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ABSTRACT OF THE THESIS 

 

Experimental determination of F and OH  

partitioning between apatite and basaltic melt 

 
by 

 

Michael Chahn Huh 

 

Master of Science in Geology 

University of California, Los Angeles, 2013 

Professor Craig E. Manning, Chair 

 

 The mineral apatite incorporates OH, F, and Cl into its structure, so volatile 

concentrations in apatite could be used as a proxy for their abundances in magmas. I investigated 

this by conducting experiments on F-OH exchange between apatite and a simplified arc basalt.  

Apatite crystals were equilibrated with a model mafic arc magma to determine the partitioning 

behavior of F and OH between apatite and melt. The runs were conducted at 10 kb and 1100 to 

1250 °C for 48 hours. The experiments succeeded in growing, for the first time, apatites that 

were large enough (25-50 μm) for analysis by secondary ion mass spectrometry (SIMS).  

Fluorine and hydrogen in the apatites and glass were measured by electron probe microanalyzer 

(EPMA) and SIMS. Results indicated that F is preferentially partitioned into apatite, whereas OH 

slightly favors the liquid. Partitioning of F between apatite and liquid was observed to be non-

Henrian. Despite large uncertainties, similar non-Henrian behavior in OH (as H2O) is inferred. 
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The exchange of F and OH between apatite and melt can be represented as Fliquid + OHapatite = 

OHliquid + Fapatite, for which the equilibrium constant is Keq=[Fap][OH liq]/[OHap][F liq], assuming 

unit activity coefficients. Weighted least squares fitting to data derived from EPMA and SIMS 

analytical methods yield different Keq values of 44 and ~84, respectively; however, large 

uncertainties motivated fitting the combined data sets, which yielded Keq = 59. Application of the 

results to apatite and melt inclusion data from Volcán Irazu suggests that melt H2O contents 

predicted by apatite are lower than H2O abundances measured in melt inclusions. 
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1. INTRODUCTION 

 Magmatic volatiles play an important role in eruptive behavior during volcanic eruptions. 

These volatiles—typically comprising chiefly CO2, H2O, SO2, F, and Cl (in decreasing 

abundances)—greatly affect the physical properties, chemical evolution, eruptive explosivity, 

and melting temperatures of magmas. High concentrations of volatiles are especially important 

for volcanic arc magmas, which represent the most explosive terrestrial magmatic systems. 

However, characterizing the concentration and evolution of volatiles in magmatic systems is 

challenging. In active systems, the composition and volume of emitted volcanic gases can be 

determined directly (e.g., Symonds et al, 1994). However, results of such studies provide only a 

short-term snapshot of the degassing history and information is typically limited to the 

shallowest parts of the system. Mineral-hosted melt inclusions are widely used to characterize 

magmatic evolution. In the context of volatiles, a more complete history of volatile evolution 

may be possible through study of melt inclusions captured in minerals crystallizing along the 

liquid line of descent. However, it is possible that the most “primitive” included liquid may be 

evolved relative to the primary composition, and inclusions are not necessarily closed systems 

with respect to volatiles (e.g., Lowenstern 1995, Bucholz et al 2013).  

 An alternative method for characterizing magmatic volatile history is the use of a mineral 

host for volatiles that captures and preserves volatile histories via its internal zonation. 

Preliminary studies indicate that apatite may be particularly promising for preserving the 

evolution of volatile compositions in magmatic systems (Boyce et al. 2010, McCubbin 2010, 

Greenwood et al. 2011). Apatite (Ca5[PO4]3[F,OH,Cl]), the primary reservoir of phosphorous in 

igneous and metamorphic rocks, incorporates the volatile components F, Cl, and H2O as essential 

structural components. Because the rates of diffusion of F, OH, and Cl in apatites are slow 
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(Brennan, 1994), apatite can preserve the earliest record of halogen and H2O compositional 

evolution. Thus, apatite offers a potentially important alternative record of the volatile history in 

magmatic systems.  

 In order to develop methods for utilizing apatite as a quantitative barometer of magmatic 

volatile species, improved understanding of apatite-melt volatile equilibria is needed. 

Groundbreaking experimental investigations of Mathez and Webster (2005) and Webster et al. 

(2009) provide confirmation that apatite can be used for this purpose. These studies determined 

the partitioning behavior of fluorine and chlorine between apatite and melt. For example, Mathez 

and Webster (2005) studied hydrous F and Cl bearing mafic systems. They found that F 

partitions strongly into apatite relative to liquid and that DF
apt/liq (DF

apt/liq = Fapt/Fliq, where F is 

fluorine concentration in weight units) was 3.4. Chlorine was found to partition slightly more 

favorably into liquid than apatite, with DCl
apt/liq ~0.8 up to ~4 wt% Cl in the liquid. In contrast, 

Webster et al. (2009) showed that Cl and F partitioning behavior in more felsic systems was non-

Henrian, where the ratio of concentrations of F in the glass and apatite cannot be expressed as a 

single constant, with DCl
apt/liq and DF

apt/liq of 1-4.5 and 11-40, respectively.  

 Because of the key role played by volatiles in volcanic arc systems, it is important to 

characterize the early history of volatile evolution in primitive, mafic arc magmas. However, the 

utility of the work of Mathez and Webster (2005) and Webster et al. (2009) is uncertain because 

(1) the two studies predict very different partitioning behavior (constant vs. varying D) for both F 

and Cl; (2) the concentrations of F, Cl, and H2O were varied independently in the experiments; 

and (3) the run products were analyzed only by electron microprobe, which means that H2O was 

calculated by difference rather than analyzed directly.  
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 In the present study, I attempted to circumvent these potential problems by conducting 

experiments only on F and OH partitioning between apatite and mafic liquid at high pressure (P) 

and temperature (T). By analyzing run products using electron and ion microprobe methods, I 

assessed whether direct analysis of H in apatite and glass can yield improved characterization of 

volatile partitioning between apatite and liquid. I performed experiments on F-OH exchange 

between Cl-free haplobasalt and apatite. The equilibrium distribution of F and OH between 

liquid and apatite is characterized by the exchange reaction: 

 

 Fliquid + OHapatite = OHliquid + Fapatite (1) 

 

Assuming unit activity coefficients, the equilibrium constant is  

 

 Keq=[Fapatite][OH-
fluid]/[OHapatite][F

-
fluid] (2) 

 

where the square brackets denote molar concentrations of the subscripted constituent. To 

characterize Keq over a range of composition, apatite crystallization experiments were conducted 

using a piston cylinder apparatus at 1200 °C and 1 GPa, at varying initial bulk F/H ratios. The 

dependence of Keq on temperature was explored at 1100 °C to 1250 °C. These measurements 

provide the first direct constraint on the partitioning of hydrogen between apatite and melt, a 

necessary first step towards using apatite to quantitatively constrain magmatic water contents. 
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2. METHODS 

2.1. Starting materials  

Each experiment was designed to contain hydrous mafic liquid and apatite crystals. The 

mafic liquid composition is based on the average of 100 Arenal, Irazu, and Conception basaltic 

andesite samples from http://georoc.mpch-mainz.gwdg.de/georoc (Table 1). Iron was omitted 

because it reacts with the platinum capsule material. FeO was replaced by an identical molar 

amount of MgO. To prepare the material, oxide mixes of SiO2, TiO2, CaCO3, MgO, MnO, 

K2CO3, and Na2CO3 were ground in an agate mortar under acetone for 15 minutes, then baked in 

an oven at 1000 °C for 2.5 hours to liberate CO2. Water and Al2O3 were then added as Al(OH)3, 

yielding 7.4 wt% H2O and 14.0 wt% Al2O3 (Table 1). In cases where a lower water 

concentration was desired, the starting material was baked in an oven at 850 °C for 5 minutes to 

drive off all H2O. Liquid water was then added during capsule loading.  

