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Abstract 18 

Chlorine-rich fluids play an important role in many geological processes, including the 19 

formation of economic deposits, crustal and mantle metasomatism, and high-grade 20 

metamorphism. Furthermore, the chlorine content of a fluid is often one of the main variables, 21 

dictating the fluid’s properties (i.e., the propensity for mass transport). Calcium amphiboles have 22 

the potential to be used to determine the chlorinity of paleo fluids, given sufficient knowledge of 23 



how Cl is partitioned between amphibole and fluid. Amphiboles with Fe# [= Fe2+/(Fe2+ + Mg)] = 24 

1.0 were synthesized along the hastingsite ̶ potassic-hastingsite join in the presence of variably 25 

concentrated FeCl2 brines, ranging from 1 molal to 100 molal. Syntheses were done at 700 °C 26 

and 3 kbar at fO2 values near Ni-NiO for durations of 96-132 hours. All amphiboles were 27 

characterized by powder X-ray diffraction and electron microprobe and several samples were 28 

analyzed by Mössbauer spectroscopy to determine ferric iron content. Results showed that 29 

amphibole Cl content increased linearly with the mole fraction of Cl in the brine and has no 30 

obvious relationship with the K# (= K/(K+Na)). Amphibole Cl contents varied from ~0.05 atoms 31 

per formula unit (apfu), synthesized in the most dilute brines, to ~1.05 apfu, synthesized in the 32 

most concentrated brines. Amphibole yield was related to the K#, with higher amphibole yields 33 

for the more K-rich bulk compositions. The amphibole ferric iron fraction was dependent on the 34 

brine FeCl2 concentration, increasing from 0.176 at 1 molal FeCl2, to 0.310 at 24 molal FeCl2. 35 

For brines more concentrated than 24 molal FeCl2, the ferric iron fraction significantly decreased 36 

to 0.116 at 50 molal FeCl2. The significant decrease in ferric iron fraction also coincided with a 37 

transition from magnetite to fayalite as a coexisting phase. The ferric iron fraction seemed to 38 

influence the total occupancy of the A site through the following reaction: A+ + Fe2+ ⥧ + Fe3+, 39 

where  is a vacancy. Trends between Fe3+ and Cl display both positive and negative 40 

correlations, raising further questions on the role of Fe3+ on Cl incorporation. The findings of this 41 

study indicate that for Fe# = 1.0 amphiboles, the Cl concentration of the fluid plays the 42 

dominant, or perhaps only, role in amphibole Cl incorporation, with the occupant of the A site 43 

being inconsequential. 44 
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Introduction  46 



The halogen content of amphiboles can be a valuable tool for understanding the behavior 47 

of paleofluids, which have a direct role in several geologic processes, such as mantle and crustal 48 

metasomatism (Kusebauch et al., 2015; Frezzotti et al., 2010; Selverstone and Sharp, 2011), 49 

formation of ore deposits (Yardley and Bodnar, 2014), and the shifting of reaction boundaries 50 

involving H2O (Aranovich and Newton, 1997). As noted by Yardley and Bodnar (2014), Cl is a 51 

“master variable” in aqueous geochemistry because its concentration is seldom constrained and 52 

often highly variable, controlling the total amount of dissolved cations. 53 

The migration of aqueous fluids is the dominant process of mass transfer in the crust 54 

(Newton and Manning, 2010). Mass transfer via aqueous fluid flow is generally enhanced by Cl, 55 

largely due to the formation of complexes between metals and chlorine (Yardley and Graham, 56 

2002). Therein exists the potential to use chloro-amphiboles to detect ancient Cl-rich brines, 57 

which could then be used to identify potential ore deposits. In addition to mass transport, 58 

dissolved chloride salts reduce the activity of H2O in aqueous fluids and can thereby change the 59 

pressure-temperature (P-T) locations and slopes of chemical reactions involving H2O. For 60 

example, the addition of KCl to water was shown by Chu et al. (2011) to significantly increase 61 

the solidus temperature of the forsterite-enstatite-water system by almost 400 °C at 50 kbar. In 62 

addition, Aranovich and Newton (1997) showed that the addition of chloride salts to the water-63 

brucite-periclase system reduced brucite’s breakdown temperature by 50 – 250 °C in the range of 64 

1 – 15 kbar. 65 

There is ample evidence from both field and experimental data that a Cl-rich amphibole 66 

cannot form unless it falls within a rather narrow compositional range. Jenkins (2019) found 67 

experimentally that amphiboles that are rich in K and Fe2+ are able to incorporate the most Cl and 68 

have compositions close to Fe-rich pargasitic and hastingsitic amphiboles with the general 69 



composition (K,Na)Ca2(Fe2+
4(Al,Fe3+))(Al,Si)8O22(Cl,OH,O)2. The avoidance between Mg and 70 

Cl in amphiboles and micas has been extensively documented (e.g., Munoz, 1984; Morrison, 71 

1991; Kullerud, 1996; Mueller et al., 2017). The K-Cl relationship is less clear; however, it is 72 

often observed that amphiboles with the highest total A-site cations have the highest amounts of 73 

Cl (e.g., Vanko, 1986; Enami et al., 1992). The ambiguity of the A-site-Cl relationship is 74 

illustrated in Liu et al., (2009), who documented Cl-rich amphiboles in the Yangkou eclogite of 75 

the Sulu metamorphic terrane in eastern China. Some of their amphibole analyses show a 76 

positive correlation between Na and Cl with no correlation between K and Cl, while others show 77 

a positive correlation between K and Cl and no correlation between Na and Cl. 78 

Using chloro-amphiboles to quantify the composition of coexisting saline fluids requires 79 

an understanding of how Cl is partitioned between brine and amphibole. The only studies to date 80 

to address this are Chan et al. (2016) and Campanaro and Jenkins (2017), both of which studied 81 

the partitioning of Cl between NaCl brines and ferro-pargasite. Most of their experiments 82 

produced amphiboles with less than 0.1 atoms per formula unit (apfu) Cl. Their most Cl-rich 83 

amphibole had 0.64 apfu Cl, which was synthesized in a NaCl brine calculated at 126 m (molal). 84 

This study is designed to explore Cl partitioning in more Cl-rich amphiboles, exceeding 85 

1.0 apfu Cl. Iron (II) chloride was used as the source of Cl, which Chan et al. (2016) noted 86 

yielded more Cl-rich amphiboles (at constant brine Cl concentrations) compared to NaCl brines. 87 

A bulk composition equivalent to potassic-chloro-hastingsite (KCa2(Fe2+
4Fe3+)(Al2Si6)O22Cl2) 88 

was used as it should provide a favorable crystal chemical environment for Cl incorporation 89 

(Jenkins, 2019). Furthermore, to explore the relationship between the A-site occupant and 90 

amphibole Cl content, a series of hastingsitic amphiboles were synthesized under constant brine 91 

Cl concentrations using different starting bulk compositions with the K# [= ( 𝐾

𝐾+𝑁𝑎
)] ranging from 92 



1 (potassic-chloro-hastingsite) to 0 (chloro-hastingsite, NaCa2(Fe2+
4Fe3+)(Al2Si6)O22(OH,Cl)2). 93 

Varying amphibole K# under conditions of constant brine chlorinity will determine whether the 94 

amphibole’s A-site occupant affects its ability to incorporate Cl into its structure, providing 95 

insight on both the crystal chemical and brine-Cl-concentration constraints to Cl incorporation 96 

into amphiboles. 97 

Methods 98 

Starting materials 99 

Reagents used consisted of reagent-grade silicic acid hydrate (SiO2·xH2O, Alfa Aesar, 100 

reagent grade), aluminum oxide (Al2O3, Aldrich, 99.8%), ferric oxide (Fe2O3, Fisher, 99.8%), 101 

powdered metallic iron (~10 μm Fe°, Aldrich, 99.9+%), calcium carbonate (CaCO3, J.T.Baker, 102 

99.4%), sodium carbonate (Na2CO3, Fisher, >99.5%), potassium carbonate (K2CO3, Fisher, 103 

>99.0%), and ferrous chloride (FeCl2, Aldrich, 98%).  The silicic acid hydrate was heated in air 104 

to 1100 °C in a 1-atmosphere furnace to convert it into anhydrous silicon dioxide (mostly 105 

cristobalite). All reagents were stored in a desiccator filled with anhydrous calcium sulfate 106 

(Drierite). Amphibole equivalent mixtures were prepared by combining the reagents in 107 

proportion to their theoretical end-member bulk composition. The desired ratio of Fe2O3/FeO 108 

was achieved by mixing ferric oxide and fine-grained (~10 μm) metallic iron. All non-ferrous 109 

materials were combined, mixed under ethanol, and heated in a 900 °C furnace for 15 minutes to 110 

decarbonate the carbonate salts and partially vitrify the mixture, the latter to enhance its 111 

reactivity. The decarbonated mixture was weighed immediately upon cooling and the weight 112 

value was used to correct the amounts of the remaining ingredients needed.  The Fe2O3 and Fe° 113 

were added next and homogenized under ethanol. The starting mixture as described to this point 114 

