion of alkalis away from the electron beam can cause lower concentrations of sodium and



potassium in the melt to be measured and result in overestimation in the fluid (Nielsen and
Sigurdsson, 1981; Morgan and London, 1996). Note, in this study there is no significant
diffusion of potassium and sodium away from the electron beam (see section above) and the
overestimation of sodium and potassium in the fluid cannot be explained by such diffusion.
Additionally, if any crystalline phases are present, determining the masses of the melt and
crystalline phases becomes increasingly complex. Techniques, such as point counting, can be
used to estimate mass fractions for crystalline phases. However, thi. technique also assumes that
area fractions can be converted into volume fractions, which rz2u.. 25 that two-dimensional slices
used for counting are representative of the entire, three-din.>nsional sample, and these area
fractions can then be converted into mass fractions (regrn. =s the densities of all phases to be
known). These conversions, particularly from ar~a *o volume, can introduce large uncertainties
into mass balance calculations. It may als» be difficult or impossible to determine the major and
trace element compositions of all the phacas due to small crystal sizes. This will be particularly
problematic in systems where nano ~ry “t-llites or cryptocrystalline phases are present and if
these phases have a high affinity for any metals (e.g. hafnium in zircon or europium in
plagioclase). For example 1 eweriment BT-4-2-S4 the addition of amorphous SiO,, NaF, KF,
and AlF;3; promoted the ¢, ‘stallization of quartz, alkali feldspar, biotite, and fluorite. All of these
phases were easily seen in backscatter electron images, but were too small to determine their
composition. The composition of these phases is thus unknown and volume fractions (a few
modal percent) can only be estimated with image analysis, which resulted in an overestimation
(up to 65%) of the amount of sodium and potassium in the fluid phase. This overestimation is
likely to extend to other trace elements that partition strongly into feldspar, biotite, or fluorite.

Additionally, mass balance calculations can be inaccurate if there is any contamination of the



capsule during sample preparation, such as that noted by Iveson et al. (2019) for tungsten, or
mass exchange across the capsule wall. Contamination during capsule preparation or mass
exchange during the experiment will have a large effect on trace elements (e.g. copper and zinc)
due to the lower concentrations in the starting materials, but is unlikely to affect major elements
(e.g. sodium) due to their large concentration in the starting materials. Direct measurements of
the quench fluids eliminate the need to account for crystalline phases, mass exchange, or minor
contamination during capsule preparation. Instead the only requireinont is that the fluid can be
recovered and weighed, which, as demonstrated here, is feasir!> CZiven the unreliability of mass
balance calculations, it is suggested that they only be perfo, med out of necessity and be treated

as estimates.

4.6. Implications for Future Studies

The combination of the recovery tech. ique developed by lveson et al. (2019) with ion
chromatography and solution ICP-MS 1+ noited here allows for the complete recovery and
analysis of fluids equilibrated wit® fels:c melts. This is a significant advancement over previous
mass balance studies, which pni.maiily focus on conditions wherein the only phases to exist are
the melt and fluid. This t>chrique can be used to determine how metals partition among melts,
fluids, and crystals. Thi< ’s particularly useful for studying complex systems at the magmatic-
hydrothermal transition. Additionally, this style of experiment is not limited to felsic systems as
this technique can easily accommodate more mafic systems, such as basalts and andesites or
systems exploring the transport of metals between mafic and felsic systems (e.g. Guo and
Audétat, 2017). Although in the case of more mafic systems a rapid drop quench is preferable to
limit the crystallization of the melt during quench, something that is more likely in less-viscous

basalts or andesites compared to the rhyolitic melts used here.