 Two kinds of apatite were used. Fluorapatite [(Ca5(PO4)F] starting material was created 

by mixing appropriate molar amounts of CaCO3, NH4HPO4 and CaF2. This apatite mix was 

baked at 1125 °C for 13 hours then 1225 °C for 1 hour, driving off CO2, NH3, and H2 to give a 

sintered oxide mix of fluorapatite composition. Reagent-grade hydroxylapatite [Ca5(PO4)OH] 

from Spectrum Chemical MFG. Corp. was used for the OH end member. For each experiment, 

the fluorapatite oxide mix and the hydroxylapatite were combined in proportions needed to 

obtain a desired nominal F/(F+OH) apatite composition. The apatite mix was then combined 

with the silicate glass at a mass ratio of 14.05% apatite to 85.95% glass. This ensured apatite 

saturation and growth in the silicate liquid during experiments. The range of bulk F/OH molar 

ratio in the experiments was 0 to 1.8 
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 The starting melt composition is a simplified basaltic andesite. However, dissolution of 

Ca and P to reach apatite saturation results in a basaltic SiO2 concentration. Therefore, in the 

following I refer to the silicate liquid or its quenched glass equivalent as “haplobasalt”. 

 

2.2. Capsule Assembly 

For each experiment, the starting mix was loaded into a 3.5 mm outer diameter annealed 

Pt capsule. For low-H2O experiments, liquid water was added after loading the starting mix. The 

capsules were sealed by crimping and graphite arc welding. The integrity of the weld was 

checked by weighing the final capsule, placing it in a 110°C oven for 3-20 minutes, then 

reweighing. Any weight loss signified an incomplete seal and the capsule was discarded.  

 

2.3. Experimental Apparatus and Setup 

Experiments were conducted in a 1-inch diameter piston-cylinder apparatus. This study 

employed furnace assemblies with CaF2 pressure medium and graphite resistance heater sleeve. 

The assemblies differ from those used for lower-temperature experiments (Manning and 

Boettcher, 1994). Details of their fabrication and the assembly design are given in the Appendix.  

The experiments were first pressurized to 11 kbar before heating. Once temperature 

started to rise, the fluorite relaxed and the pressure on the sample dropped to approximately 8 

kbar. By the time final temperature is reached, the pressure increased to approximately 10 kbar 

due to thermal expansion of the furnace assembly. In the early stages of an experiment, warming 

of the apparatus led to thermal expansion of the hydraulic oil, which increased the pressure on 

the piston and hence the sample. To counteract this, pressure was continuously bled to maintain 

10 kbar until thermal equilibrium was reached between 7 to 20 hours depending on the 
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apparatus. NaCl melting experiments established that the CaF2 assemblies required no friction 

corrections to nominal gauge pressure (Appendix). 

Experiments were quenched by cutting power to the apparatus. Runs cooled from 1200 

°C to below the glass transition (assumed to be 700 °C) in 15 seconds.  

 

2.4. Sample Preparation 

 After quenching, capsules were weighed to check for water loss. The four of 36 

experiments that revealed evidence for water loss during runs were discarded. The remaining 

capsules were opened with a razor blade and the glass removed. The charges were extracted as 

single pieces of glass with large (~350 µm diameter) vesicles on the surface. The glass was 

broken into smaller pieces for study and analysis. Those pieces with the most abundant visible 

apatite crystals were selected using a binocular microscope. The pieces were secured to an 

aluminum disk by double-sided tape. A small 1-cm-diameter brass ring was placed around the 

pieces and then a dental resin mix was poured into the ring. Once set, the resin disk containing 

the sample pieces was pushed out of the brass ring and polished. Sanding grits were 400, 600, 

800, and 1200. The polish was finished with 1 µm and then 0.25 µm diamond-suspension liquids. 

The samples were inspected using reflected light microscopy. Once no visible surface blemishes 

or scratches were present, the samples were immersed in acetone to dissolve the resin. 

 The polished samples were carefully pressed into indium mounts for analysis by 

secondary ion mass spectrometry (SIMS) and electron probe microanalyses (EPMA). After the 

pieces were set in the indium, a glass slide was placed on the surfaces and slight pressure was 

applied with a small manual table press. This ensured that all exposed samples surfaces were flat 

and parallel.  
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 For analysis by SIMS, the indium sample mount were coated with gold. For analysis by 

EPMA, the indium sample mount was coated with carbon. Regardless of which type of analysis 

was conducted first, a 0.25 µm diamond suspension was used to remove the carbon or gold prior 

to application of the appropriate coating for the next analytical method.   

 

2.5. Analytical Methods and Data Reduction 

 The run products were analyzed using both EPMA and SIMS techniques. The EPMA 

studies were carried out at the University of New Mexico. SIMS analyses were conducted in two 

ion-microprobe laboratories, at Arizona State University and the California Institute of 

Technology. Details about analyses, operating conditions, and data reduction for each laboratory 

and method are given below.  

 

2.5.1. EPMA Analyses  

 Major element compositions of glasses and apatites were determined by EPMA at the 

University of New Mexico with the assistance of Dr. Francis McCubbin. An accelerating voltage 

of 15 keV and a beam current of 15 nA were used. A defocused 15 micrometer beam was used 

for all glass analyses. The same held for most apatite analyses spots, except for 52 of 205 

analyses, for which the beam spot was varied from 8 to 13 micrometers to minimize glass 

contamination. The beam spot was varied when the apatites were small enough that a 15 

micrometer beam spot could result in contamination.   

 Stormer et al. (1993) and Goldoff et al. (2012) demonstrated that fluorine counts from 

apatites may increase during analyses. This is due to the electrical field produced by the primary-

beam electrons implanted below the analyzed region, which induces diffusion of F to the surface. 
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We therefore monitored the F count rates for each individual apatite analyses. Any analysis that 

showed an increase greater than 20 counts per second over 60 seconds was discarded. Figure 1 

shows an example of an increase in counts with time. Of the 205 apatite spots, 13 were 

discarded, leaving a minimum of 7 apatite analyses per sample. 

 H2O contents were calculated as the difference between 100 wt% and the observed 

analytical oxide + F sum. While it is unlikely that unanalyzed components are present in the 

apatites and glasses, H2O content determined by difference is still prone to high uncertainty 

because it can only be estimated to a precision limited by the accumulated errors in all other 

analyzed constituents. Direct analysis is therefore desirable. 

 

2.5.2. SIMS Analyses at Arizona State University 

 Analysis of F and H in apatite and H in glasses were obtained using a CAMECA 6f ion 

microprobe. Because F concentrations in the experimental glasses exceeded those of the 

available glass standards, only EPMA data were acquired. A 16O- primary beam was accelerated 

to -12.5 keV from the duoplasmatron and attracted to the sample at -9000 V. The glass data 

retrieved from the SIMS-6F were calibrated using F concentrations from EPMA and H2O 

standards. Presputter times for apatite spots were set for 200 seconds; however, the total 

presputter was longer because the beam was left on while the magnet cycled through the 

elements 5 times to reduce the effects of hysteresis. The mass resolution was ~500 (M/∆M) with 

the contrast aperture set to 400 µm, the entrance slit at 1.55, open exit slit, 75 µm image field, 

and 10-12 nA primary current. A 20 µm raster for presputter to remove gold coating was also 

used.  
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 The water content of the glass samples was calibrated using basalt standards with known 

water content. The three glass standards contained 0.005, 4.1, and 6 wt% H2O. They were 

analyzed in each of three analytical sessions. The measured 1H+/30Si+ and known H2O 

concentrations were plotted and fit by linear least squares (Figure 2). These relations were used 

to convert H/Si to H2O concentrations in the run product glasses. The linear variation in H/Si 

with H2O concentration (Figure 2) was then used to determine H2O content of the various 

samples.  

Unlike the glasses, standards were not available in this laboratory for analysis of F and H 

in apatite. To circumvent this problem, a self standardizing inversion method was used to 

calibrate the SIMS data (Boyce et al. 2012). A wide range of concentrations of the different 

elements (H and F) are needed for this method, and to measure these elements, H/P and F/P 

ratios were analyzed. The apatites grown for this study produced high H and low F apatites. To 

supplement these samples, a low H and high F apatite from Durango, Mexico, was also analyzed. 

