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The incorporation of chlorine into calcium amphibole
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Running title: Chlorine in calcium amphiboles

Abstract
The exchange of halogens between fluids and solid silicates holds considerable potential to shed
light on fluid-rock interactions associated with various geological processes, including seawater—
ocean-crust interaction, crustal and mantle metasomatism, and economic deposit formation. This
study reports on how variations in formation conditions (temperature, pressure, hydrogen
fugacity), bulk composition (Na and K ratio), and choice of starting material salts affect the CI
contents of calcium amphiboles synthesized specifically from ferro-pargasite and hastingsite
bulk compositions. Syntheses were attempted over the range of 600-950°C and 0.1-0.45 GPa at

logfy, of 1.4 to 2.4 (equivalent to -0.9 to -2.1 logfo, below the fayalite-magnetite-pB-quartz
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oxygen buffer, or AFMBQ) for durations of 111-672 h. Amphiboles were characterized by
powder X-ray diffraction and electron microprobe, with cation proportions calculated on the
basis of an assumed 18% ferric iron content. Amphiboles formed from the ferro-chloro-pargasite
bulk composition [NaCay(Fes ¢Al)(Al,Sic)O2,Cly] had Cl contents of only about 0.5 atoms per
formula unit (apfu), compared to the intended 2.0, and whose stabilities were about 70°C lower
at 0.1-0.2 GPa than reported in a previous study of Cl-free (OH-bearing) ferro-pargasite.
Syntheses on the ferro-pargasite bulk composition in the presence of a brine with a nominal mole
fraction of CI (X¢1) of 0.3 over the range of 700 — 950°C at 0.2 GPa showed that temperature had
less effect on the CI content of the amphibole than small variations in the brine concentration
assessed after treatment. For the chloro-hastingsite bulk composition
[NaCax(FesoFe’)(ALSis)02Cly] , the Cl content of the product amphibole was unaffected by
the specific choice of chloride salt or salt combinations (NaCl, CaCl,, FeCl,), but showed a
direct correlation with the substitution of K for Na. Experiments done over the range of 0.10-
0.45 GPa at 700°C and at -1.3 logfo, AFMBQ showed an increased rate of nucleation of
amphibole with increasing pressure for a hastingsite bulk composition with 40% substitution of
K for Na, but no variation in the Cl content of the amphibole. Classification of the amphiboles
formed in this study showed that a number of them were well outside their intended field, with
some of those formed from the ferro-pargasite bulk composition straddling the boundary
between hastingsite and ferro-pargasite, while a number of those formed from the hastingsite
bulk composition were actually ferro-ferri-hornblendes. These results confirm that K more so
than Na is important for the incorporation of Cl into calcium amphiboles, and that Cl-bearing
ferro-ferri-hornblende, with low A-site Na + K, can form even from mixtures with abundant Na

+ K. Combining these observations with the strong correlation between Cl content and Fe# [=
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Fe*/(Fe’" + Mg)] noted in previous studies, a general correlation was found to exist between the
Cl content and the FeAIK index, defined as Fe#-(TAl + K), which combines the effects of Fe#,
tetrahedrally-coordinated Al (*Al), and K content. A linear trend is observed once a minimum
value of about 0.34 in the FeAIK index is reached. The implication is that the crystal-chemical
controls for Cl incorporation in calcium amphiboles are dominated by substitution of Fe*" for
Mg, "Al for Si, and K for Na into the crystallographic A site with a linear dependence at the rate

of 0.45 CI per FeAIK index above a minimum value of about 0.34.

Keywords: Ferro-pargasite, hastingsite, chlorine, chloro-amphibole, synthesis, ferro-ferri-

hornblende

Introduction

In contrast to a relatively rich history of experimental studies on F-bearing amphibole
synthesis and stability (e.g., Bowen and Schairer, 1935; Comeforo and Kohn, 1954; Gilbert et
al., 1982; Robert et al., 1989; Raudsepp et al., 1991; Jenkins and Hawthorne, 1995; Pavlovich
and Jenkins, 2003), there are few experimental studies on the incorporation of Cl into
amphiboles. With a growing interest in the use of halogens to monitor geological processes
ranging from seawater—ocean-crust interactions (e.g., Barnes and Cisneros, 2012; Kendrick et al.,
2015) and crustal shear-zone metasomatism (Kusebauch et al., 2015) to mantle metasomatism
(Frezzotti et al., 2010; Selverstone and Sharp, 2011) and the formation of economic deposits
(Yardley and Bodnar, 2014), there is a need to understand the compositional variations that
permit uptake of Cl by amphibole. To be sure, establishing these crystal-chemical controls is
only one side of the broader issue concerning the partitioning of CI into amphibole, the other
being the response of the amphibole to variations in the activity of Cl in the ambient brine or

melt. Although some research has been reported on the effect of variable chloride-brine
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concentrations (Chan et al., 2016; Campanaro and Jenkins, 2017), the present study focuses on
the first issue by considering either what crystal-chemical controls are exerted by the amphibole,
or what chemical changes occur in concert with the incorporation of CI into amphibole.

Two amphiboles that are commonly found to contain elevated Cl contents are ferro-pargasite
[NaCay(Fe*4Al)(Al,Si6)022(OH),] and hastingsite [NaCax(Fe* 4Fe’ ) (ALSis)02(0H),] (e.g.,
Makino et al., 1993; Mazdab, 2003; McCubbin et al., 2013; Giesting and Filliberto, 2016).
These two amphiboles, differing only in the proportion of AI*" versus Fe’" in the octahedrally-
coordinated M(2) site, can occur individually or together. Ferro-pargasite occurs in a broad
range of igneous (diorite, nepheline syenite) and metamorphic (garnet granulite, eclogite,
amphibolite, and metamorphosed carbonates, Deer et al., 1997, Table 14) lithologies, while
hastingsite occurs in acid and alkaline plutonic rocks (Deer et al., 1997, p. 434). Occasionally
they occur together, such as in an alkaline feldspar syenite in the Chhotaudepur area of India
(Hari et al., 2014) or alkali-feldspar granites of the Carajas metallogenic province, Brazil (Barros
et al., 2009). Outside of the general conditions attending the formation of hastingsite and ferro-
pargasite, there is no clear consensus on the conditions needed to form Cl-rich ferro-pargasite or
hastingsite. Giesting and Filiberto (2016) provided a review of the limited number of terrestrial
occurrences where chloro-amphiboles occur, that is, those having Cl apfu (atoms per formula
unit) in excess of OH + F. The conditions reported in the literature range from low-temperature
(> 350°C) halogen-rich fluids in the Fraser Mine, Sudbury, Ontario, Canada (McCormick and
McDonald,1999) to high-temperature (600-700°C) metasomatic fluids in the Bamble sector, S.E.
Norway (Kusebauch et al., 2015). Deducing the formation conditions in field localities with
chloro-amphiboles is complicated by the frequent presence of multiple metamorphic overprints,

multiple episodes of fluid-rock interactions, and the likely presence of an evolving fluid
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composition yielding successively higher Cl contents when there is limited fluid interaction with
the host rock (e.g., Kusebauch et al., 2015; Rebay et al., 2015). In contrast, an experimental
investigation can control some of these variables and help shed new light on the origin of Cl-rich
amphiboles.