The method reported here opens the door for additional studies on fluid/melt partitioning
to be performed, as well as replace mass balance techniques. In particular, the novel use of ion
chromatography to determine the concentrations of sodium, potassium and calcium, as well as
chlorine and fluorine will facilitate future studies on mass exchange between silicate melts and
aqueous fluids. Few studies have utilized ion chromatography in order to analyze synthetic
magmatic fluids and typically consider only a single element. For example, Borchert et al. (2010)
determined chlorine, Wu and Koga (2018) determined fluorine, Arai.avich et al. (2013) briefly
considered potassium, and Peiffert et al. (1994) determined carni.2tes. However, analyses of a
large suite of cations and anions, as reported here, has not v.~en previously considered. lon
chromatography may also be used to analyze other major ~ations and anions such as iron,
magnesium, sulfate, phosphate, bromates, nitrates, ~nd carbonates from a single fluid sample.
Additionally, the method described here 1y k2 more approachable to some researchers than
fluid inclusion studies, which may requn > more specialized equipment, such as dedicated LA-
ICP-MS systems. This method is n~* ir.*eided to be a replacement for fluid inclusion studies, but
as a complement to those studie. Depending on the conditions and starting materials, future
studies may face additiona' A1, %~ ulties not reported here. For example, lower temperature
studies (several hundrea ot aegrees) may benefit from the post-experimental processes and
analytical technique reported here, where fluid inclusions techniques may have additional
difficulties. However, the duration of the experiment will need to be longer in order to reach
equilibrium. Care will also need to be taken that the solid products (non-quench related solids)
formed at these temperatures, which may include a variety of hydrothermal minerals such as
clays or carbonates, do not react with the acid bath and are insoluble in water. Conversely, in

systems where the fluid is prone to containing large amounts of sulfur, oxide forming



components, or dissolved gasses additional recovery steps may be needed. If sulfides or oxides
precipitate during quench, other acids or combinations of acid (e.g. HNO3, oxalic acid, sulfuric
etc.) may be needed to fully re-dissolve them completely (e.g. Chao and Sanzolone, 1977,
Salmimies et al., 2016). However, as noted above, testing should be performed to ensure the
acid does not dissolve the solid run products. Further, this technique is not presently designed to
accommodate gas species that exsolve from the fluid during decompression and an additional
step would be need during capsule opening to capture these gas phas>
5. Conclusions

This study demonstrates that the composition of magmatic fluids that have been
equilibrated with felsic melts during high-pressure, high-. :nperature experiments can be reliably
recovered and characterized. Characterization of +''ch fluids is made possible by completely
recovering quenched fluids by using a mu! istey process coupled with ion chromatography and
solution ICP-MS. This recovery and coihined analyses will facilitate future studies concerning
the behavior of metals and volatiles in \nzgmatic-hydrothermal systems by permitting the
composition of synthetic fluids .~ be determined without relying on a mass balance calculation or
fluid inclusions analyses. Mirect .neasurements are more reliable and more consistent than mass
balance calculations. It thus suggested that mass balance calculations be avoided and those
calculations replaced by more reliable measurements. If mass balance calculations are needed,
the results should be considered as plausible ranges of concentrations and partition coefficients.
Thus, direct measurements of quench fluids offer an alternative method to fluid inclusions

analysis and one that is more accurate that a mass balance calculation.
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Table 1
Study Experimental MethrAs: Analytical Temper Pressur Relevant Elements
Fluid "Type" Method ature e
for Fluid (°C) (MPa)
DCP- Na (0.03 - 4.01); K (0.01 - 2.41); Cu
Bai et al. (1999) IHPV: Quanch AEsiAAs/icP- 101 19910 (05 9g.)
MS Rb (0.006 - 1.63); Sr (0.002 - 2.98)
Borchert et al. (2009) HMAC: Que ich SR-pXRF 750 ;88 0 Rb (0.01 - 0.47); Sr (0.0006 - 0.24)
ICP-AES/IC/SR-750t0 100to CI (2.01 - 119.28); Rb (0.002 - 0.81);

' .
Borchert et al. (2010) CSPV/! APV/HDAC: Quench UXRF 950 1400 Sr (0.001 - 0.57)

Na (0.41 - 1.63); K (0.18 - 1.08); Li
750t0 200to (0.01 - 1.85);