(excluding H2O and FeCl2) will be referred to as the oxide reagent, which has the volatile-free 115 



composition of (Na,K)Ca2(Fe2+
4Fe3+)(Al2Si6)O23. The iron (II) chloride and distilled water, 116 

which comprise the brine fraction of the starting material, were added later during the 117 

preparation of each individual charge in the correct proportions to achieve the desired FeCl2 118 

concentration with a brine/solid ratio of 0.20.  119 

Sample preparation 120 

One problem with using FeCl2 as the source of Cl in a brine is its hygroscopic nature, 121 

absorbing water when in contact with a moist atmosphere. From X-ray diffraction (XRD) scans, 122 

the FeCl2 reagent used in this study is not anhydrous and has some water absorbed in its structure 123 

and is better referred to as FeCl2∙nH2O. Since this study involves brines up to 100 molal FeCl2, 124 

the system is sensitive to small amounts of water. The amount of water bound in FeCl2∙nH2O can 125 

be as much as a few milligrams in a system with total mass near 50 mg.  Although the solubility 126 

limit of FeCl2 at the pressure (3 kbar) and temperature (700 °C) of this study is not known, it is 127 

assumed that the maximum brine concentration used here (100 m FeCl2) is below saturation with 128 

respect to FeCl2 as it has a similar solubility to that of NaCl (e.g., Weast et al., 1978), where the 129 

latter has a saturation limit of 83 m NaCl at these conditions (Driesner and Heinrich, 2007).   130 

To quantify the amount of water present in the FeCl2∙nH2O reagent, it was scanned with 131 

XRD each day a new charge was prepared. Because FeCl2 is hygroscopic, scans were rapid (~ 5 132 

min) to limit the absorption of atmospheric moisture, which allowed for a more accurate 133 

determination of the bound water in the reagent (molar mass of FeCl2∙nH2O, ± 3 gmol-1) as it 134 

exists immediately after being removed from its storage bottle. Scans were from 12-70° 2θ with 135 

a time per step of 0.2 sec and a step size of 0.04°. The proportions of anhydrous FeCl2, 136 

FeCl2∙2H2O, and FeCl2∙4H2O were determined with Rietveld refinements, allowing for 137 

calculation of the molar mass of FeCl2∙nH2O. The hydration state of the FeCl2∙nH2O was found 138 



to be a function of the lab dew point (Figure 1) and its composition averaged near that of 139 

rokühnite (FeCl2∙2H2O). 140 

To prepare a sample, about 50 mg of the oxide reagent was first measured out. Second, 141 

the amount of FeCl2∙nH2O to be added was calculated based on (i) the molar mass of FeCl2∙nH2O 142 

on that day, (ii) desired brine concentration, and (iii) desired brine/solid ratio of 0.20. After 143 

combining the oxide mixture and the FeCl2∙nH2O, they were homogenized dry in an agate mortar 144 

and pestle for 10 minutes. This mixture was then added to a capsule made from welded Ag50Pd50 145 

tubing with 4.0 mm outer-diameter (OD) and 0.13 mm wall thickness. The loaded capsule was 146 

heated in air to 160 °C for 15 minutes to drive away moisture absorbed by the FeCl2∙nH2O 147 

during homogenization. By comparing masses of the capsule before and after heating, it was 148 

found that the hydration state of the FeCl2∙nH2O returned to near its starting value as determined 149 

by XRD and was not fully dehydrated to anhydrous FeCl2. By knowing the amount of oxide 150 

reagent and anhydrous FeCl2 (which was calculated from the molar mass of FeCl2∙nH2O), the 151 

amount of water present in the capsule after the initial heating at 160 °C in air could be 152 

determined. Finally, deionized water (DW, < 1 ppm Cl via ion chromatography) was added to 153 

the capsule (if necessary) to achieve the desired brine concentration of FeCl2. For dilute brines, 154 

DW was added with a micro syringe, but for more concentrated brines, the capsule was just left 155 

open to air, slowly absorbing atmospheric water until the desired mass was reached.  156 

The capsule was then crimped, and arc welded beneath a lightly moistened tissue to help 157 

reduce exposure of the AgPd melt to oxygen (Weidner 1989). During the welding procedure, the 158 

capsule was wrapped in a wet tissue to help reduce the amount of heat absorbed during welding 159 

which can potentially drive off some of the water in the mixture. The capsule was then weighed 160 

to ensure that mass (water) was not lost during welding. 161 



After a run was complete, the capsule was weighed, punctured, weighed again, heated at 162 

110 °C for 15 minutes, and weighed once more. Comparing the sealed weight of the capsule to 163 

the weight after puncture provides an indication of the quantity of any non-condensable volatiles. 164 

In addition, comparing this to the weight after heating provides an indication of the amount of 165 

water present in the capsule after treatment at P and T.  However, as noted above, complete 166 

desiccation of the sample is difficult, so any mass loss produced via this method should be 167 

considered a minimum value. 168 

Apparatus 169 

The experiments were done in internally heated pressure vessels. Argon-hydrogen gas 170 

mixtures were used as the pressure medium. Treatment conditions were generally ~700° C and 171 

~3 kbar with durations ranging from ~96 to ~136 hours. Two Inconel-sheathed chromel-alumel 172 

thermocouples were used to measure the thermal gradient along the length of the capsule during 173 

each experiment. The capsules were placed inside a hollow copper cylinder to reduce thermal 174 

gradients and to hold the samples in place near the thermocouple tips. 175 

The 𝑓𝑂2
 was controlled by establishing a partial pressure of hydrogen in the H2-Ar gas 176 

mixture used as the pressure media in the internally heated pressure vessels. Using the activity 177 

coefficients (𝛾𝐻2
) of Shaw and Wones (1964), the hydrogen fugacity (𝑓𝐻2

) was calculated from 178 

the H2 partial pressure (𝑃𝐻2
) in the H2-Ar gas mixture as 𝑓𝐻2  = 𝛾𝐻2  · 𝑃𝐻2

.  This, in turn, was used 179 

for calculating the oxygen fugacity from the equilibrium constant (Kw) at pressure and 180 

temperature for the reaction H2O = H2 + 0.5 O2 for an experimental assemblage at a given 181 

fugacity of H2O. Thermochemical data for H2O, H2, and O2 and the fugacity of H2O were taken 182 

from Holland and Powell (1998). For many of the experiments where the assemblage is treated 183 

under essentially dry conditions, the true fO2
 values are most likely lower as the value of 𝑓𝑂2

 will 184 



decrease with decreasing H2O activities (Matjuschkin et al., 2015). The water-saturated 𝑓𝑂2
 185 

equivalent H2 pressure was set at the Ni-NiO buffer. The accuracy of this method was checked 186 

by measuring the 𝑓𝑂2
 of several runs using metal-metal oxide redox sensors as described in 187 

Taylor et al. (1992). The sensor assemblage was H2O, Co, CoO, and Pd, and was placed into a 188 

Ag50Pd50 capsule adjacent to the charge. Measured 𝑓𝑂2
 values were within the margin of error of 189 

the calculated 𝑓𝑂2
 which was ± 0.2 log units. 190 

Analytical methods 191 

Powder X-ray diffraction (XRD) analysis was performed using a Philips Xpert PW3040 192 

diffractometer. Powdered samples were mounted on a zero-background single crystal quartz 193 

plate. For unit-cell analysis, small amounts (1-5 wt.%) of synthetic halite were mixed with the 194 

sample before scanning to correct the zero-point using the peak positions of halite (ao = 195 

5.6401Å). The operating conditions were 40 kV and 20 mA using CuKɑ radiation and fitted with 196 

a diffracted-beam graphite monochromator. All samples were scanned from 5-60° 2θ with a step 197 

size of 0.04° at 3 seconds per step. The divergent and anti-scatter slits had values of 1.0°.  XRD 198 

data were analyzed by Rietveld refinements using the General Structure Analysis System 199 

(GSAS) software of Larson and Von Dreele (2004).  200 

The crystallographic information files (CIF) used for refinements were: anorthite from 201 

Angel (1988), halite from Walker et al. (2004), hastingsite from Makino et al. (1993), 202 

hedenbergite from Zhang et al. (1997), magnetite from Wechsler et al. (1984), quartz from 203 

Levien et al. (1980), sanidine from Ohashi and Finger (1974), rokühnite (FeCl2·2H2O) from 204 

Morosin and Graeber (1965), sylvite from Walker et al. (2004), fayalite from Smyth and Hazen 205 

(1977),  and annite from Redhammer et al. (2000).  206 

To determine the ferric iron fraction, selected samples were analyzed with Mössbauer 207 



spectroscopy by M. Darby Dyar of Mount Holyoke College. Only about half of the samples were 208 

analyzed; the ferric iron fractions of the others were estimated from compositional relationships, 209 

as described later. The methods used for Mössbauer spectroscopy in this study were the same as 210 

those used for an earlier study of hastingsitic amphiboles (Mueller et al., 2017) which are 211 

described in detail in that article.  In brief, powdered samples were mixed with sugar under 212 

acetone to minimize preferred orientation. Spectra were measured at room temperature for ∼24 h 213 

using a source of 100–60 mCi 57Co in Rh on a SEE Co. model WT302 spectrometer. Details of 214 

the spectrum collection and analysis can be found in Dyar et al. (2006). Error bars for Mössbauer 215 

measurements are discussed at length by Dyar (1984) and Dyar et al. (2008). The errors for fits 216 

to well-resolved spectra are ± 0.02 mm/s for both the isomer shift (IS) and quadrupolar splitting 217 