The hydroxylapatites grown in APS_19 were used as the OH- end member standard and the 

Durango apatite was used as the F standard. Since no sulfur, chlorine, or carbonates were added 

to the starting material, it is reasonable to assume that the volatile-bearing sites in experimentally 

produced apatites are occupied only by OH and F. Solving the system of equations outlined in 

Boyce et al. (2012) produced the requisite calibration slopes for each element.  

 The ion probe beam size was roughly the same size as the largest apatite crystals (25-50 

μm). During the apatite analyses, the beam would sometimes overlap with the surrounding glass. 

This was confirmed by scanning electron microscope (SEM) petrography, which showed that 

some SIMS craters extended across apatite grain boundaries into adjacent glass. This means that 

in some cases H and F from the glass could contaminate the apatite analysis. Since the Si content 
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of the apatites should be negligible, I decontaminated the apatite measurements as follows: I 

plotted H/P or F/P versus Si/P ratios for each analyses from an experiment (Figure 3). The F/P in 

apatite showed no systematic correlation with Si/P, indicating that F analyses by SIMS required 

no correction for glass contamination. In contrast, H/P showed strong linear correlations with 

Si/P. Each H/P was therefore adjusted to Si/P = 0 using the revised York regression methods of 

Mahon (1996). The procedure was repeated for each experiment; the resulting regressions and fit 

parameters are given in the Appendix.  

 

2.5.3. SIMS Analyses at the California Institute of Technology 

To check the apatite data derived from the inversion methods (Boyce et al. 2012) 

described above, a single analytical session was carried out using the CAMECA 7F at the 

California Institute of Technology, where apatite H standards were available. Only apatite was 

analyzed in this session. A 5 nA, 10 keV Cs+ primary beam with 20 keV impact energy was used 

to analyze 16O1H-. The mass resolution (M/∆M) was approximately 5,700. 

Standards were three apatites of known H concentration (McCubbin 2012). Analyses of 

nominally dry and F-free olivine were used to define the zero-concentration limit of H and F. 

Durango apatites were used to calibrate and set the upper limit to F. This method of calibration is 

referred to as conventional calibration below.  

 

3. RESULTS 

3.1. Textures 

 Table 2 gives the run conditions for the experiments. All experiments quenched to apatite 

and glass; no other minerals were observed. The apatites settled and accumulated at the bottom 
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of the charge in all experiments (Figure 4). Two apatite textures were observed (Figure 5). The 

first type of apatite is more abundant, large, euhedral, equant crystals that are up from 20 to 50 

μm across in the shortest dimension. The second type of apatite is smaller, anhedral, and no more 

than 5 μm in longest dimension. I interpret the latter as quench apatites. These smaller quench 

apatites were not analyzed. Backscattered-electron imaging revealed no compositional zoning in 

apatites interpreted to have grown during experiments (Figure 5). 

Where in contact with the capsule walls, the surfaces of the quenched glasses show 

circular to elliptical dimples that are up to 350 µm in the longest dimension (Figure 6). Even runs 

with the lowest water content (e.g. APS 41) had these features. These are interpreted as H2O-rich 

vapor pockets that were present during the experiment at high P and T. This implies that all the 

runs were saturated with H2O during the experiments. In addition, small ~2 micron vesicles are 

also present throughout the glass. These are interpreted as vesiculation that occurred during the 

quench process. Glass near these vesicles was avoided during analyses. 

 

3.2. Equilibrium 

 I tested for equilibrium by conducting two experiments for different times at the lowest 

temperature of the study (1100 °C). Experiment APST_04 was run for 48 hr, the same duration 

as all other experiments. Experiment APST_05 was run for 96 hr, but was otherwise identical to 

APST_04. Major element, F and calculated H2O concentrations determined by EPMA are with 

one exception similar in the two experiments (Tables 3 and 4). The only significant difference is 

the H2O concentration of the glasses (Table 3); however, because this is dependent on the oxide 

sum, which in turn depends not only on the H2O content but also on polish and accumulated 

errors in other oxides, this difference is not deemed relevant to establishing equilibrium. Rather, 
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it highlights the uncertainties inherent in deriving concentration by difference. In any case, the 

analyzed compositions suggest no compositional dependence on run duration. I conclude that 48 

hours is sufficient to obtain chemical equilibration between glass and apatite at 1100 °C. Because 

higher temperatures should yield shorter equilibration times, the 48 hour run durations of all 

other experiments was deemed sufficient. Additionally, by utilizing the diffusion rates of 

Brennan (1994) and the diffusion length equation, at 1100 °C, 10 kb, and 48 hours, the diffusion 

length was calculated to be 61 µm down the c-axis.  

 

3.3. Compositions 

 The bulk compositions of glasses and apatites were determined by EPMA (Tables 3 and 

4). Up to 10 analyses were collected for each material on each sample. Compositions are 

reported as means of 7-10 analyses, and uncertainties correspond to one standard error in the 

mean (the standard deviation of the mean of the analyses divided by the square root of the 

number of analyses). The H2O concentrations of glasses and the H2O and F concentrations of 

apatites were determined independently by SIMS (Tables 5 and 6). Stated uncertainties again 

correspond to standard error in the mean. Standard errors less than 0.005 are omitted.  

 

3.3.1. Glass Compositions 

The run-product glasses possess elevated CaO and P2O5 concentrations arising from the 

dissolution of the apatite required to attain saturation. This results in lower final SiO2 (48.6 to 

52.0 wt%) relative to the starting glass. Other oxide concentrations are similarly diluted relative 

to the starting material. However, with the exception of CaO and P2O5, relative oxide 

abundances are similar to those in starting glasses. Oxide totals for the glasses range from 92.8 to 
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97.9 wt% due to the presence of water. In APS_19, no fluorine was added to the starting 

material. F in the other glasses, however, ranges from 0.04 to 0.41 wt%. 

The H content of glasses was measured directly by SIMS and used to derive H2O 

concentration (Table 5). In the experiments at 1200 °C, the water content varied from a low of 

2.86 wt% to a maximum of 7.60 wt%. In the temperature series, the water content varied from 

2.27 wt % in the hottest run at 1250 °C (APST_02) to 7.39 wt % in the coolest run at 1100 °C 

(APST_04). The SIMS water contents demonstrate crude agreement with the oxide totals of the 

EPMA measurements (Figure 7).  

 

3.3.2. Apatite Compositions 

Apatite fluorine concentrations ranged from 0.87 to 2.27 wt% (Table 4). All the other 

measured oxides were present in negligible amounts except for MgO, which ranged from 0.70 to 

0.91 wt %. It is assumed that the small amount of MgO (<1 wt%) does not influence the results. 

The oxide totals for the apatites ranged from 97.2 to 99.3 wt%. The implied H2O values from the 

low oxide totals varied from 0.7 to 2.8 wt %. Because the theoretical H2O content of 

stoichiometric hydroxyl apatite is 1.79 wt%, the range implied by the EPMA analysis highlights 

the need for direct determination of H concentration in apatite. 

The F and H concentrations in apatites were measured by SIMS (Table 6). The F contents 

determined by this method range from 0.32 to 3.00 wt% in the experimentally grown apatites. 

The measured H2O wt% varied from 0.12 to 2.57. The high value of 2.57 wt % H2O can be 

attributed to the errors in the conventional calibration method. All the reported errors are one 

standard error in the mean.  
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3.4. F and OH Partitioning 

Tables 5 and 6 summarize data on volatile contents in glass and apatite as determined by 

EPMA and SIMS. The concentrations of H2O were converted to OH to facilitate calculation of 

OH/(OH + F) in apatite and liquid.  

 

3.4.1. Results at 1200 °C 

Fluorine concentrations in glass and apatite determined by EPMA are compared in Figure 

8a. The data indicate that F is strongly partitioned into apatite relative to liquid at all bulk F 

contents. The extent of partitioning is greater at low F concentrations, yielding nonlinear 

partitioning behavior as a function of F content. This indicates that DF
apt/liq is not constant over 

the range of investigation. Similar results are observed for F in apatite determined by SIMS 

(Figure 8b and c). 