Bos (1990) IHPV: Quench ICP-OES 850 500  Cu (0- 166); Zn (0 - 42.7); Rb (0.36
-1.49)
E:lzrgd‘le)la and Holland — ~opy/- ouench AAS 750 140  Cu (1.6 - 50)
Chevychelov and . 800to 100to )
Chovachelova (10g)  CSPV/IHPV: Quench EPMA 1000 500 Zn(2-71)
Na (0.25 - 2.82); K ( 0.18 - 1.86); Ca
_ (0.068 - 2.82);
Holland (1972) CSPV: Quench AAS 850 200 (50 350) Mn (0.74 - 43); Zn
(0.8 - 59)
cp. K (0.11 - 1.56); CI (3.06 - 37.4); Li
Iveson et al. (2019) IHPV: Quench MS/Chloridomet 850to 60to (0.05-117);

o 1050 200  Mn (0.13 - 3.88); Cu (5.4 - 82.4); Zn
y (0.36 - 20.3);



Rb (0.07 - 2.39); Sr (0.0005 - 0.81)

Keppler and Wyllie (1991) CSPV: Quench/Mass Balance DCP-AES 750 200 F (0.7 -1.1); Cu (1 - 83)
650 to Na (0.1); K (0.1); F (0.3 - 0.4); Li
London et al. (1988) CSPV: Mass Balance Mass Balance 775 200 (0.3-0.4);

Be (0.2); Rb (0.1 - 0.2); Sr (0.4 - 0.5)
CSPV: Synthetic LA-ICP-MS 750 200  Na(0.76 - 0.91); K ( 0.47 - 0.81)

Schmidt et al. (2020} Inclusions/Mass Balance

Simon et al. (2006) CSPV: Synthetic Inclusions LA-ICP-MS 800 140 Cu (27 - 102)

. CSPV/Piston Cylinder: 800to 50to
Tattitch et al. (2021) Synthetic Inclusions LA-ICP-MS 950 800 Cl (0.63 - 505)

. . . . 725t0 100 to
Tattitch and Blundy (2017)CSPV: Synthetic Inclusions LA-ICP-MS 810 200 Cu (140 - 310)
Tattitch et al. (2015) CSPV: Synthetic Inclusions LA-ICP-MS 800 100 Cu(1.6-9.9)
Urabe (1987) IHPV: Quench AAS 800 égg L Zn (0.05 to 23.04)

770t0 50w L. {0.2-12.6); Be (0.1 - 1.3);

Webster et al. (1989) IHPV: Mass Balance Mass Balance 950 40 Rb (0.3 - 4.5); Sr (0.1 - 6)
. 775tc octo
Webster (1990) CSPV/IHPV: Mass Balance Mass Balance 1000 50( F (0.13-1.11)
Webster (1992) CSPV/IHPV: Mass Balance Mass Balance  80u 200 Cl(17.3-117.5)
Williams etal. (1995)  CSPV: Quench AAS S0 2050 Cu(4-433)
Williams etal. (1997)  CSPV: Quench AAS oo 2930 Na(0.01-2:346); K (0.009 - 1.008)

Previous experiments reporting partition coefficients for the nai. *ioning of metal between fluids and melts. The fluid "type"
refers to the form in which the fluid was analyzed, i.e. as -. que 1ched fluid that is recovered, as a fluid inclusion, or through a
mass balance. The elements relevant to this study and the -an‘,e of partition coefficients reported are also given.

Table 2:

Bishop Tuff Fluids
wt%  Starting Material M S4 S5
Si0,  76.1(2) NaCl 0..~ 1
AlLO; 12.5(1) KCl 1725 1
TiO,  0.061(3) FCl  0.0001 0.0001
FeO  0.65(4)

MnO  0.0321(3)

MgO  0.08

CaO 0.47(2)

Na,0O 3.61(4)

KO  5.11(4)

Total 98.6(2)

ppm

Li 31.4(2)

Be 4.3(1)

Cu 5.42(5)

Zn 27.8(3)

Rb 174.5(7)

Sr 5.6(1)

Composition of staring Bishop Tuff Glass and aqueous chloride solutions. The composition of the Bishop Tuff is given in wt%.
The compositions of the aqueous chloride solutions are given in molar (M). Uncertainty in the last digit(s) reported is given in
parentheticals.