This study summarizes experimental work concerning what effects certain variations in the
starting-material bulk compositions and synthesis conditions have on the incorporation of Cl into
amphiboles synthesized from ferro-pargasite and hastingsite bulk compositions.

Methods
Apparatus

Syntheses were done in two types of apparatus. The first type of vessel, used for most of the
experiments at 0.2 GPa, was externally-heated cold-seal vessels, constructed of René 41 (a Ni-
rich alloy). The pressure medium was water; however, a short length of iron rod (~1 cm long by
0.3 cm diameter) was placed next to the capsule to reduce the oxygen fugacity (foz) by reaction
with the pressure-medium water. This filler-rod method was used for creating a reducing
environment instead of the double-capsule method (e.g., Chou, 1987) to permit long-duration
experiments (200-500 h) to be done without risk of expending the buffer in a double-capsule
configuration and to permit larger volumes of material to be made in a given experiment. This
method generally does not produce an oxygen fugacity defined by a particular buffering
assemblage, but instead was used simply to establish a reducing environment that was broadly
compatible with the stability field of the amphiboles investigated in this study. Inspite of the
various issues surrounding this method, such as diffusion of H, through high-temperature vessel
walls or armoring of the reactive filler-rod material (magnetite/wiistite over iron in this case), it

has been shown by Matthews et al. (2003) that steady-state hydrogen fugacities (fi2) can be
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reached in Ni-rich pressure vessels within about 20 hours that are stable for durations up to 800
h. As discussed in Chan et al. (2016), the oxygen fugacity imposed on the sample in this
configuration was determined, using separate sensor capsules containing mixtures of Co and
CoO or magnetite and wiistite as well as the CoO-MnO-Co variable oxygen sensor of Pownceby
and O’Neill (2000), to have log(foz) values between -18.1 and -17.7 at 0.2 GPa and 700°C,
which is within the fo, ranges defined by the Co-CoO and magnetite-wiistite buffers.

The second apparatus was internally-heated gas vessels of the type described by Holloway
and Wood (1988) using hydrogen-argon gas mixtures as the pressure medium and nichrome
wound furnaces. It was found that nichrome (80% Ni) was less susceptible to hydrogen
embrittlement and failure than Fe-based heating elements (e.g., Kanthal A-1*). A reducing
environment inside the vessel was produced by first introducing hydrogen gas at a given
pressure, shutting off the hydrogen gas supply, and then pressurizing the vessel with argon to
attain a desired total pressure in a H,-Ar mixture at room temperature. At this point both gas
supplies were closed off which established the partial pressure of H, and, therefore, mole fraction
of Hy (Xi2) in the gas mixture. The final pressure was attained through thermal expansion of the
gas and the fugacity of H, was calculated at the final pressure and temperature (P-T) by
multiplying the fugacity coefficient for H, (yn2, Shaw and Wones, 1964) at the corresponding P-
T conditions to the mole fraction of H; in the gas, i.e., fyo = P- Xy ymp. Figure lais a
comparison of the calculated fo, (based on the imposed fy,) as a function of the observed fo,
measured by the sensor method of Pownceby and O’Neill (2000) for a selection of internally-
heated gas-vessel experiments. There is relatively good agreement, although the observed fo,
tends to be shifted lower than the intended (calculated) value, particularly at conditions near the

upper-limit of this sensor (Co-CoO buffer, grey circle). Individual data points are labeled with
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the duration of the experiment showing that there is no obvious correlation in the observed
oxygen fugacity with the length of treatment time that might arise from changes in oxidation
state related, for example, to diffusive loss of hydrogen from the pressure vessel. Temperatures
were measured using two Inconel*-sheathed chromel-alumel thermocouples whose hot-junction
tips straddled the sample position, such that the stated uncertainties in temperature included both
the precision of temperature measurement (+ 2°C) and any thermal gradient across the sample
capsule.
Starting materials

All syntheses were made using mixtures of reagent-grade oxides, carbonates, metallic iron,
and chlorides. The reagents were SiO,, which was made by desiccating silicic acid by step-wise
heating to 1100 °C overnight, Al,O3, Fe,03, CaCO3, Na,CO3, K,CO3, metallic Fe (~10 um grain
size), NaCl, CaCl,, and “FeCl,”. The NaCl was dried for 24 hours in air at 580°C to remove
water trapped in aqueous fluid inclusions present in the salt (as received) by thermal
decrepitation of the inclusions. For most of the syntheses done in this study FeCl, was used as
the source of Cl ion. The “FeCl,” as received was determined by X-ray powder diffraction
(XRD) and Rietveld refinement to be a mixture of 40 mol% FeCl, and 60 mol% FeCl,-2H,0;
adjustments were made for this additional water of hydration during the weighing of this reagent.
It was further found by in situ heating in a powder diffractometer that single-phase FeCl, is
obtained by heating “FeCl,” to 160°C for 15 min in air. Therefore, all treatments of starting
mixtures involving “FeCl,” were heated to 160°C for 15 min prior to being sealed in capsules, as
described below. Careful handling of the CaCl, was exercised to account for its hygroscopic
nature. Mixtures including CaCl, were prepared by weighing the approximate amount of CaCl,

into a pre-weighed flask, fitted loosely with a fritted-glass stopper, dried to 200°C for 30 min to
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thoroughly desiccate the CaCl, (confirmed by XRD with in situ heating) but prevent oxidation to
CaO, firmly inserting the stopper, cooling, and then obtaining the final weight of the CaCl,.

Starting mixtures were prepared as follows. The SiO,, Al,Os, and any carbonates (CaCOs,
Na,COs, and/or K,COj3) were weighed and mixed together under acetone until dry. This mixture
was then heated in air at 900°C for 15 min, which has been found to be sufficient time to
decarbonate the mixture by reaction with SiO; but purposely kept short to minimize
volatilization of Na or K from the mixture. To this decarbonated mixture was added Fe,Os and
metallic Fe in proportions equivalent to FeO, any extra Fe203 if needed, and the chloride source
(“FeCly”, CaCl,, and/or NaCl), which were all mixed together dry to avoid any separation of
reagents by density differences or dissolution of the highly soluble “FeCl,” by any organic
solvent. The list of bulk compositions investigated in this study is given in Table 1.
Sample treatment

Portions of the starting mixtures were encapsulated in AgsoPdso alloy capsules made from
tubing that was either 3.0 or 1.5 mm outer-diameter by 0.13 mm wall thickness. Mixtures that
used “FeCl,” as the chloride source were heated at 160°C for 15 min in air, crimped while still
hot (to minimize subsequent exposure to air), and then sealed by arc welding under a lightly
moistened tissue to help mask the AgPd-melt from exposure to oxygen (Weidner, 1989).
Mixtures with CaCl, were heated to 200°C for 15-30 min, crimped, and sealed in the same
manner as for the “FeCl,”-bearing mixtures.