Figure 9a shows H2O concentrations in apatite and glass determined by EPMA. In 

general, H2O is more strongly partitioned into liquid than apatite. However, the data show no 

coherent trend. H2O concentrations in apatite and glass determined by SIMS similarly indicate 

preferential partitioning of H2O into liquid; however, while H2O abundances determined for 

glasses are broadly similar using EPMA and SIMS methods, the apatite H2O concentrations 

determined by SIMS methods (using H+ and OH- analysis) are lower than those determined by 

EPMA (Figure 9b and c). With the exception of two high H2O contents (APS_28 and APS_33), 

H2O concentrations in apatite determined by SIMS are nearly constant at ~0.5 wt% (Inversion) 

and ~0.3 wt% (Conventional), regardless of H2O in coexisting liquid. Assuming that any 

distribution function must have its intercept at the origin, the SIMS data require that H2O 

partitioning is non-Henrian, especially at low H2O concentrations. 
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The data for F and H2O distribution suggest that partitioning varies with concentration. 

However, at fixed temperature and pressure, partitioning should be governed by exchange 

equilibrium (1), and Keq should be constant. This was assessed by plotting molar OH/(OH+F) 

apatite vs. OH/(OH+F) glass (Figure 10). Again, it can be seen that the apatite OH/(OH+F) data 

vary with analytical and calibration method.  

 A best-fit Keq was calculated for each data set (Figure 10). Results yield Keq of 44, 80 and 

88 for the EPMA, SIMS-Inversion, and SIMS-Conventional data sets. Figure 11 shows 1/χ
 2 vs 

Keq. While the variation in Keq is significant, Figure 10 also illustrates that uncertainties are 

large, particularly for OH/(OH+F) of glasses. This can also be seen by the broad peaks in 1/χ
2 for 

the SIMS data (Figure 11). These large errors can be traced back to the analytical scatter in the 

SIMS H/Si glass measurements. The limited number of measurements combined with the large 

scatter in the data caused large uncertainties in the H measurements for the glass.  

 Given the large uncertainties associated with OH/(OH+F) in glasses, it is apparent that all 

three data sets are indistinguishable, and therefore a single Keq was derived from the combined 

data. A least squared method was applied to the combined data set to obtain a weighted best-fit 

of Keq = 59. All of the EPMA data points lie between Keq=34 and Keq=76. Due to scatter, the 

data from the SIMS methods lie within a wider bracket. The inversion data lies between Keq=35 

and Keq=200 and the conventional data lie between Keq=15 and Keq=330. The deviation from Keq 

= 59 was plotted against OH/(OH+F)gl (Figure 12) to identify any systematic compositional 

dependence to the departure from the mean. The EPMA data shows the least amount of scatter. 

None of the three methods shows systematic variation in the deviation with composition. Figure 

12 illustrates that the inversion method shows the most scatter with a standard deviation value of 
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27 along the y-axis, whereas the standard deviation for the conventional and the EPMA were 20 

and 15, respectively. 

 

3.4.2. Temperature Dependence of F-OH Exchange 

 The effects of temperature on the equilibrium constant were investigated by conducting 

experiments at 1100 to 1250 °C, but with the same starting F/OH in the apatite mix (0.040), the 

same bulk H2O concentration in the starting oxide mix (6.37 wt%), and the same run duration 

(48 hr). Results show that OH/(OH+F) in glass and apatite decrease with increasing temperature 

(Figure 13). To quantify the temperature dependence of the Keq, Figure 14 plots logKeq for each 

temperature series vs. 1/T (where T is in Kelvin). A linear best fit yields 

 

 logKeq = -1.807 + 4731/T (3) 

 

indicating a slight increase in Keq with decreasing T. 

 

4. Discussion 

 Despite the large analytical uncertainties, three main conclusions can be drawn from the 

experimental results. First, the results imply that there is non-Henrian partitioning behavior of F 

and OH between apatite and glass, regardless of analytical method. In addition, data from the 

different analytical methods can be combined to give a best-fit value of Keq of 59. Finally, values 

of Keq increase slightly with decreasing temperature.  
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4.1. Comparison to Previous Results 

 Mathez and Webster (2005) concluded that the partitioning of fluorine between liquid 

and apatite is linear over melt F concentrations from 0.0-0.7 wt% in mafic melts and 0 to 0.1 

wt% in felsic. Data from the present work clearly suggest non-linear partitioning over the same 

compositional range (Figure 15).  

 Mathez and Webster (2005), Webster et al. (2009), and McCubbin et al. (2012) 

previously reported data on OH and F partitioning between apatite a silicate liquids, but the 

liquids vary significantly in bulk composition. Mathez and Webster (2005) used a mafic liquid. 

McCubbin et al. (2012) used a mafic liquid relevant to melting of martian mantle, and Webster et 

al. report results for felsic systems. Results of these investigations are compared with those of 

this study in Figure 16. Best fits to Keq, as measured by 1/χ
2, are shown for all studies in Figure 

17. The EPMA data are used for the purposes of this comparison. It can be seen that results of 

this study agree most closely with those of Mathez and Webster (2005). The calculated Keq is 

somewhat lower than that required to fit the data of McCubbin et al. (2012), though the 

difference is not large in light of the large uncertainties. In contrast, the partitioning of OH and F 

in felsic systems differs significantly from that observed in this study. In general, it can be 

concluded that studies of apatite-liquid OH-F partitioning in mafic systems are broadly 

consistent with the Keq of ~60 derived in the present work.   

 

 4.2. Problems with the Measurements  

 Large discrepancies between the analytical methods for volatile determination were 

observed in this study. Possible reasons for the differences between the EPMA and the SIMS 

could be: (1) the EPMA H values in apatites are not measured directly but rather calculated by 
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difference from the measured F; (2) errors introduced during the decontamination (Figure 3) step 

due to beam overlap provided incorrect values for the SIMS data; (3) large scatter in SIMS H 

analysis due duoplasmatron ion source instabilities; and (4) unrecognized SIMS beam overlap 

onto microvesiculated glass, which would produce large scatter in glass H2O contents. The 

discrepancies between the Inversion and Conventional SIMS data are also not well understood. 

Efforts were made to improve on the decontamination step (e.g. F/P vs K/P instead of F/P vs 

Si/P), but resulting improvements were minor. The primary difference between the inversion 

method and the conventional method is that the inversion method is effectively self-

standardizing provided that there is adequate compositional variance of F and H in the measured 

apatites; it is possible that the compositional range of this study was too small for this method. 

Regardless, it appears that significant improvements can be made in the SIMS measurements. 

 There are also potential problems with the glass measurements. Heterogeneity due to 

vesiculation may affect the H2O glass measurements. Since all of the experiments were saturated 

with water, microporosity due to vesiculation may cause variations in the F and H2O 

measurements. This effect may contribute to the observed scatter in the data. Although the data 

from SIMS using the inversion technique looked promising, there were certain issues that were 

encountered. Due to the small size of the apatites and a lack of compositional variance, the full 

potential of inversion was not realized.  With the small compositional range of the apatites, small 

errors due to contamination of the apatite measurements had large effects on the inversion.   

 The EPMA data yielded the smallest errors and inspired the most confidence. Potential 

problems with F overcounting in apatite were overcome by careful selection of analytical 

conditions and by monitoring F count rates. Despite the concerns about H2O calculation by 

difference, the uncertainties in this derived value proved to be similar in magnitude or lower than 
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those associated with direct analysis of H2O by SIMS. However, the scatter in H2O partitioning 

by EPMA (Figure 9a) indicates that, despite similar or lower uncertainties and better spatial 

resolution, problems remain. It is clear that characterization of H abundance in apatite and glass 

poses the most important challenge to developing apatite as a monitor of magmatic volatile 

evolution. 