(QS), and ± 3% absolute for the areas. In many of the spectra studied here, there are multiple 218 

overlapping distributions, so the errors are likely slightly higher: ± 0.02–0.05 mm/s for IS and 219 

QS with errors of ± 3–5% absolute on areas. Reproducibility (precision) of peak areas based on 220 

repeated fits using different constraints (IS, QS, width, and areas constrained in all possible 221 

combinations of individual peaks and pairs) and fitting models (Lorentzian, Gaussian, 222 

quadrupole splitting distributions) are ±0.3% absolute for well-resolved spectra. Accuracy has 223 

been determined in previous studies of amphiboles to be ±3–5% (Dyar, 1989) but is highly 224 

dependent on the spectrum being analyzed; a lengthy discussion of this issue is given in Dyar et 225 

al. (2008). 226 

Electron microprobe analysis (EMPA) was done at both Binghamton University and 227 

Syracuse University. Samples with codes beginning with “HastZ” were analyzed at Binghamton 228 

University and those with codes beginning with “ZN” or “KN” were analyzed at Syracuse 229 

University. Electron microprobe analysis at Binghamton University was done on a JEOL 8900 230 



Superprobe. The samples were rinsed in deionized water (DH2O) to remove salts that interfere 231 

with the epoxy-curing process before mounting in epoxy and being polished with a final 232 

diamond grit size of 0.5 µm. Operating conditions were 15 kV and 10 nA. Analyses were done 233 

using 10 seconds on peaks and 3 seconds on background for all elements except Cl, which used 234 

30 seconds on peaks and 10 seconds on background. Wollastonite was the standard used for Ca, 235 

orthoclase for K, albite for Na, hematite for Fe, quartz for Si, corundum for Al, and reagent grade 236 

palladium chloride (PdCl2) for Cl. Matrix corrections were made with the ZAF scheme. Electron 237 

microprobe analysis at Syracuse University was done on a Cameca SXFive with a LaB6 electron 238 

gun using powdered samples dispersed over polished graphite rods. The operating conditions 239 

were 15 kV and 20 nA using sanidine as the standard for K, jadeite for Na, diopside for Ca and 240 

Si, fayalite for Fe, kyanite for Al, and tugtupite for Cl. Analyses were done using 20 second on 241 

peaks and 10 seconds on background for all elements except Cl, which used 40 seconds on peaks 242 

and 20 seconds on background. Matrix corrections were made with the ZAF scheme.  243 

Analyses were found to be comparable between Syracuse University’s microprobe and 244 

Binghamton University’s microprobe.  Mineral formulas were calculated into the general 245 

amphibole formula A0-1B2C5T8O22W2 as discussed in Appendix A.  Analysis of fine-grained (2-5 246 

μm wide) minerals often results in the X-ray excitation volume exceeding the volume of the 247 

grain and resulting in low analytical totals (Jenkins, 2019). This situation has been studied in 248 

considerable detail in this lab (e.g., Giblin et al. 1993; Jenkins and Corona 2006) where it was 249 

shown that analyses with analytical totals even as low as 65–70 wt% give stoichiometries that are 250 

essentially equivalent to coarser grained minerals.  In this study analytical totals below 75 wt. % 251 

were discarded.  Similarly, samples where B-site total cations ≠ 2.0, C-site total cations ≠ 5, and 252 

total cations <15 or >16 were also discarded. 253 



Results 254 

Synthesis products 255 

Amphiboles were synthesized along the hastingsite ̶ potassic-hastingsite join in the 256 

presence of FeCl2 brines ranging from 1 to 100 molal. A summary of the run conditions is listed 257 

in Table 1, along with the phases produced and the quantity of amphibole (wt. %) present.  258 

Figure 2 shows representative back-scattered-electron images of synthetic chloro-hastingsite 259 

with coexisting minerals made in Jenkins (2019) at conditions similar to those used here. 260 

Amphibole yields were highest when the FeCl2 brine concentration was between 3 and 12 molal. 261 

Amphibole yields dropped to ~ 10 wt.% for the most concentrated brine runs of the Na-dominant 262 

series (e.g., ZN-50m1 and KN0.25(2)-100m1). Bulk compositions with higher K#’s nucleate 263 

amphiboles more readily. The reduction in amphibole yield observed at high brine FeCl2 264 

concentrations can probably be explained by the bulk composition becoming progressively 265 

oxygen-reduced with increasing amounts of FeCl2. Supporting this hypothesis, the experiments 266 

done at lower brine concentrations always had coexisting magnetite, whereas those done at the 267 

highest concentrations contained fayalite instead. Increasing amounts of Fe2+ added as FeCl2 268 

reduced the ferric iron fraction of the bulk composition and stabilized the more reduced phase, 269 

fayalite. The magnetite-fayalite transition occurred between FeCl2 concentration in the brine of 270 

12 and 24 molal.  271 

During the capsule-weighing procedure after treatment, a fluid would sometimes escape 272 

the capsule when punctured, particularly for samples treated at FeCl2 brine concentrations ≤ 3m. 273 

The color of this fluid was related to the K#. The K-rich samples contained a cloudy white fluid 274 

whereas Na-rich samples contained a black fluid. The reason for this is unknown, but might 275 

involve a difference in aqueous iron speciation, where K-rich samples have aqueous Fe 276 



dominantly in the ferrous state (light color), whereas Na-rich samples have aqueous Fe in mixed 277 

valence states causing a strong absorption of light from charge-transfer mechanisms, as seen for 278 

minerals (e.g., Nassau, 1978). 279 

Amphibole composition 280 

Only a subset of the samples were analyzed by Mössbauer spectroscopy. Given the 281 

higher amphibole yields obtained from K-rich mixtures, the complete series of K# 1.0 282 

amphiboles (1 – 100 m FeCl2) were analyzed for their ferric iron fraction (Table 2). The 283 

compositions of the samples analyzed by Mössbauer spectroscopy are listed in Table 3a. The 284 

O(3) site occupancies for these amphiboles, which were determined by estimation of OH by 285 

charge balance and applying the constraint that OH, Cl, and O sum to 2 apfu, are shown in 286 

Figure 3. It is noted that attempts to confirm the presence of OH using infrared spectroscopy 287 

were unsuccessful because strong absorption from the coexisting minerals (notably magnetite) 288 

obscured any OH-stretching signal. 289 

Table 3b lists the amphiboles for which Mössbauer analyses were not made. The ferric 290 

iron fraction for these samples was estimated in this study using ferric-iron compositional trends 291 

observed here for the Mössbauer-analyzed samples. Figure 4a shows the relationship between 292 

the initial brine FeCl2 concentration and ferric iron fraction for the amphiboles from Table 3a. 293 

There is a positive correlation between the amphiboles’ ferric iron fraction and the initial brine 294 

FeCl2 concentration from 1 to 24 molal. Between concentrations of 24 and 50 molal, the ferric 295 

iron fraction dramatically falls from 0.310 to 0.116. This substantial decrease coincides with a 296 

phase change in the mineral assemblage from magnetite to fayalite. This can be explained by a 297 

change in the 𝑓𝑂2
 inside the capsule related to the brine concentration, whereby the system 298 

becomes undersaturated with water as the brine becomes more concentrated in FeCl2. In this 299 



case, the brine has such a low activity of H2O that it is no longer able to maintain the desired 300 

oxygen buffer near Ni-NiO (Matjuschkin et al., 2015), but instead becomes reduced by the 301 

ambient H2-Ar pressure medium. Dolejš and Wagner (2008) show similar results in their model 302 

of the Si–Al–Fe–Mg–Ca–Na–K–H–O–Cl system at elevated P and T.  In their study, the 303 

disappearance of biotite (the only Fe-bearing reactant) due to increasing brine salinity led to a 304 

sudden decrease in 𝑓𝑂2
 due to the system losing its oxygen buffer and subsequently having the 305 

𝑓𝑂2
 controlled by the ambient reducing conditions. 306 

Figure 4b shows the relationship between the Cl content of the amphibole and the ferric 307 

iron fraction. Amphibole Cl is better correlated with the ferric iron fraction than the initial brine 308 

FeCl2 concentration, though both correlations are good, at least up until ~24m (vertical dashed 309 

line in Figure 4b). A Deming regression, which accounts for error in both the independent and 310 

dependent variables, was used to calculate ferric iron fractions for samples without Mössbauer 311 

analysis that were synthesized with brine FeCl2 concentrations < 24m. The equation is:  312 

Fe3+/FeTotal
 = 0.0936(wCl) + 0.126  (1) 313 

The amount of Cl in the amphibole is represented by a normalized wt.% (wCl, 100% analytical 314 

total) that excludes any water instead of a recast molar coefficient because recasting the cations 315 

required knowledge of the ferric iron fraction, which is what is being solved for. Using a 316 

normalized weight percent, though not ideal, provides a relatively unbiased method of removing 317 

the variability in the analytical total attending small-grain analyses.  318 

The ferric iron concentration of amphiboles synthesized in more concentrated brines was 319 

estimated in an alternative method, due to the large change in ferric iron fraction observed 320 

between 24 and 50 m FeCl2. Most of the amphiboles synthesized in this study have a sizeable 321 

fraction of oxygen on their W or O(3) sites (Figure 3). Therefore, the common assumption that 322 