In this laboratory it was found that the use of AgsoPdso alloy not only minimizes Fe uptake
from the sample (Driscall et al., 2005) but also increases the amphibole yield at a given set of P-
T-fo, conditions. A series of syntheses were made using the ferro-chloro-pargasite composition

(FEPG 1) in Table 1 and all done at 600°C and 0.2 GPa for 13-19 days in cold-seal vessels but
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using four different capsule materials: AgsoPdso, Ag7oPds0, Pt, and Au. Only the AgsoPds alloy
produced a strong (58 wt%) amphibole yield (with coexisting plagioclase, fayalite, and salts),
while the other capsule materials produced either little amphibole (18 wt%, Ag7oPdso) or no
amphibole (Au, Pt). The presence of magnetite and quartz in syntheses with little or no
amphibole yields compared with fayalite in the high-amphibole yields suggests that a more
reduced environment (below the fayalite-magnetite-f-quartz, FMBQ, oxygen buffer) is more
favorable for amphibole growth. Setting aside the synthesis done in the Pt capsule, where
alloying of iron oxide with the capsule may create an oxidizing environment that is not
conducive to amphibole formation, there appears to be a correlation in amphibole yield with
increasing permeability of the capsule material to hydrogen (Au << Ag7oPdso < AgsoPdsp). It
may be that the increased permeability of Pd-rich capsules to hydrogen, as can be seen even
going from AggoPdyo to Ag7oPdso (Chou, 1986), might provide an initially more reduced
environment that expedites formation of amphibole. Whether it is hydrogen permeability or
some other factor (e.g., surface catalysis),this reconnaissance study supports the choice of
AgsoPds as the preferred capsule material for this study.

Analytical methods

Powder X-ray diffraction (XRD) patterns of the synthesis products were obtained on a
Panalytical PW3040-MPD X-ray diffractometer operated at 40 kV and 20 mA using Cu K,
radiation with a graphite diffracted-beam monochromator. Samples were mounted on a zero-
background quartz plate and scanned from 5-60° 2@ using step sizes of 0.04° 20 and measured
for durations sufficient for obtaining ~1000 counts on the strongest peaks. Rietveld refinements
were made using the General Structure Analysis System (GSAS) software of Larson and Von

Dreele (2004).
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Electron microprobe analysis was done on a JEOL 8900 Superprobe using samples mounted
in epoxy and polished with diamond abrasive in successively finer grits to a final size of 0.5 pm.
The operating conditions for all analyses were 15 kV and 10 nA using albite as the standard for
Na, wollastonite for Ca, the pure oxides for Fe, Al, and Si, orthoclase for K, and reagent PdCI,
for Cl. Matrix corrections were made with the ZAF scheme. Chlorine X-ray counts were
monitored for the PdCl, standard and both sodium and chlorine X-ray counts were monitored for
amphiboles from sample RW-S1 of Johnson et al. (2004) containing about 1.3 wt% Cl and 1.4
wt% Na,O to determine the extent of Na and Cl diffusion under the electron beam. There was
no discernible loss of counts over counting durations of 1-2 minutes in spot mode (~ 1 um
diameter) for either the Cl standard or amphibole. Even so, the counting times for WDS analyses
of the major elements (Na, Mg, Al, Si, Ca, K, and Fe) were kept to 10 s on the peak and 3 s on
the background to minimize Na diffusion from the standards and the samples. Because of the
relatively low Cl contents observed for many of the amphiboles, Cl was measured using 30 s on
the peak and 10 s on the background. It should be noted that analysis of fine-grained minerals,
such as the amphiboles formed in this study, often results in the X-ray excitation volume
exceeding the volume of the grain and resulting in low analytical totals. This situation has been
studied in considerable detail in this lab (e.g., Giblin et al., 1993; Jenkins and Corona, 2006)
where it has been shown that analyses with analytical totals even as low as 65-70 wt% give
stoichiometries that are essentially equivalent to coarse-grained minerals. In this study, most
analyses were well above this minimum, typically in the range of 80-98 wt%.

Cations in the amphibole structure (AB,CsTsO0,,W,) were calculated initially assuming all
iron was ferrous and adding sufficient OH to have the sum of OH+CI in the W sites equal 2.0. In

many cases this did not result in a feasible amphibole formula (e.g., cation sums above 16.0), in
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which case ferric iron was introduced under the assumption that the ferric-iron proportion (=
Fe**/Y Fe) was a constant value of 18%. This value is based on the studies of Chan et al. (2016)
and Mueller et al. (2017) where amphiboles were synthesized from the bulk compositions ferro-
pargasite and those made along the magnesio-hastingsite—hastingsite
[NaCay(MgsFe (AL Sig)02:(OH),- NaCay(FesFe’)(ALLSis)022(OH),] join , respectively, using
the same methods and techniques used in this study and for which selected amphiboles were
analyzed by Mossbauer spectroscopy. Further discussion for the choice of 18% ferric iron can
be found in Campanaro and Jenkins (2017); nevertheless, the effect on the classification of
amphiboles made in this study by varying the percentage of ferric iron over the full 2c range (+
6%) reported by Campanaro and Jenkins (2017) is discussed below. Cations for ferric-oxide-
corrected microprobe analyses were then determined by having the sum of O+OH+CI = 24 and
either adding sufficient OH to have the sum of OH+Cl in the W sites equal 2.0, or sufficient OH
to have the sum of T- and C-site cations (excluding Ca, Na, and K) equal 13. The latter method
allows for the presence of oxo-amphibole component and the attendant deficit of OH, which, if
one forces the W sites to sum to 2.0, can yield a deficiency of C-site cations. Cations were
distributed in a conventional manner, namely filling the T sites first with Si then Al to sum to 8,
assigning the remaining Al, Fe’”, and sufficient Fe*" (in that order) to the C sites to sum to 5,
putting excess Fe*" into the B sites along with sufficient Ca and Na to sum to 2, and assigning
any remaining Ca, Na, and K to the A sites. Resultant mineral formulae with cation totals below
15.0 or above 16.05 were rejected.

Results

Ferro-pargasite bulk composition

Hydrogen fugacity (fi,)
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The study of Gilbert (1966) determined temperatures along a variety of oxygen-fugacity buffers
where ferro-pargasitic amphibole is stable, which serves as a good frame of reference for
understanding the dependence on hydrogen fugacity (fy,) of the Cl-bearing ferro-pargasitic
amphiboles formed in this study. Gilbert (1966) used the double-capsule approach for buffering
the oxygen fugacity in water-rich experiments; however, in the present study the hydrogen
fugacity was controlled directly and water was generally absent, or nearly so, in many of the
syntheses. Therefore, the oxygen fugacities reported originally by Gilbert (1966) have been
translated to the equivalent hydrogen fugacity (fy;) using the oxygen-fugacity equations
summarized by Frost (1991) and the thermodynamic properties of water at elevated pressures
and temperatures of Holland and Powell (1990). The resultant logfy,-T curve for OH-ferro-
pargasite is shown by the dashed curve in Figure 1b. Selected syntheses made from the bulk
composition ferro-chloro-pargasite (FEPG 1, Table 1) are also shown in Figure 1b, where the
solid circles represent amphibole growth, open circles no growth, and the half-shaded symbol
gave mixed results as discussed in more detail in the next section. The approximate stability
field for Cl-bearing ferro-pargasite from this study is shown by the solid curve, which is modeled
after the curve of Gilbert (1966) but shifted about 70°C lower. In general, amphibole formed
from the ferro-chloro-pargasite bulk composition has about 0.5 Cl apfu and has a lower thermal
stability than OH-bearing ferro-pargasitic amphiboles at 0.1-0.2 GPa. A more detailed study of
the effect of Cl on the thermal stability of ferro-pargasitic amphibole involving reaction reversal
experiments is in progress, the preliminary results of which can be found in Jenkins (2018); the
synthesis, as compared to the reaction reversal, experiments involving Cl-bearing ferro-pargasitic
amphibole are shown here to demonstrate that they have the same general dependence on the

fugacity of hydrogen (and, by extension, fugacity of oxygen) as OH-bearing ferro-pargasite.
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Chloride brine concentration and temperature