 

4.3. Geologic Implications 

 The results of this study provide a roadmap for increasing accuracy and precision in 

magmatic F and H2O measurements derived from apatites. Recognition of the nonlinear nature of 

F partitioning will lead to more accurate estimates of F content of magmas. Similar results are 

possible for H2O once analytical errors can be reduced. This tool can be utilized in volcanic 

hazard assessment through studying historic eruptions of volcanoes situated near populated areas 

such as Volcán Irazú which is situated near San Jose, Costa Rica. With sufficient data, this tool 

can also be used for estimating H2O in lunar samples. 

 Applying the findings of this study to the apatite and melt inclusion data from the 1723 

and 1963 Irazu eruptions (Benjamin et al., 2007; Boyce et al., 2009), the predicted H2O 

concentrations are lower than the measured H2O amounts in the melt inclusion data. The 

predicted H2O wt% values for the 1723 and 1963 eruptions were 0.70 and 0.34 wt% whereas the 

measured values were 2.40 and 0.60 wt%, respectively. 

 

4.4. Further Study 

 To take full advantage of SIMS analytical capabilities, larger apatites need to be grown. 

Problems with growing large apatite crystals in experiments are widely known. Growth of 25-50 
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micron crystals was in this study was a significant improvement over past attempts. However, 

apatites of this study were grown under geologically unlikely conditions for basaltic storage 

depths, and in simplified melts with final compositions that may not be fully applicable to natural 

systems. In any case, extremely long run durations (weeks) may possibly produce better results 

at more reasonable conditions. 

 To resolve contamination issues with using the SIMS, small-grained samples will need to 

be analyzed using instrumentation that can produce sufficiently small ion beams such as 

NanoSIMS. The significantly smaller beam size of the NanoSIMS will eliminate errors brought 

on by beam overlap. During decontamination, extrapolations are being made which can be 

avoided with more precise measurements. These errors from extrapolation are believed to be 

possible sources of error in the final Keq values (Figure 3).  

 To further strengthen the results, more experiments are needed to better constrain the 

partition coefficient. More data points in the lower water range in the glass, particularly in the 

OH/(OH+F)gl range of 0.7 to 0.9, where the Keq curve would predict a dramatic change in slope.  
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 Table 1. Simplified, apatite- 
 free basaltic andesite model  

Oxide Wt % 
SiO2 55.9 
TiO2 0.86 
Al 2O3 14.0 
MgO 8.82 
CaO 8.29 
MnO 0.16 
Na2O 3.26 
K2O 1.29 
H2O 7.41 
Sum 100.00 
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Table 2. Run conditions for experiments. Initial apatite : glass = 14.1% : 85.9 %. 
 
 

Pressure 
(kbar) 

T 
(°C) 

Duration 
(hr) 

Apatite 
starting 
XOH/(OH+F)) 

H2O in 
wt% 

APS_28 10 1200 48 0.50 6.37 
APS_30 10 1200 48 0.60 6.37 
APS_31 10 1200 48 0.40 6.37 
APS_32 10 1200 48 0.70 6.37 
APS_33 10 1200 48 0.30 6.37 
APS_34 10 1200 48 0.80 6.37 
APS_35 10 1200 48 0.20 6.37 
APS_36 10 1200 48 0.90 6.37 
APS_37 10 1200 48 0.10 6.37 
APS_38 10 1200 48 0 6.37 
APS_40 10 1200 48 1.00 4.96 
APS_41 10 1200 48 1.00 3.77 
APS_42 10 1200 48 1.00 5.15 
APS_44 10 1200 48 1.00 5.73 
APS_45 10 1200 48 1.00 5.86 
APST_01 10 1200 48 1.00 6.37 
APST_02 10 1250 48 1.00 6.37 
APST_04 10 1100 48 1.00 6.37 
APST_05 10 1100 96 1.00 6.37 
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Table 3. Run product glass compositions determined by EPMA. 

 
APS  
28 

APS  
30 

APS  
31 

APS  
32 

APS  
33 

APS 
34 

APS 
35 

APS 
36 

APS 
37 

APS 
38 

APS  
40 

APS  
41 

APS  
42 

APS  
44 

APS  
45 

APST  
01 

APST  
02 

APST  
04 

APST  
05 

n 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 

SiO2 50.85(7) 50.55(6) 50.98(9) 50.63(12) 50.46(5) 50.94(6) 49.28(9) 50.20(3) 48.78(6) 47.69(17) 50.54(6) 51.99(14) 50.95(7) 51.18(6) 50.66(17) 49.13(4) 48.56(3) 49.65(10) 51.36(4) 

TiO2 0.74 0.75 0.75 0.75 0.73 0.75 0.72 0.73 0.72 0.70 0.74(1) 0.75 0.74 0.75(1) 0.73 0.72 0.72(1) 0.74 0.76 

Al2O3 16.25(2) 16.20(2) 16.21(4) 17.03(3) 16.66(2) 16.82(4) 16.49(2) 16.89(2) 16.25(3) 15.87(6) 16.20(3) 16.51(3) 16.27(2) 16.92(2) 16.02(13) 16.77(3) 16.91(3) 17.03(4) 17.09(3) 

MgO    6.97(4) 6.72(5) 7.00(5) 7.23(4) 6.92(2) 07.15(6) 7.08(4) 6.96(4) 6.95(5) 7.05(11) 6.86(4) 6.96(8) 6.95(6) 7.36(6) 6.94(6) 7.11(4) 7.00(3) 7.36(4) 7.36(3) 

CaO    12.53(1) 12.36(1) 12.68(3) 11.90(2) 12.74(3) 12.09(6) 13.15(4) 12.08(2) 14.70(3) 12.80(17) 12.19(5) 12.18(10) 12.17(2) 12.27(2) 12.63 12.30(2) 14.97(3) 11.12(3) 10.69(2) 

MnO    0.13 0.13 0.13 0.14 0.14 0.14 0.13 0.12 0.12 0.13 0.13 0.13 0.14 0.14 0.13(3) 0.11 0.10 0.14 0.14 

Na2O    2.85(2) 2.82(1) 2.86(1) 2.80(2) 2.83(1) 2.95(2) 2.77(1) 2.83(1) 2.80(1) 2.41(4) 2.96(1) 2.94(3) 2.84(1) 2.92(1) 2.89 2.80(2) 2.81(1) 2.81(1) 2.88(1) 

K2O     1.12 1.09(1) 1.11(1) 1.07 1.10(1) 1.13(1) 1.07(1) 1.10(1) 1.07(1) 1.07(1) 1.12 1.15(1) 1.12(1) 1.12(1) 1.11(1) 1.07(1) 1.08(1) 1.08(1) 1.13(1) 

P2O5     3.51(2) 3.72(3) 3.73(3) 3.08(4) 3.79(4) 3.13(4) 4.18(3) 3.30(2) 5.36(4) 4.02(16) 3.42(6) 3.22(5) 3.35(2) 3.29(2) 3.65(4) 3.57(2) 5.45(3) 2.65(2) 2.01(1) 

F      0.11 0.17(1) 0.07(1) 0.18 0.04(1) 0.22(1) 0.01 0.28(1) b.d. b.d. 0.30 0.28(1) 0.29(1) 0.30 0.32(1) 0.36(1) 0.41(1) 0.30(1) 0.28(1) 

-O=F     0.05 0.07 0.03 0.08 0.02 0.09 0 0.12 0 0 0.13 0.12 0.12 0.12 0.13 0.15 0.17 0.13 0.12 

Sum 95.02(9) 94.45(9) 95.48(12) 94.74(14) 95.41(8) 95.23(11) 94.88(11) 94.37(6) 96.75(10) 91.75(32) 94.34(11) 96.01(20) 94.71(10) 96.11(9) 94.95(23) 93.80(8) 97.85(7) 92.77(12) 93.58(7) 

H2O 4.98(9) 5.55(9) 4.52(12) 5.26(14) 4.59(8) 4.77(11) 5.12(11) 5.63(6) 3.25(10) 8.25(32) 5.66(11) 3.99(20) 5.29(10) 3.89(9) 5.05(23) 6.20(8) 2.15(7) 7.23(12) 6.42(7) 