Table 3:

Run Starting Starting Starting Melt* Supercritic Quench TemperaturPressur Duratio f,,
Glass Fluid Quartz (9 al Fluid® Type e e n (AQFM
(9) (9) (9) (9) (°C) (MPa) (hours) )
BT-1-S4 0.0254 0.0254 0.0294 0.027 0.026 Slow 800 192 14275 -
0.335(4)
BT-1-S5 0.0246 0.0272 0.0269 0.025 0.027 Slow 800 192 14275 -
0.335(4)
BT-2-S4 0.0489 0.0239 0.0260 0.049 0.023 Slow 800 198  141.75 -0.38(1)
BT-2-S5 0.0524 0.0267 0.0353 0.052 0.026 Slow 800 198  141.75 -0.38(1)
BTb-4-2- 0.0245 0.0258 0.0306 0.044 0.025 Slow 800 192 263  -0.42(1)
S4
BT-7-S4 0.0514 0.0506 0.0287 0.055 0.049 Drop 800 196 163 +1 -0.09(1)
3

®Melt and Supercritical Fluid refer to the mass of the melt and supercritical fluid .~ase present during the
experiment at 800°C and 200 MPa. °0.0014 grams of NaF:KF:AlF; mixture a’.u < 00.5 grams of amorphous SiO,
was added. Runs BT-1-S4/S5 and BT-2-S4/S5 were completed by loading the ~apsJles into the vessel at the same
time. S4/S5 correspond to fluid composition given in Table 2. The duratisn o © experiment BT-7-S4 include one
additional hour before drop quench. The digit in parenthetical is the unrer.~int in the last digit in measured oxygen

fugacity by CoPd sensors.

Table 4: .
Glass o4
wit% BT-1-S4 BT-1-S5 BT-2-0 . '3T-2-S5 BT-4-2-S4BT-7-S4
Sio, 721(1)  724(1) 1. 73.003) 71.02)  72.3(1)
Al,O, 11.0009) 10.9(1) 10.85(1) 10.6(2) 10.88(8) 11.49(8)
TiO, 0.0599(2) 0.0627(3) %.0621(5) 0.0635(2) 0.0548(5) 0.06(1)
FeO 0.49(5)  0.3%(4)  u17(2)  05(1) 0.49(2)  0.39(4)
MnO 0.0212(1) 0.006.71) 0.0243(2) 0.0094(2) 0.0216(2) 0.019(4)
MgO 0.08 0.07 0.07 0.08 - 0.08
Ca0 0.42(1)  0.0.1) 0.41(1)  0.34(2) 0.11(1) 0.38(1)
Na,O 3.12(2) .78.%,  3.15(4)  3.09(5) 3.29(5) 3.24(3)
K,0 4.89(7)  5.296) 4.62(8) 5.02(7) 4.99(4) 4.92(1)
P,Osg 1l 0.09 0.09
F 0.94(2)
Cl 0066(s. 0.128(7)  0.073(4) 0.151(7)  0.071(3) 0.090(6)
Total "ML 92.7(2) 91.5(2) 93.0(4) 91.9(2) 93.0(2)
-O=Fr. 0.0 0.03 0.02 0.03 0.41 0.02
Total 92.2(2)  92.7(2) 91.5(2) 92.9(4) 91.5(2) 93.0(2)
H,O 5.7(4) 5.3(3) 6.3(4) 5.1(3) 6.04) 5.0(3)
Total with H,097.9(4)  98.0(4) 97.8(5)  98.0(5) 97.5(5) 98.0(4)
ppm
Li 26.9(1)  18.1(1) 30.,7(2)  24.77(9)  21.7(4) 28.24(1)
Be 3.98(2)  4.01(4) 4.00(8)  4.03(6) 3.14(6)  3.95(1)
Cu 0.41(2)  0.41(2) 0.38(1) 0.393(5) 0.42(1) 0.36(7)
Zn 6.5(1) 5.1(1) 3.64(55) 4.8(1) 19.1(9) 8.88(1)
Rb 146.2(5) 105.7(3)  162.6(9) 135.4(2) 141.3(6) 142.354(3)
Sr 5.32(3) 4.25(2)  5.43(6)  4.99(4) 42(2)  4.85(1)
Fluid
mg/L or ppm BT-1-S4 BT-1-S5 BT-2-S4 BT-2-S5 BT-4-2-S4BT-7-S4
Na' 6600(500) 18000(2000)5900(500) 20000(2000)5400(400) 4100(500)
K* 6100(200) 24000(2000)5600(200) 21400(900) 4600(200) 5900(200)
ca?* 410(20)  1000(100) 310(10) 1030(40) 710(30) -
F 570(20) 580(60) - - 640(20) 51(1)
ol 13800(600)65000(6000)13600(500)55000(2000)5000(200) 17000(1000)