A series of syntheses was done at 700°C and 0.2 GPa using ferro-pargasite bulk composition
to which 10 wt% of different FeCl, brines were added (Variable brine conc., Table 2). The
results of these syntheses are shown in Figure 2, along with the synthesis of ferro-chloro-
pargasite with only absorbed moisture (FEPG 1-2, Table 2). As can be seen in Figure 2 the
results were variable. The lack of amphibole (open circles) for the lowest brine concentrations
(0 —0.036 Xpec12) contrasts sharply with the consistent growth of ferro-pargasitic amphibole
treated in the presence of variable NaCl brines at 700°C and 0.2 GPa observed by Chan et al.
(2016). The reason for the difference between this study and that of Chan et al. (2016) is unclear
but may be related to the oxidation state that develops during treatment in a given brine. In the
presence of pure water, with no added brine, a long-duration treatment (FEPG 3-16, 481 h)
produced no amphibole. A second treatment (FEPG 3-17, Table 2) without any brine was
purposely kept shorter (146 h) and yielded strong amphibole growth (square, Fig. 2). This
shorter treatment time is more in line with the relatively short durations (~72 h) used in Chan et
al. (2016) at low NaCl-brine concentrations, suggesting that there may be a gradual change from
a more reducing to a more oxidizing environment inside the capsule with time in the presence of
dilute brines that eventually destabilizes the amphibole. This is supported by the presence of

magnetite in all of the amphibole-absent syntheses. Amphibole did form in FeCl, brines

between 0.05 and about 0.3 X 25y° , suggesting that FeCl, brines in this concentration range were

able to maintain a more reducing condition for longer durations (363 — 408 h) that stabilized
amphibole, as supported by the presence of coexisting fayalite. The lack of amphibole at the
highest FeCl, brine concentration is attributed at this time to both the reduced stability of Cl-rich

ferro-pargasite at these P-T conditions and to a lower activity of H>O in an FeCl, brine compared
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to NaCl (cf, FEPG 3-5, Table 2) preventing the formation of an OH-bearing amphibole. Overall,
the variable results at these conditions (half-shaded symbol, Fig. 1b) may simply mean that
amphibole formation is very dependent on small differences in oxygen or water fugacity, relating
to the type of brine being used, for a given synthesis duration.

A series of syntheses on ferro-pargasite bulk composition was done at 0.2 GPa and 700-

950°C in the presence of 10 wt% of a NaCl brine with the nominal composition of X 2oty = 0.3.

These results are given in Table 2 (Amphibole formation with T) and shown in Figure 3a where
the Cl content of the amphibole, as determined from microprobe analysis of individual
amphibole grains (Table 3), is plotted as a function of the synthesis temperature. The lower
temperature syntheses might suggest a trend of decreasing Cl content with increasing
temperature, but taking all of the data together shows there is essentially no correlation (r =
0.058). These same data were replotted in Figure 3b to show the CI content as a function of the
brine concentration determined after the treatment, where a more accurate assessment of the
water content in the capsule (generally the most challenging aspect of encapsulating a solid-
water mixture) could be made by puncturing, drying, and reweighing the encapsulated sample. It
can be seen in Figure 3b that there is an excellent correlation between the NaCl brine
concentration and the Cl content (r = 0.922), indicating that it is the brine concentration, rather
than temperature, that has the greater effect on the Cl content of amphibole.

Hastingsite bulk composition

Chloride salt type

In the earlier study by Chan et al. (2016) it was noted that FeCl, brines produced amphiboles
with higher Cl contents than NaCl brines. It was not clear at that time whether this was the result

of a higher Cl activity in the 1:2 FeCl, brine or was caused by some other aspect of the salt, such
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as a stronger partitioning of Cl into the amphibole compared to the brine for FeCl, versus NaCl.
This question is explored in a little greater detail here using the hastingsite bulk composition,
which was observed by Mueller et al. (2017) to have higher CI contents than ferro-pargasite and,
therefore, is better suited for determining what controls the Cl content in the amphibole.

A series of syntheses were made on the bulk composition of chloro-hastingsite but using
different chlorides (CaCl,, FeCl,) or combinations of chlorides (NaCl + %2 CaCl2, NaCl + 2
FeCl,) in the starting mixtures, so that in each case there were 2 Cl apfu. Table 1 lists the four
mixtures investigated here (HAST 12, 13, 14, 15), which were all run together in a single
experiment. Each was treated as an anhydrous mixture, with particular care used to minimize
incidental hydration during the capsule loading and sealing. The results are given in Table 2
(Variable chloride salts in hastingsite) and shown in Figure 4. Amphibole formed in each

synthesis and the syntheses were effectively anhydrous, with no X 2™ below 0.95. Microprobe

analyses (Table 3) indicate a very consistent Cl content, with the average being 0.76 = 0.12 (10).
These results indicate that, for anhydrous syntheses, the type of salt used is unimportant so long
as the total CI content is the same. Whether or not this independence of salt type continues down
to more dilute brines remains to be determined, but at least for the extreme case of no dilution,
there does not appear to be any discernable difference in salt type.

Effect of potassium

Amphiboles were synthesized from a series of bulk compositions with increasing substitution
of K for Na in hastingstie at 700 °C, 0.34-0.46 GPa, and at Alog(fo2) FMBQ of about -1.3 for
durations of 111-263 h (K-Na substitution in hastingsite, Table 2). Amphibole yields were quite
good across this join, with one sample (HAST 6-2) producing only amphibole. These high

yields are attributed, in part, to the choice of bulk compositions used for all of these mixtures
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except one (HAST 10, Table 1) where the Ca content was purposely shifted to a slightly lower
content of 1.8 apfu. This shift is consistent with the improved yields observed in previous
studies of pargasitic (Sharma and Jenkins, 1999) and hastingsitic (Mueller et al., 2017)
amphiboles. Electron microprobe analyses of these samples are listed in Table 3 and Figure 5a
shows the observed CI content as a function of the K content. A linear regression (diagonal line)
to all of the data gives a reasonably high correlation coefficient (r = 0.836). Plotting the CI
contents of these same amphiboles as a function of the FeCl, brine concentrations in which they
were synthesized (Table 2) gives a relatively poor correlation. This stands in contrast to the
strong correlation observed for pargasitic amphibole (Fig. 3b). The strong correlation between
Cl and K content observed here for hastingsitic amphibole is sometimes unclear for natural
amphiboles, as discussed below.