Each sample represents the average of 10 analyses. The reported H2O in the glass is the difference between the sum of oxides and 
100%. Standard errors less than 0.005 wt% were omitted. The measured FeO was below detection limits and thus omitted. 
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Table 4. Run product apatite compositions determined by EPMA. 
APS 
28 

APS 
30 

APS 
31 

APS 
32 

APS 
33 

APS 
34 

APS 
35 

APS 
36 

APS 
37 

APS 
38 

APS 
40 

APS 
41 

APS 
42 

APS 
44 

APS 
45 

APST 
01 

APST 
02 

APST 
04 

APST 
05  

n 10 10 10 10 9 9 8 9 10 10 8 10 10 10 8 10 7 10 9  

SiO2 0.06(1) 0.06 0.05(1) 0.04(1) 0.07(1) 0.06(1) 0.09(2) 0.05(1) 0.08(1) 0.05(1) 0.05(1) 0.08(1) 0.04(1) 0.07(1) 0.04(1) 0.03(1) 0.04(1) 0.04(1) 0.04(1)  

TiO2 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00  

Al2O3 0.04 0.02 0.03 0.03 0.03 0.05(1) 0.04(1) 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.02 0.03(1) 0.03 0.03  

MgO 0.90(1) 0.88(1) 0.91(1) 0.79(1) 0.83(1) 0.81(1) 0.00(1) 0.00(1) 0.00 0.01(1) 0.85 0.91(1) 0.86(1) 0.91(1) 0.85(1) 0.73 0.76(2) 0.70(1) 0.73(1)  

CaO 54.62(6) 54.64(8) 54.55(8) 54.30(17) 54.04(9) 54.35(8) 0.84(6) 0.79(5) 0.84(6) 0.68(7) 54.78(5) 54.78(6) 54.79(4) 54.49(4) 54.74(5) 54.91(6) 54.27(3) 54.60(7) 54.72(8)  

MnO 0.04 0.04 0.03 0.04 0.03 0.04 54.08 54.35 53.71 54.17 0.05 0.05 0.05 0.05 0.04 0.03 0.03 0.04 0.04  

Na2O 0.03 0.02 0.02 0.02 0.03(1) 0.01 0.05 0.04 0.04 0.04 0.01 0.02 0.01 0.02 0.03 0.01 0.02 0.01 0.00  

K2O 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.04 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01  

P2O5 42.12(5) 42.15(8) 42.06(7) 41.74(13) 41.66(8) 41.79(9) 0.02(7) 0.01(15) 0.01(8) 0.01(5) 42.17(11) 42.11(5) 42.07(9) 42.21(6) 42.13(8) 42.19(5) 42.12(7) 42.30(9) 42.23(8)  

F  1.40(2) 1.53(3) 1.26(1) 1.51(3) 0.87(2) 1.65(3) 41.51(2) 41.54(2) 41.69(1) 41.47 1.98(4) 2.20(3) 1.96(2) 2.09(2) 1.90(2) 1.79(2) 2.27(2) 1.68(2) 1.77(2)  

-O=F 0.59(1) 0.64(1) 0.53(1) 0.64(1) 0.37(1) 0.70(1) 0.63(1) 1.70(1) 0.50 0.00(0) 0.83(2) 0.93(1) 0.83(1) 0.88(1) 0.80(1) 0.75(1) 0.96(1) 0.71(1) 0.75(1)  

Total 98.64(8) 98.72(10) 98.40(11) 97.84(22) 97.21(12) 98.77(12) 0.26(9) 0.72(15) 0.21(10) 0.00(8) 99.10(13) 99.28(8) 99.00(10) 99.01(7) 98.99(10) 98.98(9) 98.60(8) 98.72(12) 98.82(12)  

Si 0.005(1) 0.005(1) 0.004(1) 0.003(1) 0.006(1) 0.005(1) 0.008(2) 0.004(1) 0.007(1) 0.004(1) 0.004(1) 0.007(1) 0.004(1) 0.005(1) 0.004(1) 0.002(1) 0.003(1) 0.003(1) 0.003(1)  

Ti 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000  

Al 0.004 0.002 0.003 0.003 0.003 0.004(1) 0.004(1) 0.003 0.003 0.003 0.003 0.004 0.003 0.003 0.003 0.002 0.002(1) 0.003 0.003  

Mg 0.110(2) 0.108(1) 0.112(1) 0.098(2) 0.103(1) 0.100(1) 0.106(2) 0.098(1) 0.106(1) 0.086(1) 0.103(1) 0.111(1) 0.106(1) 0.111(1) 0.103(1) 0.089(1) 0.093(2) 0.086(1) 0.090(1)  

Ca 4.829(9) 4.824(10) 4.837(13) 4.838(26) 4.858(14) 4.828(13) 4.881(10) 4.844(14) 4.856(12) 4.934(11) 4.809(12) 4.796(9) 4.817(9) 4.781(7) 4.814(10) 4.832(10) 4.775(7) 4.814(13) 4.818(13)  

Mn 0.003 0.003 0.002 0.003 0.002 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.002 0.002 0.003 0.003  

Na 0.004(1) 0.003(1) 0.004(1) 0.003(1) 0.004(1) 0.002(1) 0.004(1) 0.002 0.007(1) 0.003(1) 0.002(1) 0.003(1) 0.002(1) 0.003(1) 0.005(1) 0.001 0.004(1) 0.001 0.000  

K 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001  

P 2.942(6) 2.940(9) 2.947(9) 2.939(16) 2.959(10) 2.934(10) 2.960(8) 2.926(16) 2.978(10) 2.985(6) 2.925(13) 2.913(6) 2.923(10) 2.926(7) 2.927(9) 2.934(6) 2.929(8) 2.947(10) 2.939(9)  

F 0.364 0.398 0.329 0.397 0.232 0.433 0.167 0.449 0.135 0.000 0.514 0.568 0.508 0.541 0.493 0.464 0.589 0.436 0.460  

OH 0.646 0.602 0.671 0.603 0.768 0.567 0.833 0.551 0.865 1.000 0.486 0.432 0.492 0.459 0.507 0.536 0.411 0.564 0.540  

n represents the number of analyses that were averaged for each sample. The atoms per formula unit were calculated directly from 
the oxide weight percent measurements. Values with errors below 0.005 were omitted. FeO in each sample was below detection 
limit. 
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 Table 5. H2O concentration and molar OH/(OH+F) in glasses. 

Sample # n H2O 
EPMA 
(wt%) 

OH/(OH+F) 
by EPMA  

n H2O 
SIMS 
(wt%) 

OH/(OH+F) 
by EPMA  

APS_23 10 - - 3 6.546(169) 0.973(35) 
APS_24 10 - - 3 7.597(346) 0.976(62) 
APS_28 10 4.980(90) 0.989(25) 3 5.511(397) 0.990(100) 
APS_30 10 5.554(88) 0.985(22) 3 4.974(165) 0.984(46) 
APS_31 10 4.516(123) 0.992(38) 3 4.769(106) 0.993(31) 
APS_32 10 5.263(137) 0.984(36) 2 4.339(4) 0.980(1) 
APS_33 10 4.594(80) 0.996(24) 3 3.790(34) 0.995(12) 
APS_34 10 4.770(113) 0.978(32) - - - 
APS_35 10 5.125(111) 0.999(31) - - - 
APS_36 10 5.631(57) 0.977(14) - - - 
APS_37 10 3.247(103) 1.000(45) - - - 
APS_38 10 8.252(319) 1.000(55) - - - 
APS_40 10 5.656(108) 0.976(26) 5 3.581(76) 0.962(28) 
APS_41 10 3.988(201) 0.968(68) 5 3.514(137) 0.963(52) 
APS_42 10 5.286(101) 0.975(26) 5 5.025(395) 0.973(107) 
APS_44 10 3.889(92) 0.965(32) 5 3.373(219) 0.960(86) 
APS_45 10 5.048(227) 0.971(61) 5 4.035(237) 0.964(79) 
APST_01 10 6.204(78) 0.709(11) 5 5.034(132) 0.664(21) 
APST_02 10 2.151(68) 0.491(17) 5 2.270(37) 0.504(10) 
APST_04 10 7.233(123) 0.709(15) 5 7.391(105) 0.714(13) 
APST_05 10 6.420(66) 0.669(11) 5 4.356(558) 0.578(86) 