OH + Cl = 2 (e.g., Locock, 2014) is not valid. Recasting of amphibole formulas involves 323 

balancing OH and Fe3+/FeTotal, e.g., where increasing Fe3+/FeTotal adds positive charge which must 324 

be balanced by substituting OH- for O2-. Since OH and Fe3+/FeTotal
 are interdependent, choosing a 325 

constant value of OH + Cl can be used to solve for Fe3+/FeTotal. Taking the average and standard 326 

deviation of OH + Cl for all the amphiboles with Mössbauer spectra gives a value of 1.465 ± 327 

0.335, which was then used to determine Fe3+/FeTotal by charge balance. This method is simple 328 

and only an approximation, but nonetheless was adopted for estimating the ferric iron fraction of 329 

amphiboles synthesized with brine FeCl2 molalities > 24m (Table 3b).  330 

Analysis of the data indicates some trends which are shown in Figures 5 through 7. 331 

Figure 5 shows the relationship between total A-site cations (ΣA) and amphibole Cl (apfu). The 332 

trend is negative at first, with ΣA decreasing with increasing Cl, reaching a minimum at Cl ~ 333 

0.45 apfu, and turning positive above it. The inflection point of this V-shaped trendline coincides 334 

with the magnetite-fayalite transition and the drop in the ferric iron fraction (Figures 4a,b). This 335 

suggests a connection between ΣA and Fe3+/FeTotal. Figure 6 shows how both ΣA and CFe3+ vary 336 

with respect to amphibole Cl and it is apparent that any increase in CFe3+ corresponds to a quasi-337 

proportionate decrease in ΣA. This can be represented by the following exchange reaction: A+ + 338 

Fe2+ ⥧ + Fe3+, where   is an A-site vacancy, and is supported by the generally negative 339 

correlation between ΣA and CFe3+ shown in Figure 7. 340 

Brine-amphibole interactions 341 

Initial brine FeCl2 concentrations were calculated using the total amount of FeCl2 added 342 

to the capsule, the amount of water added to the capsule, and the amount of water contained 343 

within the structure of FeCl2 ∙ nH2O as determined via XRD. This represents the brine 344 

concentration at the beginning of treatment at elevated P and T, assuming the brine is below 345 



saturation in FeCl2.  These are reported as initial brine concentrations because it is possible for 346 

the brine to have evolved during treatment by reaction with the solids. Figure 8 shows the 347 

relationship between the mole fraction of Cl in the brine and amphibole Cl content for 348 

amphiboles of varying K#. The relationship is a linear, positive trend, with amphibole Cl 349 

increasing as the brine becomes more Cl-rich. Furthermore, all the amphiboles of varying K# lie 350 

along an identical amphO(3)Cl - brineXCl slope, indicating that for Mg-free amphiboles, K# does not 351 

influence Cl incorporation.  352 

A crude estimate of the Cl concentration of the brine at the end of treatment can be 353 

calculated using the weight change of each capsule after being punctured and heated to 110 °C as 354 

discussed above. This method assumes that all mass lost when heating the punctured capsule is 355 

due to water evaporation. This method, as mentioned previously, probably gives a minimum 356 

estimate in the total water content available because of structurally bound water in any solid 357 

FeCl2 that precipitated after the experiment, which means that calculated brine Cl concentrations 358 

are over estimated. Annite, which was only observed in two experiments and is present at a small 359 

(< 5 wt%) amounts, has little effect on the water assessment. It is anticipated that dilute FeCl2 360 

brines will have smaller amounts of FeCl2 ∙ nH2O whereas more concentrated brines have larger 361 

amounts and thereby contain more water bound in FeCl2 ∙ nH2O. A comparison of the initial and 362 

final brine Cl concentrations is shown in Figure 9. This figure suggests that the low-363 

concentration brines did not evolve much during treatment, because their initial brine 364 

concentrations are nearly identical to their final (post-treatment) concentrations.  At high brine 365 

concentrations, however, the final concentrations are overestimated and thus do not allow the 366 

evolution of the brine to be determined.  367 

Discussion 368 



The role of ferric iron 369 

The positive correlation between the ferric iron fraction and amphibole Cl content 370 

observed at low Cl values as shown in Figure 4b is noteworthy both because it reverses after the 371 

appearance of fayalite, where a sudden reductive jump occurs at brine FeCl2 concentrations 372 

between 24 and 50 molal, and because it contradicts earlier work. The positive correlation 373 

implies that amphibole Fe3+ plays a positive role in Cl incorporation. In contrast, the study of 374 

Mueller et al. (2017), which synthesized a series of amphiboles along the hastingsite - magnesio-375 

hastingsite join, observed a negative correlation between Fe3+ and Cl, with the most Mg-rich 376 

samples having the highest proportion of Fe3+.  Though their amphiboles were synthesized 377 

without the addition of water (i.e., “dry”), the high pH2 pressure (200 psi) used to control the fO2 378 

near Co-CoO could have allowed for substantial absorption of H2 into the capsule. This, in turn, 379 

could react with any oxygen (free O2 or in reagent Fe2O3) in the capsule to form water and an 380 

evolved brine during treatment. This study did observe that more reducing fO2 values were 381 

correlated with larger amounts of mass gained by the capsule during treatment, which would be 382 

expected if increasing amounts of H2 were being absorbed. Unfortunately, there is insufficient 383 

data to adequately test this hypothesis. In view of the present results, the correlations between 384 

Fe3+ and Cl in Mueller et al. (2017) and in this study may be related to the crystal-chemistry of 385 

Mg-rich hastingsites or have been caused by changes in brine chlorinity, respectively.  386 

Potassium, sodium, and chlorine 387 

Naturally occurring chloro-amphiboles display certain chemical trends, implying crystal 388 

chemical constraints on Cl incorporation into amphiboles. Roughly half of the studies on chloro-389 

amphiboles show a positive correlation between K and Cl, and Na and Cl, including Vanko 390 

(1986), Enami et al. (1992), Sautter et al. (2006), Kendrick et al. (2015), and Yu et al. (2017) 391 



(Figure 10). The other half show a positive correlation between K and Cl, but a negative 392 

correlation between Na and Cl, including Castelli (1988), Léger et al. (1996), Kullerud (1996), 393 

Henry and Daigle (2018), and Gilland et al. (2021) (Figure 11). There are also a handful of 394 

studies with unclear data, and report varying correlations between the A-cations and Cl (Lui et 395 

al., 2009). Overall, previous work on chloro-amphiboles indicates: (1) ΣA-site cations are 396 

positively correlated with the amphibole Cl content, and (2) there are conflicting signals as to 397 

whether the occupant of the A-site (K vs Na) has an influence on amphibole Cl. 398 

This study clearly indicates that both K-rich and Na-rich amphiboles behave similarly. 399 

Not only do they incorporate Cl comparably, but they also respond similarly to changes in ferric 400 

iron fraction by adding or removing A-site cations to maintain charge balance (A+ + Fe2+ ⥧  + 401 

Fe3+). The only observed difference between K- and Na-rich amphiboles in this study was that 402 

amphibole yield increased as amphibole K# increased. These findings suggest that the K# of Cl-403 

bearing hastingsite is controlled by the activity ratio aK/aNa of the brine, or more broadly the 404 

amphibole-forming fluid environment. It should also be noted that the K# for the amphiboles in 405 

this study mirrored the K# of the starting bulk compositions (the partitioning of K/Na between 406 

the amphibole and the brine ~ 1).  407 

What is still unclear is whether A-site occupancy constrains amphibole Cl incorporation. 408 

The literature suggests that it does, but the literature also suggests that K enhances amphibole Cl 409 

uptake for amphiboles that generally contain at least some Mg. The V-shaped correlation 410 

between ΣA and Cl shown in Figure 5 might be interpreted in a manner that indicates ΣA does 411 

not affect Cl incorporation, due to both a positive and a negative correlation. In this study, where 412 

the amphibole is devoid of Mg, this change in correlation is most likely controlled by the ferric 413 

iron content of the amphibole. Preliminary attempts in this study to synthesize chloro-414 



amphiboles without A cations, such as chloro-ferro-hornblende (Ca2(Fe2+
4Al)(AlSi7)O22Cl2) and 415 

chloro-ferro-actinolite (Ca2Fe2+
5Si8O22Cl2), were not successful, suggesting the presence of an A-416 

cation is important to stabilize Cl-bearing amphiboles.  At present the exact nature of this 417 

dynamic is unclear, that is whether it is dominated by crystal structure issues, including the need 418 

for a minimum A-cation content to allow significant Cl incorporation, or the chemical bonding 419 

between the A-site cation and the O(3) anion. 420 

Implications 421 

The observation in this study that Na and K essentially have the same effect on Cl 422 

incorporation into hastingsitic amphiboles (Fig. 8) stands in contrast to the earlier study of 423 