Effect of pressure

To examine the effect of pressure, amphiboles were synthesized from the bulk composition
HAST 7 in Table 1, all at 700°C and Alog(fo,) of about -1.3 relative to FMBQ, over the pressure
range of 0.1 — 0.46 GPa. The results are listed in Table 2 (Amphibole formation with P).
Rietveld refinements were done on these synthesis products with the specific purpose of
estimating the weight percentages of the phases formed. Figure 6a shows an excellent
correlation between the pressure of formation and the amphibole yield. The uncertainty
(precision) in the weight% of amphibole derived during the Rietveld refinement is about the size
of the symbol in this figure; however, the true uncertainties, as determined using calibration
mixtures of silicates (e.g., Liogys and Jenkins, 2000), is probably closer to + 2 or 3 wt%. The
reason for increased amphibole yields with increasing pressure is uncertain but may be related to

minor increases in Na + K for samples HAST 7-4 through HAST 7-7 in Table 3. This is
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supported by the work of Mandler and Grove (2016) who noted a strong positive correlation
between Na + K and pressure in amphiboles formed in ultramafic bulk compositions. It may
also be that hastingsite, being stable at high pressures (Thomas, 1982), is more readily nucleated
moving further inside the amphibole stability field. Figure 6b demonstrates that even though the
proportion of amphibole increases with pressure the chlorine content of the amphibole that forms
is essentially constant.
Discussion

Synthetic amphibole classifications

As is often the case for synthetic amphiboles, the observed amphibole composition is often
shifted from the intended, or nominal, composition represented by the bulk composition of the
starting mixture because of crystal-chemical and/or thermodynamic reasons. For example, this
behavior has been seen for the simplest calcium amphibole tremolite, as summarized by Evans
(2007), for the sodium amphibole glaucophane (Tropper et al., 2000, Jenkins and Corona, 2007),
and for amphiboles along the tremolite-pargasite (Sharma and Jenkins, 1999) and tremolite-
glaucophane (Jenkins, et al., 2013) joins. This is also the case in this study, where the
amphiboles that are formed are generally removed from their intended compositions, often
shifting them into a different classification for calcium amphiboles as defined by the latest IMA
nomenclature scheme (Hawthorne et al., 2012). Figures 7a,b show the compositions of the
amphiboles reported in Table 3 on a diagram that applies to the *'(OH,F,Cl)-dominant amphibole
group and that is designed to differentiate the calcium amphiboles investigated in this study
based on their A-site occupancy of Na + K and C-site ratio of Fe*/(Fe’" + Al). It should be
emphasized that the ferric iron content is estimated as 18% of the total iron content, as

mentioned previously. To explore further the effect of this assumption on the classification of
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amphiboles, the ferric iron content was allowed to vary by + 6%, namely from 12 — 24% of the
total iron content, and the cations recalculated as described in the methods section. Because the
cations are calculated by adjusting the OH content at a given (fixed) ferric-iron content, rather
than adjusting the ferric/ferrous iron ratio for an OH content that is fixed by stipulating that
(OH+F+Cl) = 2 apfu or that (OH+F+Cl) =2 — 2Ti as is commonly done (e.g., Hawthorne et al.,
2012), the main result is that the ratio of Fe*/(Fe*" + Al) typically varies more so than the total
A-site Na and K content. This variation is about 0.2 in the Fe*"/(Fe>" + Al) ratio and from 0 up
to 0.2 in the Na+K content, which is essentially the size of the (15) uncertainty bars shown in
Figures 7a,b. Therefore, amphiboles that plot near a vertical boundary in Figures 7a,b may move
from a more oxidized to more reduced field (e.g., ferro-ferri-hornblende to ferro-hornblende) but
not necessarily into a more A-site rich field (e.g., ferro-ferri-hornblende to hastingsite).

Figure 7a shows the series of amphiboles (open circles) made from the ferro-pargasite bulk
composition (FEPG 3, solid circle) over the temperature range of 700 to 900°C. Even though the
trend is not monotonic, there is a general shift to lower Fe*'/(Fe’" + Al) with increasing
temperature (T) owing mostly to increasing “Al content and a concomitant shift towards ideal
ferro-pargasite. The series of hastingsitic amphiboles formed from different chloride salts and
salt combinations (open squares) lie well inside the hastingsite field, while the amphiboles
formed from the potassic-hastingsite composition with 0.4 K apfu at variable pressure (grey
squares) are all deficient in the total Na and K contents and plot inside the ferro-ferri-hornblende
field. This is consistent with the trend observed in Figure 7b across the series of K-for-Na
substituted hastingsite where the lowest K-contented amphiboles lie inside the ferro-ferri-
hornblende field but move into the (potassic) hastingsite field with increasing K content. All of

the observed amphibole compositions formed from hastingsite starting compositions (solid
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squares) are depleted in ferric iron, enriched in octahedral Al, and depleted in A-site cations
shifting them towards, or even into, the pargasite and hornblende fields.
Potassium — chlorine association

At present there is some uncertainty as to whether or not potassium is correlated with
chlorine in calcium amphiboles. Previous studies have shown positive correlations between the
sum of Na and K at the A site and the Cl content (e.g., Morrison, 1991; Enami et al., 1992).
Some studies have identified a clear correlation between K and Cl, such as in the amphiboles of
the sheared gabbros in Lofoten, Norway (Kullerud, 1996), Dana Hill metagabbro of the
Adirondack Mountains, New York (Johnson et al., 2004), or the granulite-facies iron formations
of the eastern Beartooth Mountains, Montana (Henry and Daigle, 2018). In other studies,
however, the correlation between K and Cl is either conflicting, as in the altered eclogites of
Yangkou UHP complex in the Sulu UHP belt, northern China (Liu et al., 2009), or simply
unclear as in the Cl-bearing secondary hornblendes occurring in garnet peridotites of Cima di
Gagnone in the Lepontine Alps, Switzerland (Kendrick et al., 2018). The presence of K-rich
amphiboles with little or no detectable Cl (e.g., Mazdab, 2003; Banno et al., 2009; Pagano et al.,
2016) confirms that K does not necessarily enter amphibole as a coupled substitution with CI.
However, synthesis of amphiboles from mixtures of hastingsite bulk composition that are
identical other than for the substitution of K for Na and are made under the same conditions
clearly demonstrates the positive correlation between K and CI content (Fig. 5a).
Pressure of synthesis

Despite the increased yield of amphibole with increasing pressure (Fig. 6a), pressure appears
to have little effect on the total CI content in the amphibole. This is seen in Fig. 6b where the Cl

content has no correlation with pressure. Given the large radius of Cl, it may be argued that
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436  increased pressure will eventually act to exclude Cl from the amphibole structure. Preliminary
437  data on the upper-thermal stability of Cl-bearing amphibole with 0.5 Cl apfu (Jenkins, 2018)
438  indicates that it breaks down along a boundary that has a positive but steeper dP/dT slope than
439  the Cl-free equivalent. However, at this relatively low level of Cl, the predicted exclusion of CI
440  with increased pressure has not yet been observed.

441  Tetrahedral Al

442 Although this study was not specifically designed to consider the effects of ' Al, the range of
443  tetrahedral aluminum observed here is wider than anticipated and is at least worth considering.
444  Figure 8 shows the Cl content of all of the analyzed amphiboles reported in Table 3 plotted with
445  the same symbols as used in Figure 7. No clear correlation exists based on these samples. The
446  weight of evidence from field observations suggests that ' Al can be important. This can be seen,
447  for example, for the zoned amphiboles in the peralkaline igneous complex of the Ramnes

448  cauldron, Norway (Sato et al., 1997), where ' Al correlates with the CI content. Unfortunately
449  TAlis often strongly coupled with A-site Na + K making it hard to decipher the effect of "Al by
450 itself. Based on the present study, ' Al may not be the dominant control but it is present at a

451  fairly high level (1.4 - 1.6 "Al apfu, Fig. 8) in samples with reasonably high Cl content (0.6-0.9
452  Cl apfu) even when K is not present (Fig. 4).