Li 56(6)  15(2) 57(6)  21(2) 42(4)  65(6)

Be 008(1) 0.08(1)  008(1) 0081)  021(2) 0.02(2)
Mn 81(8) 180(20)  110(10) 340(30)  32(3)  100(10)
Cu 21(2) 26(3) 12(1) 45(4) 160(20) 23(2)
Zn 46(5) 84(8) 49(5) 130(10)  140(10) 49(5)
Rb 24(2) 64(6) 24(2) 86(9) 172) 242
Sr 024(2) 12(1) 0.13(1) 1.3(1) 0.75(7) 0.14(1)

Composition of run product glasses and fluids. Glass compositions determined by EPMA and LA-ICP-MS and are reported in
wt% or ppm, respectively. Elements analyzed by ion chromatography are indicated by a charge associated with that element and
are reported in mg/L, all other elements are determined by solution ICP-MS and reported in ppm. Uncertainty in the last digit(s)
reported is given in paratheatrical. Uncertainty for EPMA and LA-ICP-MS of the run product glass is the standard deviation of

the mean (o), determined by the equation: oy, = ( /n—ilzggl(x - §)2> /+/n where n is the number of measurements. For major

elements measured by EPMA in glass n = 10. For trace elements measured by LA-ICP-MS in glass n = 5. All analytical points
were chosen at random across the glass shards. Uncertainty for ion chromatography analvses is estimated from the reproducibil ity
of the standards. Uncertainty for solution ICP-MS is estimated to be ~10%. Uncertaintie. for ion chromatography and ICP-MS
measurements for solutions are better than 10% for all listed elements and are estimated by . ~neated analyses of in-house
standards and certified reference materials (see text for additional details).

Table 5:
mg/L or ppmBT-1-S4 BT-1-S5 BT-2-S4 BE&S BT-4-2-S4 BT-7-S4
Na 7900(500) 25300(500)12700(8"" 30700(500)10400(600) 6700(400)
K 9100(700) 35700(700)18000( '.0".0)."0400(900)13000(800) 8300(500)
Ca 140(90) 1080(80) 700(.200,  L800(200) 3900(100) 400(100)
F 0 0 Z 0 -400(-2300)0
Cl 16300(100)64200(3" V)16 ,00(100) 65600(400)16500(100) 16740(50)
Li 3.0(5) 11.9(4) ".1) 13.409) 11.7(7)  1.0(5)
Be 0.1(1) 0.3(" 0.L2) 0.6(2) 1.4(2) 0.1(1)
Mn 74(3) 180(3) 124(6) 359(5) 102(4) 98(3)
Cu 491(6) 4ro.)  10.8(1) 10.3(1)  7.81(9)  5.27(6)
Zn 20.7(4)  20.23)  51.8(7) 470(7)  11(Q2) 19.1(4)
Rb 20(1) 621 22(2) 80(2) 30(2) 22(1)
Sr 0.0(-1)  1.2(x) 0.2(2) 1.2(2) 1.6(2) 0.4(1)