Jenkins (2019) where K was found to be more effective than Na.  As noted by Jenkins (2019), 424 

the brine concentrations were not all identical for these experiments; however, the implication 425 

from this study is that the ferric-iron proportion may actually have been the controlling factor, 426 

rather than the K#. 427 

Probably the main geological application for this research is to determine the Cl 428 

concentration of the brine from which Cl-rich amphiboles form. The present study provides 429 

important information on Mg-free hastingsitic amphiboles and thereby addresses one end-430 

member of the spectrum of Cl-bearing calcium amphiboles observed in nature (e.g., Giesting and 431 

Filiberto, 2016).  Although it is tempting to use Figure 8 for this purpose, it must be stressed that 432 

this study does not account for the Mg-Cl avoidance mentioned earlier and which must be 433 

considered if we are to extract meaningful Cl concentrations from a given mineral assemblage.  434 

Such a treatment, based on the data in Matteucci (2022), will be presented in a separate 435 

manuscript. 436 

This study may also shed some light on why most (terrestrial) calcium amphiboles do not 437 



achieve the predicted maximum of 2.0 Cl apfu (e.g., Giesting and Filiberto, 2016).  A simple 438 

straight-line extrapolation of the bine concentration vs Cl content of Figure 8 indicates a 439 

maximum Cl content of only about 1.2 apfu in the presence of pure FeCl2.  Unfortunately, direct 440 

experimental verification that the line remains linear up to pure FeCl2 is not possible with the 441 

methods used in this study because of the hygroscopic nature of FeCl2.  Even if FeCl2 was able 442 

to be added to the capsule in a completely anhydrous state, hydrogen diffusion through the 443 

permeable Ag50Pd50 capsule from the pressure medium during treatment at elevated P-T 444 

conditions would undoubtedly form some water by such reactions as 3Fe2O3 + H2 →2Fe3O4 + 445 

H2O. This is supported by experiments whenever a chloro-amphibole is synthesized “dry”, 446 

whereby the capsule absorbs mass during the treatment attributed to the formation of water. The 447 

water in these experiments after treatment has been confirmed through mass lost on heating to 448 

110 °C. Until such thoroughly anhydrous experiments can be done, it is unclear from this study 449 

that amphiboles with Cl contents above 1.2 apfu could be formed from a brine.  Reports of 450 

calcium amphiboles with up to 2.0 Cl apfu have so far only been found as very small daughter 451 

crystals occurring in melt inclusions in host minerals in Martian meteorites, most notably the 452 

nakhlite MIL 03346 (Sautter et al., 2006; McCubbin et al. 2009; Giesting and Filiberto, 2016; 453 

Martínez et al., 2023).  Results from this study would suggest that end-member chloro-454 

amphibole requires the presence of a coexisting melt that accepts water more readily than the 455 

amphibole. Experimental evidence for the preferential incorporation of Cl over H2O into 456 

magmatic amphibole is still in need of confirmation but has been suggested for magmas 457 

undersaturated in H2O by the study of Cannaò et al. (2022).  458 

Although the findings of this study involving Mg-free amphiboles suggest that K-rich and 459 

Na-rich amphiboles incorporate Cl similarly, the fact that K and Cl are positively correlated in 460 



virtually every natural amphibole reported in the literature must be explained.  The origin of this 461 

correlation is not known at present but may arise from some process where K is the dominant 462 

cation in the amphibole-forming brine or that K is preferentially partitioned into calcium 463 

amphibole. The former case is certainly possible though not so likely given the preponderance of 464 

Na over K in most natural waters (e.g., Drever, 1997) and a lack of fluid-inclusion analyses to 465 

test this hypothesis. One example of the latter case is the alkali-chloride metasomatism observed 466 

for mafic rock bulk compositions where K partitions preferentially into calcium amphibole while 467 

Na partitions into plagioclase and scapolite (Johnson et al., 2004). Such partitioning was not 468 

observed here but could potentially occur with the appropriate coexisting mineral assemblage.   469 

Further review of the literature indicates that there is no preference for K-rich or Na-rich 470 

chloro-amphiboles based on geologic setting. Of the studies listed earlier, there is one attribute 471 

that separates the chloro-amphiboles that have a positive correlation between Na and Cl from 472 

those that have a negative correlation: age. The rocks that contain Cl-rich amphiboles with a 473 

positive correlation between both A-cations and Cl are younger, formed in the Phanerozoic (e.g., 474 

Mathematician Ridge, Vanko, 1985; Dabie-Sulu orogenic belt, Xiao et al., 2005; Qiman Tagh 475 

metallogenic belt, Yu et al., 2017), whereas those with a negative correlation between Na and Cl 476 

are older (Archean and Proterozoic) (e.g., Hudson Highlands, Léger et al., 1996 and Gilland et 477 

al., 2021; Flakstadøy Basic Complex, Kullerud, 1996; Beartooth Mtns, Henry and Daigle, 2018). 478 

Whether there is some process that enriches chloro-amphiboles in K as they age is not known, 479 

nor is it known if this relationship exists in chloro-amphiboles from other regions. This 480 

hypothesis, if verified with additional data, may point to a gradual change in the geochemical 481 

controls on chloro-amphibole formation that is similar in nature to the preferential formation of 482 

dolomite over calcite in the ancient geological record (e.g., Fang and Xu, 2022).  483 
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 713 
Table 1. Summary of run conditions and products.  714 

Sample Code K# T 
(°C) 

P 
(kbar) 

t 
(hrs) 

∆𝑓𝑂2
∗ Products Wt.% 

Amph 

ZN-1m1 0 699 (8) 3.05 (5) 96 0.01 Amph, Cpx, 
Ab, Mt, Ht 

39.5 (6) 

ZN-3m1 0 703 (4) 3.08 (5) 96 0.05 Amph, Cpx, 
Ab, Mt, Ht 

64.8 (8) 

ZN-12m1 0 699 (10) 3.08 (5 96 0.00 Amph, Cpx, 
Ab, Fay, Mt, 

Ht 

56.6 (8) 

ZN-50m1 0 702 (6) 3.15 (5) 96 0.00 Amph, Cpx, 
Ab, Fay, Ht 

10.3 (7) 

KN0.25(2)-1m1 0.25 699 (8) 3.05 (5) 96 0.01 Amph, Cpx, 
Plag, Mt, Sylv, 

Ann, HSss 

58.3 (8) 

KN0.25(2)-3m1 0.25 695 (13) 3.00 (5) 96 0.00 Amph, Cpx, 
Plag, Mt, HSss 

75.4 (8) 

KN0.25(2)-12m1 0.25 701 (8) 3.06 (5) 132 0.01 Amph, Cpx, 
Plag, Fay, Mt, 

Qtz, HSss 

65.4 (9) 

KN0.25(2)-50m1 0.25 698 (8) 3.02 (5) 96 0.01 Amph, Cpx, 
Plag, Fay, HSss 

51.6 (9) 

KN0.25(2)-
100m1 

0.25 697 (10) 3.02 (5) 96 0.01 Amph, Cpx, 
Plag, Fay, Qtz, 

HSss, Rkn 

12.2 (15) 

KN0.50-1m1 0.5 699 (8) 2.98 (5) 96 0.02 Amph, Cpx, 
Plag, Mt, Qtz, 

HSss 

77.1 (8) 

KN0.50-3m1 0.5 697 (11) 3.00 (5) 96 0.01 Amph, Cpx, 
Plag, Mt, HSss 

78.7 (7) 

KN0.50-12m1 0.5 697 (7) 3.10 (5) 96 -0.01 Amph, Cpx, 
Plag, Fay, Mt, 

HSss, Rkn 

69.7 (8) 

KN0.50-50m1 0.5 694 (14) 3.00 (5) 96 0.00 Amph, Cpx, 
Plag, Fay, Qtz, 

HSss 

53.4 (8) 

KN0.50-100m1 0.5 695 (11) 3.10 (5) 96 -0.02 Amph, Cpx, 
Plag, Fay, Qtz, 

HSss 

43.0 (9) 

 715 
  716 



 717 
Table 1. Continued  718 

Sample Code K# T 

(°C) 

P 

(kbar) 

t 

(hrs) 

𝑓𝑂2
∗ Products Wt.% 

Amph 

KN0.75-1m1 0.75 691 (19) 3.00 (5) 96 -0.01 Amph, Cpx, 
Plag, Mt, 
HSss, Ann 

52.7 (7) 

KN0.75-3m1 0.75 701 (7) 3.10 (5) 96 0.01 Amph, Cpx, 
Mt, HSss 

84.6 (21) 

KN0.75-12m1 0.75 697 (11) 3.08 (5) 96 -0.01 Amph, Cpx, 
Plag, Mt, 
Qtz, HSss 

84.9 (9) 

KN0.75-50m1 0.75 701 (7) 3.01 (5) 96 0.02 Amph, Cpx, 
Plag, Fay, 

Rkn 

47.7 (8) 

KN0.75-
100m1 

0.75 695 (10) 3.08 (5) 96 -0.01 Amph, Cpx, 
Plag, Fay, 

Rkn 

39.5 (9) 

HastZ-1m2 1 701 (5) 3.00 (5) 96 0.02 Amph, Cpx, 
An, Mt, Sylv 

76.2 (11) 

HastZ-2m2 1 701 (8) 3.05 (5) 96 0.02 Amph, Cpx, 
An, Mt, Sylv 

83.3 (10) 