453 Implications

454 A complete understanding of the crystal-chemical and physical conditions controlling the
455  incorporation of Cl into calcium amphiboles is well beyond the scope of this study because of
456  very limited experimental data on such things as the effects of ' Al for calcium amphiboles,

457  variation of Cl content with Fe# [= Fe*"/(Fe*" + Mg)] for potassic-hastingsite, and the role of

458  variable brine concentration on hastingsitic amphiboles. Of the three chemical variations
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commonly noted in the literature that correlate with Cl, namely the Fe#, TAl, and AK, this study
can provide some insights on the latter two variables independent of the Fe#, which is fixed at
1.0 by virtue of the Mg-free bulk compositions studied here. The use of high brine
concentrations in most of these syntheses also minimizes brine concentration as a variable (cf.
Chan et al., 2016).

One thing that this study confirms is a direct correlation between K and Cl content,
something that has not always been clearly determined from field studies alone. At a given set of
P-T-fu, conditions, amphiboles synthesized from bulk compositions that are identical in all
aspects except for the ratio of Na to K in the A site clearly show that Cl is much higher in K- vs
Na-rich amphiboles, with CI contents getting up to about 1.2 apfu. This value, though well short
of the theoretical 2.0 apfu, is certainly near the higher end of most terrestrial calcium amphiboles
(e.g., Giesting and Filiberto, 2016). Henry and Daigle (2018) also observed the positive
correlation between K and Cl content, but proposed that there was a minimum or threshold level
of about 0.2 K apfu that needed to be reached before there was significant incorporation of Cl
into the amphibole. In this study amphiboles without any K formed with Cl contents ranging
from 0.6 — 0.9 apfu (Figs. 4, 5), so long as they formed in concentrated brines, which may be
attributed to the high Fe# of 1.0 for all of these samples. As discussed below, there may well be
a threshold value that exists owing to a coordinated effect from the 'Al, Fe#, and K all reaching
certain levels above which Cl can more readily enter the amphibole structure.

The possibility that different types of chloride salts may lead to variations in CI contents has
been considered in the literature. For example, the presence of FeCl, vs KCI in an ambient fluid
has been suggested to give rise to different Cl concentrations in amphiboles (Liu et al., 2009).

The implication from this study is that the chloride salt type is not important so long as the total
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ClI content (i.e., brine concentration) and the bulk composition of the mixture are constant, as
seen in Figure 4 when different combinations of NaCl, CaCl,, and FeCl, are used. Replacing
NaCl with KCI, however, would shift the bulk composition towards potassic hastingsite and
correspondingly increase the Cl content (Fig. 5a).

The observation that many of the amphiboles synthesized from hastingsite bulk composition
are deficient in total A-site cations and therefore plot within the hornblende field (Figs. 7a,b) was
rather surprising. Hornblendes with considerable Cl1 (0.8 wt%) have been documented in meta-
gabbros dredged from Mathematician Ridge west of the East Pacific Rise by Vanko (1986) and
Kendrick et al. (2015). Based on the results of this study, it appears that A-site deficient
hornblendes may form even in the presence of concentrated brines where there is adequate Na +
K to fill the A site. This was most noticeable for the (Na-rich) hastingsite bulk compositions
(e.g., HAST 7-5, 7-6, 7-7; Table 3). The broader implication is that the A-site occupancy is not
necessarily controlled by the availability of Na but rather by the ability of the amphibole to
minimize its overall lattice energy through fairly specific substitutions of Fe, "Al, and Cl into its
crystal structure.

Determining a general correlation between the crystal-chemistry of an amphibole and its CI
content is an important part of the broader goal of being able to use its Cl content to understand
the conditions and brine chemistry that formed the amphibole. Even without a full
understanding of the relative roles of TAl and K, one can combine their effects, along with the
very strong control imposed by the Fe# (e.g., Kullerud, 1996; Liu et al., 2009; Henry and Daigle,
2018), to see if a correlation exists between the Cl content and the sum of " Al + K multiplied by
the Fe# (called here the FeAIK index). Figure 9 shows amphiboles from this study (solid circles)

that were formed from hastingsite bulk compositions, with and without K, compared to a
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selection of amphiboles reported in the literature from metamorphic terranes. There is an overall
positive trend, and a linear regression to all of the data gives a correlation coefficient of 0.881.
There is also an initial range from 0 — 0.34 in the FeAIK index that is essentially devoid of Cl,
which agrees with the existence of a minimum or threshold in the Fe#, K, and TAl levels before
any significant Cl enters the amphibole structure reported by Henry and Daigle (2018). What is
particularly interesting is that the threshold level observed in Figure 9 includes data with a wide
range of Cl contents and localities, namely meta-gabbroic rocks of Lofoten, northern Norway
(Kullerud, 1996), and the meta-gabbroic rocks of the Bamble Sector, southern Norway
(Kusebauch et al., 2015), as well as the metamorphosed iron-formation samples reported by
Henry and Daigle (2018). This supports the hypothesis that there is a crystal-chemical minimum
in the FeAIK index that needs to be attained before significant Cl can enter the structure.
Additional work needs to be done to test this correlation and eventually to determine the
sensitivity of this FeAIK index to variations in the ambient fluid composition, which may
account for much of the spread in this diagram; however, this index is offered here as a first
approach to identifying a crystal-chemical parameter that may be applied to a wide range of
amphiboles.
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Table 1. Nominal anhydrous compositions investigated in this study

Sample Code  Cl-source Nominal anhydrous composition, comments

Prefix

Ferro-pargasite

FEPG 1 “FeCl,” NaCay(Fes0Al)(AlSis)022(Cly)

FEPG 3 no ClI NaCay(Fes 0Al)(AlzSi6)O23

Hastingsite

HAST 5 “FeCl,” Na(Caj sFeq.)[Feqo(Fe 0 5Al2)](ALSis)02:Cly

HAST 6 “FeCly” (Ko2Nag g)(Cay sFeq2)[Fes o(Fe’ 0 3Aly2)[(ALSis)02:Cly
HAST 7 “FeCl,” (Ko.4Nag6)(Cay sFega)[Feso(Fe’ 0.5Alp2)](AlSis)02:Cl,
HAST 8 “FeCl,” (Ko.6Nag4)(Ca, sFego)[Feso(Fe’ 0.5Al)2)](AlSis)02:Cl,
HAST 10 CaCl, (Ko.6Nag4)Cax(Fes oFe’ ) (ALSig)02Cl

HAST 9 “FeCl,” (Ko.sNag2)(Cay sFeo2)[Feso(Fe’ 0.8Al02)](ALSis)02:Cly
HAST 11 “FeCl,” K(Ca gFeo2)[Feso(Fe’ 05Al92)](ALSis)02CL

HAST 12 “FeCl,” NaCay(Fes oFe’)(ALSis)02Cl

HAST 13 CaCl, NaCay(Fes oFe’)(ALSis)02Cl

HAST 14 NaCl+%“FeCl,” NaCaz(Fe4‘oFe3 (ALSig)02:Cl,, two sources of Cl
HAST 15 NaCl+%CaCl, NaCaz(Fe4,0Fe3+)(A12Si6)022C12, two sources of Cl
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678  Table 2. Synthesis conditions and products of synthesis for bulk compositions listed in Table 1.
Sample Code T (°C) P (GPa) t(hrs) Alog(fop)* log(fiz)” brine® Products and
(Xc) comments