 Reported errors in parentheses represent standard error. The fluorine for both 
 EPMA and SIMS OH/(OH+F) is from the EPMA F data. n represents the 
 number of analyses used to calculate values for this table gathered for each 
 sample. Due to time constraints, not all samples were analyzed using the SIMS. 
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Table 6. F and H2O concentrations in apatites determined by SIMS and EPMA 
n SIMS-Conv. SIMS-Inv. SIMS-C SIMS-I EPMA 

Sample  F wt% H2O wt% F wt% H2O wt% molar OH/(OH+F) 
APS_23 5 1.959(34) 0.297(1) 2.804(49) 0.527(1) 0.242(3) 0.284(4) - 
APS_24 3 2.096(71) 0.355(154) 3.002(10) 0.423(1) 0.263(118) 0.229(1) - 
APS_28 3 1.371(57) 2.574(31) 1.499(62) 2.052(24) 0.798(14) 0.743(14) 0.697(8) 
APS_30 3 1.385(67) 0.571(18) 1.515(74) 0.891(28) 0.465(20) 0.554(23) 0.595(31) 
APS_31 3 1.229(24) 0.330(8) 1.344(26) 0.735(16) 0.362(10) 0.536(14) 0.666(4) 
APS_32 3 1.433(27) 0.266(8) 1.567(30) 0.289(9) 0.281(10) 0.280(10) 0.599(11) 
APS_33 3 0.944(11) 1.451(9) 1.032(12) 0.835(5) 0.764(6) 0.631(5) 0.768(8) 
APS_34 - - - - - - - 0.561(9) 
APS_35 - - - - - - - 0.834(7) 
APS_36 - - - - - - - 0.547(7) 
APS_37 - - - - - - - 0.866(6) 
APS_38 - - - - - - - 1.000 
APS_40 5 1.872(34) 0.358(1) 2.042(37) 0.208(1) 0.287(4) 0.177(3) 0.473(13) 
APS_41 5 2.037(19) 0.326(1) 2.228(21) 0.553(2) 0.252(2) 0.344(3) 0.417(8) 
APS_42 5 1.889(27) 0.305(1) 2.066(29) 0.551(2) 0.254(3) 0.360(4) 0.481(7) 
APS_44 5 2.130(20) 0.340(2) 2.330(21) 0.687(4) 0.252(2) 0.383(3) 0.445(6) 
APS_45 5 1.888(30) 0.293(1) 2.065(33) 0.145(1) 0.246(3) 0.129(2) 0.496(6) 
T_01 5 1.864(22) 0.382(1) 2.039(24) 0.380(1) 0.302(3) 0.282(3) 0.526(8) 
T_02 5 2.370(21) 0.246(1) 2.592(23) 0.118(0) 0.179(1) 0.088(1) 0.398(7) 
T_04 5 1.782(20) 0.475(4) 1.949(22) 0.574(4) 0.360(4) 0.383(4) 0.555(7) 
T_05 5 1.894(17) 0.219(2) 2.072(19) 0.641(4) 0.196(2) 0.395(4) 0.531(7) 
Durango  3.43(2) 0.06(0) 3.69(23) 0.03(0) 

Weight percents of F and OH measured using SIMS and EPMA. “SIMS-Conventional” shows the SIMS data interpreted using a 
conventional calibration and the “SIMS-Inversion” utilized the inversion technique. EPMA F are measured values and OH is 
calculated from the molar difference. The OH/(OH+F) values are molar values. The standard error in final digit(s) is displayed within 
the parenthesis. Apatites from samples APS  23, and 24 were not analyzed with the EPMA. n represents the number of analyses per 
sample.
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Figure 1. Fluorine counts vs. time during apatite analysis APST_02 by EPMA. The horizontal 
line shows the average counts for the first 10 sec of the analysis. Counts begin to increase 
relative to the mean after 10 sec, indicating diffusional increase of F in the analysis volume. 
Analyses showing such behavior were deemed unacceptable, and were discarded. 
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Figure 2. Calibration curves used to determine water concentrations in the glass for SIMS 
measurements at ASU (A-C). The August 2012 calibration curve (D) was created during the 
SIMS session at the Caltech 7f. 
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Figure 3. a) Plot of H/P vs Si/P from SIMS analyses of apatite from experiment APS_44, 
illustrating the procedure used to correct ion-microprobe analyses for contamination of H from 
glass due to small size of apatite grains in run products. The apatite is assumed to have Si/P = 0. 
Therefore H/P of individual analyses was adjusted to Si/P = 0 using a linear least-squares fit to 
the data. b) Plot of F/P vs Si/P in APS_44. This plot shows a very weak correlation, so the F 
values were averaged (0.01596(15)). 
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Figure 4. Photomicrograph of two glass fragments from experiment APS_42 are oriented as they 
were during the run. The white milky bottoms are the settled apatites. 



31 
 

 

Figure 5. SEM back-scatter electron image of apatites in glass. The largest apatites (type 1) were 
selected for analyses. Note the small quench apatites (type 2), glass and vesicles.  
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Figure 6. Photomicrograph of sample APS_45. Large vesicles from 350 μm and smaller are 
visible on the glass where it was in contact with the platinum capsule walls.  
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Figure 7. Comparison of SIMS and EPMA glass H2O measurements  



34 
 

 

Figure 8. Comparison of F abundances in apatite determined by three different methods (see 
text) against EPMA F measurements in the glass. Due to time constraints, not all samples were 
measured by SIMS.  
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Figure 9. Comparison of H2O abundances in experimental apatite against SIMS H2O 
measurements in co-existing glass.  
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Figure 10. a) EMPA data for apatite plotted against glass OH/(OH+F). b) The inverted apatite 
SIMS data. c) The conventional apatite data. The water in (a) was calculated by the difference of 
the sum of oxides from 100, so the large error in the x-axis represents the sum of errors of the 
individual oxides. 
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Figure 11. 1/χ2 vs Keq is plotted for the three analytical methods used for this study.  
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Figure 12. Deviation between measured and a single fitted Keq value of 59 vs. OH/(OH+F) of 
the glass for each of the analytical methods.  
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Figure 13. Variation in OH/(OH+F) in glass and apatite with temperature at 10 kbar. 
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Figure 14. Variation in logKeq with 1/T (K) at 10 kbar. 
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Figure 15. EPMA F wt% data for both apatite and glass from this study against F data from 
Mathez (2005) 
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Figure 16. Comparison of OH/(OH + F) in glass and apatite from this study with data from 
Mathez and Webster (2005), Webster et al (2009) and McCubbin et al (2012). EPMA results 
from the present study are used for the comparison. Some of the errors on the other studies were 
not reported thus there were omitted from the figure. However, it is assumed that the errors are 
of similar magnitude to the ones in this study. 
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Figure 17. 1/χ2 vs Keq plot comparing the results from this study with those derived from Mathez 
and Webster (2005) and Webster et al. (2009).  
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APPENDIX 

1. Fluorite furnace cells 

The conventional furnace assembly for experiments at temperatures below ~1000 °C contain 

NaCl parts. These NaCl parts melt and runs fail at the higher temperatures of the present 

experiments (1100-1250 °C). To circumvent this problem, CaF2 can be substituted for NaCl. 

However, fluorite cells are challenging to fabricate. Below I describe the fabrication of CaF2 

furnace parts and the procedure for putting together the resulting furnace assembly. 

 

1.1. Fabrication of fluorite furnace parts 

Reagent-grade CaF2 was purchased from Alfa Aesar. The CaF2 is in the form of a fine 

powder that is difficult to press into the desired shapes. Using the standard methods of pressing 

NaCl assembly pieces in steel dies, the CaF2 flows around the piston that compresses the 

powder. This causes the piston to jam, preventing full compaction of the CaF2. Full compaction 

may also be hindered by the high surface-to-area ratio of the very fine CaF2 powder.  