HastZ-3m1 1 700 (4) 3.00 (5) 96 0.02 Amph, Cpx, 
An, Mt, Sylv 

84.2 (7) 

HastZ-6m1 1 700 (6) 3.04 (5) 96 0.01 Amph, An, 
Mt, Sylv 

89.0 (11) 

HastZ-12m1 1 700 (2) 3.02 (5) 96 0.00 Amph, Cpx, 
An, Mt, Qtz, 

Sylv, Rkn 

80.9 (9) 

HastZ-24m2 1 701 (2) 3.08 (5) 96 0.00 Amph, Cpx, 
An, Mt, Qtz, 

Rkn 

71.9 (10) 

HastZ-50m1 1 700 (2) 2.98 (5) 96 0.02 Amph, Cpx, 
An, Fay, Qtz 

78.0 (8) 

HastZ-100m1 1 687 (2) 3.05 (5) 96 -0.03 Amph, Cpx, 
An, Fay, Qtz 

78.9 (7) 

* Log oxygen fugacity relative to the Ni-NiO oxygen buffer of Frost (1991) 719 
Note: Uncertainties (1σ) in the last digit are given in parentheses. K# is the molar ratio = K

Na+K
. 720 

Brine FeCl2 molalities are in the sample code (e.g., sample ZN-3m1 has a brine molality of 3). 721 
𝑓𝑂2

 was calculated using the P, T, and 𝑋𝐻2
of the pressure media. Abbreviations: Ab = albite, An 722 

= anorthite, Ann = annite, Amph = amphibole, Cpx = hedenbergitic clinopyroxene, Fay = 723 
fayalite, Ht = halite, HSss = halite-sylvite solid solution, Mt = magnetite, Plag = plagioclase, Qtz 724 
= quartz, Rkn = rokuhnite, Sylv = sylvite.  725 
 726 
 727 



 728 
 729 
Table 2. Mössbauer spectra fitting parameters, crystallographic site occupancies, and bulk ferric 730 
iron contents. 731 
 732 
Iron type and site 
occupancy 

Parameter 
 

 Sample Code    
      

    
  

HasZ
-1m2 

HasZ
-2m2 

HasZ
-3m1 

HasZ
-6m1 

HastZ
-12m1 

HasZ-
24m2 

HasZ-
50m1 

HasZ-
100m1 

Oct Fe3+ IS 0.51 0.50 0.48 0.46 0.44 0.43 0.49 0.50  
QS 0.59 0.61 0.55 0.54 0.59 0.59 0.58 0.57  
Width 0.48 0.48 0.40 0.39 0.41 0.38 0.38 0.46  
Area 16 17 16 18 22 28 12 13 

Oct Fe2+ M(4) IS 1.10 1.12 1.08 1.05 1.06 1.07 1.09 1.10  
QS 2.06 2.14 2.09 2.00 2.08 2.13 2.21 2.23  
Width 0.43 0.42 0.38 0.31 0.34 0.29 0.34 0.43  
Area 18 24 17 13 15 15 28 31 

Oct Fe2+ M(2) IS 1.14 1.14 1.14 1.11 1.11 1.12 1.12 1.12  
QS 2.49 2.06 2.47 2.39 2.44 2.47 2.61 2.63  
Width 0.38 0.28 0.30 0.27 0.25 0.23 0.25 0.28  
Area 40 22 27 22 17 20 28 30 

Oct Fe2+ M(1) M(3) IS 1.15 1.15 1.14 1.13 1.13 1.13 1.15 1.16  
QS 2.81 2.81 2.81 2.73 2.74 2.76 2.85 2.88  
Width 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26  
Area 15 21 21 30 22 27 33 26       

    
%Fe3+ 

 
17.6 20.4 20.4 21.9 28.9 31.0 11.6 12.8 

 733 
Abbreviations: IS = isomer shift (mm/s); QS = quadrupole splitting (mm/s). Width is the full 734 
width at half maximum (mm/s), while the Area is given as the percentage of the total peak area 735 
in each doublet. 736 
  737 



Table 3a. Compositions of amphiboles synthesized at the conditions listed in Table 1 for which 738 
ferric iron content was measured.  739 
 740 

Exp Name HasZ-1m2 HasZ-2m2 HasZ-3m1 HasZ-6m1 
n 16 18 17 19 

SiO2 38.13 (94) 37.82 (135) 36.69 (189) 38.53 (207) 
Al2O3 10.32 (103) 9.67 (46) 10.54 (99) 9.99 (85) 
FeO 26.69 (86) 25.75 (84) 25.14 (98) 24.75 (117) 

Fe2O3 6.32 (61) 7.33 (70) 7.23 (72) 7.71 (79) 
CaO 10.60 (33) 10.32 (44) 10.63 (48) 10.00 (38) 
Na2O 0 0 0 0 
K2O 3.42 (13) 3.14 (14) 2.73 (13) 2.32 (24) 
Cl 0.54 (6) 0.62 (7) 0.83 (9) 1.01 (14) 

H2O* 1.19 (17) 1.06 (12) 1.21 (13) 0.85 (13) 
Total 95.38 (147) 93.92 (215) 93.06 (375) 93.54 (412)  

    
Site assignments    

TSi  6.45 (15) 6.50 (9) 6.33 (8) 6.60 (10) 
TAl  1.55 (15) 1.50 (9) 1.67 (8) 1.40 (10) 

TFe3+ 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0) 
Sum T 8 8 8 8 

CAl  0.51 (8) 0.46 (7) 0.47 (16) 0.62 (12) 
CFe3+  0.80 (2) 0.95 (2) 0.93 (5) 1.00 (2) 
CFe2+ 3.69 (7) 3.59 (6) 3.60 (12) 3.39 (10) 

Sum C 5 5 5 5 
BFe 0.08 (5) 0.11 (4) 0.04 (3) 0.17 (3) 
BCa  1.92 (5) 1.89 (4) 1.96 (3) 1.83 (3) 

Sum-B 2 2 2 2 
ANa 0 0 0 0 
AK 0.74 (3) 0.69 (4) 0.60 (3) 0.51 (5) 

ACa 0.00 (0) 0.01 (1) 0.01 (1) 0.00 (0) 
Sum-A 0.74 (3) 0.70 (4) 0.61 (3) 0.51 (5) 
Cations 15.74 (3) 15.69 (4) 15.61 (3) 15.51 (5) 

Cl  0.15 (2) 0.18 (2) 0.24 (3) 0.29 (4) 
OH 1.34 (16) 1.22 (10) 1.41 (15) 0.97 (14) 

Anions  1.49 (15) 1.40 (10) 1.65 (16) 1.27 (14) 
Fe3+/Fetotal 0.176 (9) 0.204 (10) 0.204 (10) 0.219 (11) 

 741 
 742 
 743 
 744 
 745 
 746 



Table 3a. (continued) 747 

Exp Name HastZ-12m1 HasZ-24m2 HasZ-50m1 HasZ-100m1 
n 9 33 11 20 

SiO2 35.67 (387) 38.34 (288) 36.07 (215) 37.94 (238) 
Al2O3 9.52 (147) 10.20 (82) 12.16 (185) 9.33 (121) 
FeO 22.34 (118) 21.84 (153) 27.82 (180) 28.51 (134) 

Fe2O3 10.54 (104) 10.90 (118) 4.08 (138) 4.68 (84) 
CaO 9.56 (96) 9.93 (65) 10.38 (47) 9.93 (47) 
Na2O 0 0 0 0 
K2O 2.35 (42) 2.10 (27) 2.77 (25) 2.87 (29) 
Cl 1.54 (26) 1.86 (22) 2.68 (36) 2.85 (32) 

H2O* 0.64 (31) 0.32 (24) 1.07 (12) 0.80 (14) 
Total 90.47 (675) 94.08 (515) 95.56 (368) 95.64 (400)  

    
Site assignments    

TSi  6.38 (25) 6.57 (19) 6.17 (22) 6.55 (25) 
TAl  1.61 (24) 1.43 (19) 1.83 (22) 1.45 (25) 

TFe3+ 0.01 (2) 0.00 (0) 0.00 (0) 0.00 (0) 
Sum T 8 8 8 8 

CAl  0.39 (28) 0.64 (17) 0.62 (20) 0.44 (12) 
CFe3+  1.38 (9) 1.41 (5) 0.53 (17) 0.61 (9) 
CFe2+ 3.23 (19) 2.96 (12) 3.85 (20) 3.95 (7) 

Sum C 5 5 5 5 
BFe 0.17 (6) 0.18 (8) 0.13 (7) 0.17 (6) 
BCa  1.83 (6) 1.82 (8) 1.89 (7) 1.83 (6) 

Sum-B 2 2 2 2 
ANa 0 0 0 0 
AK 0.53 (7) 0.46 (6) 0.60 (6) 0.63 (6) 

ACa 0.01 (1) 0.01 (0) 0.04 (4) 0.01 (0) 
Sum-A 0.54 (7) 0.47 (6) 0.64 (7) 0.64 (6) 
Cations 15.54 (7) 15.46 (6) 15.64 (7) 15.64 (6) 

Cl  0.47 (7) 0.54 (7) 0.78 (11) 0.84 (9) 
OH 0.85 (42) 0.37 (24) 1.22 (11) 0.92 (16) 