Amphibole formation in P-T-fy, space

FEPG 1-2 700(5) 0.197(5) 265 -1.4(5) [1.83)] 0.47(3) plag, fay, cpx, halite,
qtz, FeCl,'nH,O

FEPG 1-6 607(5) 0.196(5) 506 -0.9(1) [1.4(1)] 0.40(1) amph, plag, halite,
FCCIZ‘I’IHQO

FEPG 1-9 600(4) 0.202(6) 168 -1.26(3) 1.37(2)  0.34(1) plag, amph, cpx, fay,
halite, FeCl, nH,O

FEPG 1-10 949(3) 0.210(5) 144 -0.93(3) 1.84(1)  0.54(2) plag, cpx, fay, halite,
FeCl, nH,O; capsule
1S Ag70Pd30

FEPG 1-11 600(5) 0.204(5) 365 -0.9(1) [1.4(1)] 0.44(3) amph, plag, halite,
FCCIQ‘I’IHQO

FEPG 1-13 599(5) 0.205(5) 456 -0.88(10) [L.4(1)] 0.52(1) plag, mt, cpx, halite,
amph, qtz,
FeCl, nH,0; capsule
1S Ag70Pd30

FEPG 1-14 600(5) 0.202(5) 357 -0.9(1) [1.4(1)] 0.61(4) amph, plag, fay,
halite, FeCl, nH,0;
capsule is AgsoPds

FEPG 1-16 600(5) 0.207(5) 312 -0.9(1) [1.4(1)] 0.57(3) plag, mt, cpx, qtz,
halite, FeCl, nH,0O;
capsule is Au

FEPG 1-17 600(5) 0.201(5) 311 -0.9(1) [1.4(1)] 0.84(16) plag, mt, cpx, qtz,
halite, FeCl, nH,0;
capsule is Pt

FEPG 1-8 698(6) 0.416(5) 197 -1.38(3)  2.04(2) 0.30(2) plag, cpx, amph,
halite, qtz, fay,
FCCIQ'HHzo

FEPG 1-7 798(7) 0.450(5) 342 -1.72(2) 2.37(1)  0.26(3) plag, cpx, halite, qtz,
FCCIQ'HHzo

Variable brine conc.

FEPG 3-16 699(5) 0.200(5) 481 -1.4(5) [1.8(3)] 0.0 plag, cpx, mt, gt

FEPG 3-17 700(5) 0.202(5) 146 -1.4(5) [1.8(3)] 0.0 amph, plag, cpx

FEPG 3-12 700(5) 0.204(5) 317 -1.4(5) [1.8(3)] 0.018(2) cpx, plag, mt

FEPG 3-13 700(5) 0.200(5) 353 -1.4(5) [1.83)] 0.036(2) cpx, plag, mt

FEPG 3-14 700(5) 0.196(5) 408 -1.4(5) [1.8(3)] 0.070(2) amph, cpx, plag, fay,
FeClz-nHQO

FEPG 3-15 700(5) 0.200(5) 363 -1.4(5) [1.8(3)] 0.110(2) amph, plag, cpx, fay
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Amphibole formation with T

FEPG 3-5

FEPG 3-19

FEPG 3-18

FEPG 3-21

FEPG 3-20

FEPG 3-22
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700(5)
753(6)
800(5)

850(4)

899(7)

950(5)

0.194(7)
0.200(8)
0.203(6)

0.200(5)

0.202(5)

0.200(5)

Variable chloride salts in hastingsite

HAST 12-1

HAST 13-1

HAST 14-1

HAST 15-1

700(3)

700(3)

700(3)

700(3)

0.43(2)

0.43(2)

0.43(2)

0.43(2)

K-Na substitution in hastingsite

HAST 5-2
HAST 6-2
HAST 7-2
HAST 8-2

HAST 10-1

HAST 9-2
HAST 11-1

Amphibole formation with P

700(6)
700(3)
700(3)
700(7)

700(5)

700(7)
700(3)

0.450(5)
0.465(5)
0.465

0.368(5)

0.345(5)

0.368(5)
0.422(5)

672

451

143

219

119

142

168

168

168

168

120
262
262
111

263

111
116

-1.4(5)
-1.4(5)
-1.4(5)

-0.87(3)

-2.1(1)

-0.91(3)

-1.46(4)

-1.46(4)

-1.46(4)

_1.46(4)

-1.33(4)
-1.30(4)
-1.30(4)
-1.29(4)

-1.26(4)

-1.29(4)
-1.38(4)
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[1.8(3)]
[1.92)]
[1.9(2)]

1.73(2)

1.77(2)

1.82(2)

2.09(2)

2.09(2)

2.09(2)

2.09(2)

2.10(2)
2.13(2)
2.13(2)
1.98(2)

1.92(2)

1.98(2)
2.05(2)

0.46(3)
NaCl
0.31(1)
NaCl
0.318(3)
NaCl
0.20(2)

NaCl
0.58(7)
NaCl
0.24(1)
NaCl

1.00(6)
FeCl,
1.00(8)
CaCl,
0.95(4)
NaCl +
FeCl,
0.97(4)
NaCl +
CaCl,

0.50(3)
0.83(7)
0.72(5)
0.89(9)

0.91(8)

0.88(8)
0.91(3)

amph, plag, cpx,
halite, gt

amph, plag, cpx,
halite

amph, plag, cpx,
halite

plag, amph, cpx,
halite

amph, cpx, plag, halite

plag, cpx, halite

amph, fay, cpx, qtz,
halite, plag,
FeClz-nHQO

cpx, amph, fay, gt, qtz,
CaClz'l’leo

amph, fay, cpx, gt, qtz,
plag, FeCl,-nH,0,
halite

cpx, gt, fay,hast, plag,
halite, CaCl,'nH,O

amph, plag, qtz, fay
amph
amph, gt, qtz

amph, fay, qtz, plag,
cpx

amph, cpx, fay, qtz,
plag

amph, fay, qtz

amph, fay, qtz
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7003) 0.102(5) 232
700(4) 0.206(5) 163
700(5) 0.300(5) 116
700(5) 0.38(2) 171
701(8) 0.455(6) 163

-1.23(3)

-2.2(1)

-1.33(4)

-1.34(5)

-1.37(6)

1.55(2)

1.77(4)

1.91(2)

1.99(4)

2.07(3)

0.96(4)

0.95(3)

0.97(3)

0.98(4)

>0.79

plag, cpx, fay, qtz,
halite, FeCl,-nH,O
plag, cpx, fay, amph,
qtz, halite, sylvite,
FeClz-nHzO

amph, plag, cpx, fay,
halite, qtz,
FeClz-anO

amph, plag, fay, qtz,
halite, FeCl,-nH,O
amph, gt, fay, plag, qtz,
halite, FeCl,'-nH,O

679  Note: Uncertainties in the last digit are given in parentheses. Products are listed in decreasing

680 abundance as estimated from the powder XRD patterns. Abbreviations: amph = amphibole,

681 cpx = hedenbergitic clinopyroxene, fay = fayalite, gt = garnet, mt = magnetite, plag =

682 plagioclase, qtz = quartz.