Concentrations of run product fluid calcul. ~d by mass balance. Uncertainty in the last digit(s) is given in parentheticals. The
uncertainty in the mass balance calculatic ~ is < 2lculated by propagating the uncertainty in EPMA analyses of the glass run
product reported in Table 4 and the ui.~ertai ..y in weighing. The uncertainty on the analytical balance is 0.1 mg. This
uncertainty likely represents a min‘....m v..certainty. Negative concentrations for the mass balance calculations are a physical
impossibility but are reported to s ‘ow ti e degree to which the mass balance calculations are incorrectly calculated the
concentration of some elements.

Table 6:

Measured

BT-1-S4 BT-1-S5BT-2-S4BT-2-S5BT-4-2-S4 BT-7-S4
Na 0.29(2) 0.79(8) 0.25(2) 0.89(7) 0.22(2)  0.17(2)
K 0.15(1) 0.54(5) 0.15(1) 0.51(2) 0.111(4) 0.145(4)
Ca 0.14(1) 0.45(5) 0.105(5)0.42(3) 0.91(6) -
F - - - - 0.068(3) -
Cl 21(1) 50(6) 18(1) 36(2) 7.1(4) 19(2)
Li 0.21(2) 0.83(8) 0.19(2) 0.85(9) 0.19(2)  0.23(2)
Be 0.019(2)  0.019(2)0.021(2)0.021(2)0.065(7)  0.005(1)
Mn0.49(5) 3.8(4) 0.56(6) 4.6(5) 0.19(2) 0.7(2)
Cu 52(6) 65(7) 32(3) 110(10) 380(40)  60(10)
Zn 7(1) 16(2) 14(1) 28(3) 7(1) 5(1)
Rb 0.16(2) 0.61(6) 0.14(1) 0.63(6) 0.12(1)  0.17(2)
Sr 0.045(5) 0.28(3) 0.023(2)0.26(3) 0.18(2) 0.029(3)




Mass Balance

BT-1-S4  BT-1-S5BT-2-S4BT-2-S5BT-4-54-2 BT-7-54
Na0.34(2)  1.11(3) 0.54(4) 1.34(4) 0.43(3) 0.28(2)
K 022(2)  0.81(2) 0.47(3) 0.97(3) 0.31(2)  0.20(1)
Ca0.05(3)  0.51(4) 0.25(7) 0.75(9) 5.03.1)  0.15(4)
FoO 0 0 0 -0.05(-0.24)0
Cl 25(1) 50(3) 23(1) 43(2) 23(1) 19(1)
Li 0.11(2)  0.65(2) 0.02(4) 0.54(4) 0.54(3)  0.04(2)
Be0.03(3)  0.07(2) 0.16(6) 0.15(5) 0.44(5)  0.02(3)
Mn0.45(2)  3.78(7) 0.66(3) 4.92(14)0.61(3)  0.69(16)
Cu120(5)  11.0(5) 28.2(9) 26.2(5) 185(5)  15(3)
Zn3.18(9)  4.0(1) 14.2(3) 9.93) 055(7)  2.15(5)
Rb0.14(1)  058(1) 0.13(1) 0.59(2) 0.21(1)  0.16(1)
Sr -0.002(-0.02)0.28(2) 0.04(4) 0.25(4) 0.38(4)  0.08(2)

Partition coefficients determined from measured compositions and mass balance calcula (ons. Uncertainty in the last digit(s) is
reported in parentheticals and is propagated from the uncertainty in analyses reported in > «~le 5. Negative partition coefficients
for mass balance calculations are a physical impossibility put are reported for compara.v. nui,0ses and to present the degree to
which mass balance calculations are incorrect.

Figure 1: Step-by-step procedure for the recovery and anc'v<’s of run product fluids and glasses.

Figure 2: Variation in Na, K, Rb, and Cu as a inction of chlorine in the fluid phase. Error bars the

uncertainties reported in Table 4.