To avoid these problems, the CaF2 was packed into ceramic crucibles and fired overnight 

at 950 °C. The resulting CaF2 formed sintered chunks that were crushed in a plattner mortar (a 

metal mortar and pestle that can be used with a hammer to crush hard samples), and then sieved 

to a grain size between 40 and 200 microns. The remaining powder was refired and reprocessed.  

Two types of hollow, cylindrical CaF2 parts were required, a larger outer piece, and two 

smaller inner pieces of the same size. Steel dies were used to press these pieces (Figures A1 and 

A2) to approximately 8 kbar. The pressed pieces were fragile and they fragmented easily. To 

solve this, the parts were placed in a 950 °C oven and fired overnight. This sintering yielded 

better grain boundary cohesion. 
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1.2. Fluorite-based furnace assembly 

 A completed assembly consists of eight parts: an outer CaF2 sleeve, graphite heater, 

lower graphite disk, two inner CaF2 (lower and upper, according to their configuration during the 

run), CaF2 powder, alumina thermocouple sleeve, platinum thermocouple shield, and the capsule 

(Figure A3). When using a NaCl setup the lower inner NaCl piece is a solid cylinder, so the 

furnace can be assembled in the same, right-side-up configuration it will have during the 

experiment. However, because pressing CaF2 parts was especially challenging, it was 

advantageous to use a hollow inner cylinder as the lower piece, and then fill it with CaF2 powder. 

This necessitated assembly of the furnaces in an upside-down configuration, as described below.  

 Assembly of the furnace and capsule setup proceeded as follows. First, the upper CaF2 

cylinder was either made or ground to precisely 1.27 cm in height (0.5 inch). Consistency of the 

size of this piece between experiments is important, as the maximum temperature of the 

assembly is located just below the upper CaF2 piece. An MgO tube of equal length is snuggly fit 

into the upper CaF2 piece. The outer diameter of the upper CaF2 piece is then sanded down to 

obtain a tight fit inside the graphite heater. It should be sufficiently tight that it does not slip out 

of the heater sleeve, but it should not be so large that it cracks the sleeve when inserted. Fractures 

in the heater encourage mechanical run failures, allow penetration of the CaF2 pressure medium 

leading to uncontrollable temperature fluctuations, and cause asymmetric isotherms that produce 

an undesirable temperature gradient across the sample. 

 The upper CaF2 is inserted so that it is flush with one end of the graphite heater. The 

heater sleeve is placed on a table upside down so that the upper CaF2 is at the base. A roughly 

rectangular 0.5 mm thick platinum shield is inserted into the heater so that it sits in the center of  

the CaF2 piece. This shield acts as a protective layer between the capsule and thermocouple, 
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preventing punctures. The shield can weld itself to the capsule and changes the apparent post-run 

capsule weight making it impossible to determine if all the water was retained. To prevent this, a 

thin layer of fine (<40 µm) CaF2 powder is placed to cover the platinum shield. Once the capsule 

is placed on top of the shield, additional fine CaF2 powder is added and packed tightly to cover 

the entire capsule. The shorter lower CaF2 inner piece is then slid into the heater.  The height of 

this lower CaF2 piece should be ~0.9 cm (0.35 inch). CaF2 powder is tightly packed into the 

hollow of the lower CaF2 piece. To accommodate small variations of the capsule thickness, the 

final graphite disk has a protrusion that fits snuggly into the heater. The cylindrical protrusion is 

ground down to the height necessary to make the disk sit flush with the bottom of the lower CaF2 

cylinder. Finally, the outer CaF2 piece that mantles the heater is made or ground to precisely 

3.715 cm in height (1.25 inch).  

 The upside-down assembly of furnace parts outlined above is advantageous because it (1) 

facilitates the packing of  powdered CaF2 into the hollow lower inner fluorite piece, and (2) 

ensures that the upper inner CaF2 piece is precisely the required length. 

 

1.3. Pressure Calibration 

 To check that nominal gauge pressure was equal to pressure on the fluorite assembly, a 

set of NaCl melting experiments was conducted at 10 kbar and varying temperatures. Small (0.5 

- 1.0 mm diameter) Pt spheres were packed into a Pt capsule which was filled with powdered 

NaCl. The Pt spheres were carefully placed into the center of the capsule, away from the capsule 

walls. Extra powdered NaCl was then packed into the capsule to ensure no movement of the 

contents during handling. The capsules were then sealed by graphite arc welding. 
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 When these capsules were run, the temperatures were slowly raised to the final set point 

to ensure no overshoot and premature melting of the NaCl. When the NaCl melts, the Pt spheres 

settle and come in contact with the Pt walls. This was observed by carefully opening the capsules 

post run. Akella et al (1969) experimentally determined the NaCl melting point to be at 1004 °C 

at 10 kbar. During my pressure calibration runs, I was able to bracket NaCl melting between 

1005 and 1010 °C. Taking into account the uncertainty in temperature of ±3°C (Manning and 

Boettcher, 1994), it can be concluded that the fluorite cells retain no strength during 

experimental conditions and that my bracket is in good agreement with Akella et al. (1969). 

Therefore, no correction to gauge pressure is required for the experiments in this study.  
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Figure A1. Steel die used to compress CaF2 powder into the outer CaF2 piece. The bottom steel 
piece is mated with the housing, then the rod is fit into the hollow of the bottom steel. CaF2 
powder is weighed and then poured into the steel housing around the rod. The upper ring is 
placed around the rod and on top of the CaF2. The uppermost rod is then used to compress the 
powder. 
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Figure A2. Steel die used to make both the upper and lower inner CaF2 pieces. It is similar to the 
die used to create the outer CaF2 piece, though dimensions are smaller. The inner steel rod is 
crucial as it allows for application of greater pressure in compressing the powder. With greater 
pressure, the compacted piece is just strong enough to be handled gently and placed in an oven 
for an overnight heat treatment. 
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Figure A3. Assembled and exploded schematics of the fluorite furnace assembly. 
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2. Decontamination Apatite SIMS analyses 

As noted in the text, the H concentration in some SIMS analyses of apatite was contaminated by 
glass. Correction to Si/P = 0 in apatite allowed adjustment of H/P using the procedure described 
in the text. Plots for each individual experiment are shown in Figure A4, and the results of the 
fitting are given in Table A1. 
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Figure A4a. H/P vs Si/P ratios. 
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Figure A4b. F/P vs Si/P ratios. 
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Table A1. 

 Slope stdev y-int stdev MSWD 
APS_19 1.03 2.582E-02 2.043E-02 2.494E-03 249 
APS_23 2.85 1.658E-02 2.049E-02 1.099E-04 369 
APS_24 33.59 2.206E+01 -4.757E-03 1.781E-02 0.33 
APS_28 1.12 2.692E-02 1.744E-01 3.661E-03 108 
APS_30 1.80 4.217E-02 3.899E-02 2.113E-03 8 
APS_31 1.63 2.373E-02 2.276E-02 8.854E-04 3 
APS_32 2.34 9.806E-02 1.840E-02 1.013E-03 79 
APS_33 1.54 6.087E-02 9.852E-02 1.204E-03 50 
APS_40 1.46 3.000E-02 2.458E-02 1.848E-04 387 
APS_41 1.17 4.519E-03 2.245E-02 2.168E-04 164 
APS_42 1.25 8.849E-03 2.104E-02 1.613E-04 208 
APS_44 0.92 6.951E-03 2.337E-02 2.800E-04 60 
APS_45 2.22 1.527E-01 2.020E-02 2.291E-04 33 
T_01 1.57 1.230E-02 2.621E-02 2.106E-04 60 
T_02 1.26 5.709E-02 1.702E-02 1.164E-04 162 
T_04 2.64 3.571E-02 3.250E-02 5.373E-04 34 
T_05 2.64 1.995E-02 1.524E-02 2.291E-04 282 
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