Anions  1.32 (42) 0.91 (27) 2.00 (1) 1.76 (21) 
Fe3+/Fetotal 0.289 (14) 0.310 (16) 0.116 (6) 0.128 (6) 

Note: Analyses reported as weight percent of the oxides and cations per 24 O+Cl+OH atoms of 748 
the average of n electron microprobe analyses. The ferric iron proportion was determined via 749 
Mössbauer analysis.  750 
*H2O was calculated by minimizing ACa and barring K from the B site. Uncertainties (1σ) in the 751 
last digit are shown in parentheses. 752 
 753 



Table 3b. Compositions of amphiboles synthesized at the conditions listed in Table 1 for which 754 
ferric iron was estimated as discussed in the text.  755 
 756 

Exp Name ZN-1m1 ZN-3m1 ZN-12m1 ZN-50m1 
n 11 14 14 10 

SiO2 35.59 (202) 34.86 (281) 35.69 (264) 34.90 (267) 
Al2O3 8.94 (90) 9.56 (92) 9.58 (107) 10.46 (169) 
FeO 27.42 (146) 27.07 (248) 25.83 (220) 23.94 (563) 

Fe2O3 5.22 (104) 6.46 (166) 8.96 (254) 10.19 (606) 
CaO 9.26 (68) 9.11 (82) 9.09 (57) 9.46 (94) 
Na2O 2.14 (18) 1.80 (24) 1.48 (24) 2.00 (26) 
K2O 0 0 0 0 
Cl 0.21 (3) 0.50 (6) 1.05 (10) 2.79 (43) 

H2O* 1.39 (19) 1.47 (18) 1.18 (21) 0.53 (69) 
Total 88.25 (455) 88.72 (611) 90.78 (473) 92.72 (642)  

     
Site assignments    

TSi  6.44 (8) 6.27 (11) 6.29 (18) 6.16 (9) 
TAl  1.56 (8) 1.73 (10) 1.68 (17) 1.84 (8) 

TFe3+ 0.00 (0) 0.00 (0) 0.03 (7) 0.00 (0) 
Sum T 8 8 8 8 

CAl  0.35 (17) 0.30 (16) 0.31 (24) 0.33 (33) 
CFe3+  0.72 (7) 0.88 (23) 1.16 (28) 1.35 (16) 
CFe2+ 3.93 (12) 3.82 (11) 3.53 (12) 3.32 (21) 

Sum C 5 5 5 5 
BFe 0.21 (5) 0.25 (7) 0.29 (10) 0.22 (11) 
BCa  1.79 (5) 1.75 (7) 1.71 (10) 1.78 (11) 

Sum-B 2 2 2 2 
ANa 0.75 (6) 0.63 (4) 0.51 (7) 0.69 (6) 
AK 0 0 0 0 

ACa 0.00 (0) 0.01 (0) 0.01 (0) 0.01 (4) 
Sum-A 0.75 (6) 0.64 (4) 0.52 (7) 0.70 (6) 
Cations 15.75 (6) 15.63 (4) 15.51 (7) 15.69 (4) 

Cl  0.06 (1) 0.15 (2) 0.31 (3) 0.83 (10) 
OH 1.67 (19) 1.76 (10) 1.41 (21) 0.63 (21) 

Anions  1.74 (19) 1.91 (10) 1.72 (23) 1.46 (26) 
Fe3+/Fetotal 0.148 (12) 0.178 (14) 0.234 (19) 0.276 (93) 

 757 
  758 



 759 

Table 3b. (continued) 760 

Exp Name 
KN0.25-1m1 KN0.25-3m1 

KN0.25-
12m1 

KN0.25-
50m1 

KN0.25-
100m1 

n 18 13 17 13 9 
SiO2 36.38 (305) 35.50 (378) 36.82 (208) 37.58 (214) 34.49 (366) 
Al2O3 10.20 (181) 10.56 (108) 10.21 (105) 10.64 (96) 9.75 (141) 
FeO 27.30 (160) 26.42 (262) 25.76 (206) 25.79 (553) 23.95 (570) 

Fe2O3 5.27 (85) 6.47 (136) 9.11 (181) 8.29 (612) 10.07 (607) 
CaO 9.40 (150) 9.53 (93) 9.32 (101) 10.16 (90) 9.13 (96) 
Na2O 1.84 (44) 1.64 (27) 1.30 (29) 1.53 (29) 1.55 (38) 
K2O 1.03 (13) 0.68 (7) 0.54 (8) 0.72 (10) 0.63 (14) 
Cl 0.23 (4) 0.53 (7) 1.12 (20) 2.75 (27) 2.66 (38) 

H2O* 1.25 (26) 1.32 (20) 1.04 (37) 0.60 (74) 0.54 (75) 
Total 91.12 (752) 90.68 (765) 93.27 (318) 96.63 (298) 91.22 (586)  

      
Site assignments     

TSi  6.40 (20) 6.25 (18) 6.33 (17) 6.35 (21) 6.20 (36) 
TAl  1.60 (20) 1.75 (16) 1.67 (17) 1.65 (20) 1.80 (35) 

TFe3+ 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0) 
Sum T 8 8 8 8 8 

CAl  0.50 (17) 0.44 (23) 0.40 (25) 0.47 (32) 0.27 (18) 
CFe3+  0.71 (4) 0.86 (14) 1.17 (10) 1.05 (17) 1.37 (20) 
CFe2+ 3.79 (14) 3.69 (15) 3.43 (18) 3.48 (19) 3.36 (14) 

Sum C 5 5 5 5 5 
BFe 0.24 (19) 0.20 (15) 0.29 (15) 0.16 (17) 0.24 (20) 
BCa  1.76 (19) 1.80 (15) 1.71 (15) 1.83 (17) 1.76 (20) 

Sum-B 2 2 2 2 2 
ANa 0.62 (13) 0.56 (8) 0.44 (10) 0.50 (9) 0.54 (14) 
AK 0.23 (2) 0.15 (2) 0.12 (2) 0.16 (2) 0.15 (3) 

ACa 0.00 (0) 0.00 (6) 0.01 (0) 0.01 (0) 0.01 (3) 
Sum-A 0.85 (13) 0.81 (10) 0.57 (11) 0.67 (9) 0.70 (14) 
Cations 15.86 (12) 15.72 (11) 15.56 (11) 15.66 (9) 15.69 (13) 

Cl  0.07 (1) 0.16 (2) 0.33 (6) 0.79 (8) 0.81 (10) 
OH 1.46 (28) 1.56 (24) 1.21 (35) 0.68 (34) 0.66 (42) 

Anions  1.53 (28) 1.72 (25) 1.54 (33) 1.47 (38) 1.47 (35) 
Fe3+/Fetotal 0.150 (12) 0.181 (15) 0.239 (26) 0.224 (95) 0.275 (93) 

 761 

  762 



Table 3b. (continued) 763 

Exp Name 
KN0.5-1m1 KN0.5-3m1 KN0.5-12m1 KN0.5-50m1 

KN0.5-
100m1 

n 17 22 19 16 13 
SiO2 35.02 (146) 35.69 (175) 36.31 (191) 35.91 (154) 34.35 (221) 
Al2O3 11.52 (61) 10.83 (117) 11.23 (284) 11.69 (157) 10.15 (94) 
FeO 26.55 (110) 25.16 (139) 25.02 (181) 24.27 (562) 24.12 (530) 

Fe2O3 5.24 (79) 6.53 (97) 9.21 (159) 10.28 (622) 8.62 (579) 
CaO 10.20 (48) 9.89 (40) 9.51 (45) 9.96 (61) 9.45 (78) 
Na2O 1.18 (7) 0.90 (9) 0.79 (7) 1.00 (6) 1.16 (21) 
K2O 1.76 (17) 1.44 (9) 1.17 (12) 1.62 (11) 1.69 (20) 
Cl 0.26 (2) 0.61 (5) 1.19 (15) 2.76 (31) 3.43 (36) 

H2O* 1.52 (12) 1.24 (15) 1.07 (22) 0.59 (74) 0.34 (66) 
Total 91.20 (306) 90.39 (346) 93.50 (286) 96.46 (136) 92.10 (401)  

      
Site assignments     

TSi  6.13 (9) 6.30 (15) 6.22 (26) 6.10 (24) 6.20 (17) 
TAl  1.87 (9) 1.70 (15) 1.78 (26) 1.90 (24) 1.80 (17) 

TFe3+ 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0) 
Sum T 8 8 8 8 8 

CAl  0.51 (6) 0.55 (13) 0.48 (30) 0.43 (14) 0.36 (14) 
CFe3+  0.70 (1) 0.87 (2) 1.18 (9) 1.31 (5) 1.17 (9) 
CFe2+ 3.79 (5) 3.58 (11) 3.34 (23) 3.25 (12) 3.47 (12) 

Sum C 5 5 5 5 5 
BFe 0.09 (4) 0.13 (3) 0.26 (5) 0.19 (10) 0.18 (10) 
BCa  1.91 (4) 1.87 (3) 1.74 (5) 1.81 (10) 1.82 (10) 