Figure 3: Line scans fro:n vvop and slow quench glasses with sodium/potassium ratios determined
from standardless semi-qua: *itative EDS analyses. Each point represents one EDS spectra and each line
scan includes 100 equally spaced points. Two line scans were taken for experiments BT-2-S4, BT-2-S5,

and BT-7-S4. Parentheticals indicate the type of quench for each experiment.

Figure 4: Comparison of measured concentration of the fluid phase compared to the concentration
computed by mass balance. Red line indicates a one-to-one relationship. Error bars the uncertainties

reported in Table 4 and 5.



Figure 5: Sodium + potassium (m; molal) plotted against chlorine (m) for the mass balance and

measured composition. The line indicates a one-to-one relationship.

Figure 6: Comparison of previously reported partition coefficients to partition coefficients reported in
this study. The range of partition coefficients reported in the literature fc. synthetic fluid inclusions,
guench fluids, and those calculated by mass balance are represented by rec!angles. The open red circles
are high HCl-bearing solutions and are outliers of the data from 3ar ~t ul. (1999). Closed red circles are
partition coefficients of the present study derived from meac 'red ralues. Closed blue circles are partition
coefficients of the present study derived from mass bal~... 2 calculations. All studies used to generate the
rectangles are given in Table 1 along with the exren, ~ental methods and type of analyses used. The
partition coefficients of Shinohara et al. (1989) 1. - sodium and potassium have been excluded due to the
ion exchange noted in that study (see text).

Highlights
e Complete recovery of quei.-hea fluids from magmatic-hydrothermal experiments

e Direct analyses of fluids frcm nigh-pressure, high-temperature experiments
e Direct analyses are r..ove __curate than mass balance calculations



Construction of Experimental Capsule and Experiment

« Capsule configuration for all experiments Outer
—
Au Capsule

Quartz Inner
Au Capsule
) £

» Experimental Conditions:
Pressure: 200 MPa
Temperature: 800°C

Duration: 6-11 days Aquequs .

£ : ~QFM Chlorlde\‘ ‘ Bishop Tuff
S o Solution

Quench:Drop/“Slow Smm

Fluid and Glass Recovery

1. Capsule cleaned in acetone and weighed
Centrifuge/, -

2. Place capsule in ~5 grams of distilled water Tube
inside a centrifuge tube, puncture capsule, and o
soak for a minimum of one week. (Soak solution) Distilled __,

Water (~5 grams)

3. After one week remove capsule and sample Spl

of the water, placing sample in glass vial. Punctured_—g

Capsule (L]

4. Dry capsule at 120°C overnight

5. Weigh Capsule: Mass change is the mass of
quenched fluid Eeﬂl(zn s g z
caket 5M HC1

6. Open capsule with razor blade and re-weigh

to account for any gold lost during opening

60°C
7. Place opened capsule in ~10 grams of SM — —
HCl inside a clean Teflon beaker at 60°C for 20 minutes (HCI solution)

* Beakers are cleaned in 6M HCI for 24 hours at 120°C followed by
7M HNO, for 24 hours at 120°C
8. Remove capsule and dry at 120°C overnight

9. Weigh Capsule: Mass change is the mass of precipitates

10. Mass of liquid + mass of precipitates = mass of volatile phase

Soak Solution
11. Mix soak solution and HCI solution

12. Heat mixed solution at 60°C until dry HCI
Solution

: H““ 2 wt/wt% HNO,
sﬁ;ﬁfoi Dried SaltsD w

13. Re-dissolve salts in 5 grams of 2 wt/wt% HNO,

14. Remove quartz and weigh to determine mass of melt by difference. Mount
glass in epoxy.
Analyses

* Fluid:
1. Soak solution from step 3 is analyzed by ion chromatography for
CI, F,, Na", K*, Ca?*
2. Nitric acid solution from step 13 analyzed by ICP-MS for trace
elements

« Glass:

1. Major elements measured by EPMA
2. Trace elements measured by LA-ICP-MS

Figure 1
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