Sum-B 2 2 2 2 2 
ANa 0.40 (2) 0.31 (3) 0.26 (2) 0.33 (2) 0.41 (8) 
AK 0.39 (4) 0.32 (2) 0.26 (2) 0.35 (3) 0.39 (4) 

ACa 0.01 (1) 0.00 (0) 0.01 (0) 0.01 (1) 0.00 (0) 
Sum-A 0.80 (4) 0.63 (3) 0.53 (3) 0.69 (4) 0.80 (9) 
Cations 15.80 (5) 15.64 (3) 15.52 (3) 15.69 (4) 15.80 (7) 

Cl  0.08 (0) 0.18 (2) 0.35 (5) 0.79 (9) 1.05 (10) 
OH 1.77 (8) 1.46 (13) 1.25 (17) 0.67 (27) 0.42 (15) 

Anions  1.85 (8) 1.64 (14) 1.60 (19) 1.46 (26) 1.46 (19) 
Fe3+/Fetotal 0.153 (12) 0.189 (14) 0.246 (23) 0.276 (98) 0.243 (91) 
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Table 3b. (continued) 766 

Exp Name 
KN0.75-1m1 KN0.75-3m1 

KN0.75-
12m1 

KN0.75-
50m1 

KN0.75-
100m1 

n 13 19 16 18 19 
SiO2 34.23 (276) 35.45 (188) 36.92 (240) 35.47 (181) 34.91 (170) 
Al2O3 11.03 (101) 11.01 (75) 10.46 (74) 11.34 (225) 10.52 (100) 
FeO 25.34 (151) 25.44 (156) 25.31 (166) 23.88 (575) 23.47 (548) 

Fe2O3 5.45 (89) 7.02 (103) 9.50 (153) 9.85 (631) 11.42 (606) 
CaO 9.53 (141) 10.18 (61) 9.84 (41) 10.07 (33) 10.12 (60) 
Na2O 0.61 (12) 0.50 (3) 0.42 (3) 0.51 (5) 0.52 (4) 
K2O 2.54 (43) 2.14 (13) 1.74 (23) 2.46 (13) 2.63 (13) 
Cl 0.35 (4) 0.71 (6) 1.25 (14) 3.48 (22) 3.66 (15) 

H2O* 1.30 (18) 1.34 (20) 1.07 (23) 0.39 (72) 0.33 (69) 
Total 88.53 (578) 91.75 (446) 94.48 (307) 96.07 (257) 96.11 (271)  

      
Site assignments     

TSi  6.20 (12) 6.19 (11) 6.28 (21) 6.12 (23) 6.06 (17) 
TAl  1.80 (12) 1.81 (11) 1.72 (21) 1.88 (23) 1.94 (17) 

TFe3+ 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0) 
Sum T 8 8 8 8 8 

CAl  0.56 (12) 0.46 (11) 0.39 (15) 0.42 (24) 0.22 (13) 
CFe3+  0.75 (4) 0.92 (3) 1.21 (8) 1.28 (6) 1.49 (8) 
CFe2+ 3.69 (11) 3.62 (9) 3.41 (12) 3.30 (20) 3.29 (8) 

Sum C 5 5 5 5 5 
BFe 0.16 (19) 0.10 (4) 0.21 (6) 0.14 (6) 0.12 (8) 
BCa  1.84 (20) 1.90 (4) 1.79 (6) 1.86 (6) 1.88 (8) 

Sum-B 2 2 2 2 2 
ANa 0.21 (5) 0.17 (1) 0.14 (1) 0.17 (2) 0.17 (1) 
AK 0.59 (13) 0.48 (2) 0.38 (6) 0.54 (3) 0.58 (2) 

ACa 0.01 (1) 0.01 (0) 0.00 (0) 0.00 (0) 0.00 (0) 
Sum-A 0.81 (14) 0.66 (2) 0.52 (6) 0.71 (4) 0.75 (3) 
Cations 15.81 (10) 15.65 (2) 15.52 (5) 15.72 (4) 15.76 (3) 

Cl  0.11 (1) 0.21 (2) 0.36 (5) 1.02 (8) 1.08 (5) 
OH 1.57 (16) 1.56 (17) 1.23 (20) 0.45 (12) 0.38 (15) 

Anions  1.68 (17) 1.77 (18) 1.59 (23) 1.46 (17) 1.46 (19) 
Fe3+/Fetotal 0.164 (13) 0.199 (15) 0.250 (22) 0.271 (100) 0.304 (95) 

Note: Analyses reported as weight percent of the oxides and cations per 24 O+Cl+OH atoms of 767 
the average of n electron microprobe analyses.  768 
*H2O was estimated by minimizing ACa and barring K from the B site. Uncertainties (1σ) in the 769 
last digit are shown in parentheses. 770 
 771 
 772 



 773 
Figure 1.  774 
  775 

 776 
 777 
  778 



 779 
Figure 2 780 

 781 

 782 

  783 



 784 
Figure 3.  785 
 786 

 787 
  788 



 789 
Figure 4.  790 
 791 

 792 
 793 

  794 



 795 
Figure 5.  796 
 797 

 798 

  799 



 800 
Figure 6.  801 
 802 

 803 

  804 



 805 

Figure 7.  806 

 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 

 815 

  816 



 817 
Figure 8. 818 
 819 

 820 

 821 

 822 

 823 

 824 

 825 

 826 

 827 

 828 

 829 

 830 



 831 

Figure 9.  832 

 833 

 834 

  835 



 836 
Figure 10.  837 
 838 

 839 
 840 

 841 

  842 



 843 
Figure 11.  844 
 845 

 846 
 847 

  848 



 849 
Figure Captions 850 

 851 
Figure 1. Lab dewpoint vs molar mass of FeCl2∙nH2O. Molar mass is in units of grams per mole. 852 
For reference, the molar mass of anhydrous FeCl2 is 126.75 g/mole. 853 
 854 
Figure 2.  Representative back-scattered electron images of amphibole synthesis products made 855 
in Jenkins (2019) at conditions similar to those used in this study. (a) Synthetic potassic-chloro-856 
hastingsite with coexisting fayalite and quartz made at 700°C and 4.2 kbar for 116 h at fO2 of -857 
1.9 ΔNi-NiO from a nominally dry mixture with K# of 1.0.  (b)  Synthetic chloro-hastingsite 858 
with coexisting fayalite, clinopyroxene, plagioclase, and garnet (Gt) made at 700°C and 4.3 kbar 859 
for 168 h at fO2 of -2.0 ΔNi-NiO from a nominally dry mixture with K# of 0.0.  Abbreviations as 860 
in Table 1. 861 
 862 
Figure 3. Percentages of OH, Cl, and O on the O(3) sites of Mössbauer-analyzed amphiboles. 863 
OH was determined via charge balance, as described in the text; the remainder of the O(3) sites 864 
were filled with oxygen. 865 
 866 
Figure 4. (a) Ferric iron fraction vs initial brine FeCl2 concentration. (b) Amphibole Cl content 867 
(wt.%) vs ferric iron fraction. The solid line is a Deming regression to the data. The dashed line 868 
represents the magnetite - fayalite transition between FeCl2 brine concentrations of 24m and 869 
50m. Ferric iron fraction was determined via Mössbauer spectroscopy with an assumed 870 
uncertainty of 5%. Abbreviations: Mt = magnetite, Fay = fayalite. 871 
 872 
Figure 5. Total A-cations vs Cl. Different symbols represent the various K# series as indicated in 873 
the legend. 874 
 875 
Figure 6. Total A-site cations and octahedral Fe3+ vs amphibole Cl. Closed circles represent total 876 
A-site cations and open squares represent octahedral ferric iron. 877 
 878 
Figure 7. Total A-site cations vs octahedral Fe3+. 879 
 880 
Figure 8. Initial brine XCl (mole fraction Cl) vs amphibole Cl. Dashed line is a linear regression 881 
to the data (Y=1.170x+0.0549). Note: these concentrations represent that of the brine at the 882 
beginning of treatment at P and T. 883 
 884 
Figure 9. Comparison of FeCl2 brines calculated with initial vs final water content. 885 
 886 
Figure 10. Review of natural amphiboles showing a positive correlation between both Na-Cl and 887 
K-Cl. Solid symbols represent Na2O, open symbols represent K2O. Circles: Yu et al. (2017); 888 
squares: Kendrick et al. (2015); triangles: Sautter et al. (2006); diamonds: Enami et al. (1992); 889 
stars: Vanko (1985). Lines are linear regressions to the data. 890 
  891 
Figure 11. Review of natural amphiboles showing a positive correlation between K-Cl and a 892 
negative correlation between Na-Cl. Solid symbols represent Na2O, open symbols represent 893 
K2O. Circles: Gilland et al. (2021); squares: Henry and Daigle (2018); triangles: Kullerud 894 



(1996); diamonds: Legér et al. (1996); stars: Castelli (1988). Lines are linear regressions to the 895 
data. 896 
 897 
Supplemental Figure 1.  A portion of the monoclinic (C2/m) amphibole structure projected onto 898 
the (100) labeled with the sites in the general mineral formula A0-1B2C5T8O22W2 in the lower 899 
half of the diagram, and the specific crystallographic sites, excluding most of the oxygens, 900 
labeled in the upper portion.  Cl, OH, and O reside at the O(3) site.  901 
  902 