683  *Oxygen fugacity (fo) indicated as log(fo) relative to that of the fayalite-magnetite-B-quartz

684 (FMBQ) oxygen buffer of Frost (1991). Values in italics were determined using the variable
685 oxygen fugacity sensor assemblage Co-MnO-CoO of Pownceby and O’Neill (2000).

686 bHydrogen fugacities, indicated as log(fy,), are those imposed by a H,-Ar mixture as described in

687 the text; values in brackets were calculated from given fo,.

688  “Xc1 = mole fraction of Cl in any brine that may be present, either from moisture absorbed by the

689 salt in the starting mixture, or in a brine purposely added. For syntheses which were nominally
690 anhydrous, this value represents the total mass of the salt initially present in the starting
691 mixture and the mass of water present at the end of the synthesis, assessed by weight lost upon

692 drying the opened capsule. Unless stated differently, the salt in these syntheses is FeCl,.
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Table 3. Electron microprobe analyses of amphiboles synthesized in this study at the conditions indicated in Table 2. Ferric iron
contents were fixed at 18% as discussed in the text.

Sample code

Oxide/atom

wt% FEPG 3-5 FEPG3-19 FEPG 3-18 FEPG 3-21 FEPG 3-20 HAST 12-1 HAST 13-1 HAST 14-1
n 8 17 14 16 17 20 16 16
Si0, 36.1(12) 37.2(9) 36.8(9) 36.8(13) 36.8(30) 38.6(26) 36.5(27) 35.8(39)
Al,O3 13.4(4) 14.1(7) 14.5(6) 15.5(3) 15.4(5) 11.2(18) 10.8(23) 9.97(23)
FeO* 31.8(8) 32.8(9) 33.2(4) 31.1(12) 32.2(5) 31.3(11) 31.3(27) 29.2(28)
CaO 11.2(4) 10.9(3) 11.1(2) 10.8(3) 11.1(3) 9.85(68) 9.16(97) 9.16(12)
Na,O 3.34(9) 3.53(16) 3.59(15) 3.56(19) 3.39(11) 2.43(21) 2.53(42) 2.35(28)
Cl 0.34(4) 0.30(5) 0.23(3) 0.22(3) 0.40(3) 2.75(31) 3.04(52) 2.53(27)
Total 96.7(23) 98.9(20) 99.5(15) 97.9(30) 99.4(10) 96.9(42) 93.9(51) 89.6(82)
Total —CI=0O 96.7(23) 98.8(2) 99.4(15) 97.9(30) 99.3(10) 96.3(42) 93.3(50) 89.0(82)
atoms

Si 5.98(8) 5.95(11) 5.86(8) 5.90(5) 5.84(5) 6.43(27) 6.34(26) 6.47(32)
Al-T 2.02(8) 2.05(11) 2.14(8) 2.10(5) 2.16(5) 1.57(27) 1.66(26) 1.53(32)
Sum T 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
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Al-C 0.60(5) 0.61(9) 0.57(7) 0.83(5) 0.73(5) 0.65(14) 0.53(26) 0.60(24)
Fe*'-C 0.79(1) 0.79(2) 0.80(1) 0.75(1) 0.77(1) 0.78(3) 0.82(7) 0.80(5)
Fe?'-C 3.61(4) 3.60(7) 3.63(6) 3.42(4) 3.50(4) 3.57(11) 3.65(20) 3.60(19)
Sum C 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
Fe-B 0.0 0.01(2) 0.00 0.00 0.00 0.01(2) 0.08(13) 0.03(8)
Ca-B 1.98(3) 1.87(5) 1.89(4) 1.85(3) 1.88(5) 1.76(9) 1.70(14) 1.77(12)
Na-B 0.02(3) 0.12(4) 0.10(4) 0.15(3) 0.12(5) 0.24(9) 0.22(11) 0.20(11)
Sum B 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Na-A 1.05(3) 0.97(3) 1.00(3) 0.96(5) 0.92(4) 0.55 0.62(11) 0.63(13)
Ca-A 0.00 0.00 0.00 0.00 0.00 0.00 0.01(2) 0.00(1)
Total cations ~ 16.06(3)  15.98(3)  16.00(3) 15.96(6) 15.93(4) 15.55(9) 15.64(10) 15.64(14)
Cl 0.094(13)  0.083(14)  0.062(7) 0.061(9) 0.109(7) 0.77(8) 0.89(14) 0.78(6)
OH" 149(11)  1.7120)  1.82(11) 1.64(10) 1.75(9) 1.06(21)( 1.00(24) 0.91(32)
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Table 3 (continued)

Sample code

Oxide/atom
wt% HAST 15-1 HAST 5-2 HAST 6-2 HAST 7-2 HAST 8-2 HAST 10-1 HAST 9-2 HAST 11-1
n 7 11 14 12 13 23 12 9
Si0, 33.0(28) 41.009) 39.9(19) 38.7(18) 39.7(15) 38.7(21) 39.2(22) 37.5(17)
Al,O3 12.1(31) 10.4(8) 12.3(21) 11.1(24) 10.7(9) 10.4(10) 10.4(4) 11.2(19)
FeO* 31.4(32) 32.7(11) 33.2(25) 33.3(17( 31.8(12) 32.9(13) 32.5(17) 30.7(13)
CaO 8.04(18) 10.7(6) 8.9(10) 9.5(12) 10.7(6) 10.6(9) 10.8(6) 10.6(6)
Na,O 2.21(61) 2.07(18) 1.42(22) 0.93(25) 0.81(13) 1.07(11) 0.34(5) 0.09(3)
K,O ---- 0.01(1) 0.52(12) 1.52(52) 2.50(15) 2.00(25) 3.40(16) 3.99(25)
Cl 1.98(56) 2.19(13) 1.63(19) 1.94(40) 2.48(21) 3.26(26) 3.06(21) 4.04(25)
Total 89.4(62) 99.1(17) 98.1(40) 97.0(47) 98.8(20) 99.0(32) 94.3(38) 98.3(20)
Total -CI=O  88.3(62) 98.6(17) 97.6(39) 96.6(46) 98.2(20) 98.3(32) 98.9(32) 97.4(20)
atoms
Si 5.99(26) 6.61(11) 6.42(19) 6.39(19) 6.54(12) 6.42(19) 6.49(19) 6.42(24)
Al-T 2.01(26) 1.39(11) 1.58(19( 1.61(19) 1.46(12) 1.58(19) 1.51(19) 1.58(24)
Sum T 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
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Al-C 0.56(35) 0.59(9) 0.75(24) 0.55(28)  0.62(16)  0.46(16) 0.52(15)  0.68(19)
Fe*'-C 0.86(10) 0.79(2) 0.80(6) 0.83(5) 0.79(3) 0.82(4) 0.81(4) 0.79(5)
Fe?'-C 3.58(25) 3.62(8) 3.45(18) 3.63(24)  3.59(13)  3.72(12) 3.67(12)  3.53(14)
Sum C 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
Fe-B 0.35(26) 0.00 0.22(12) 0.14(12)  0.00(2) 0.03(7) 0.02(8) 0.08(11)
Ca-B 1.55(26) 1.85(10) 1.54(15) 1.67(17) 1.88(10) 1.87(10) 1.91(10) 1.91(10)
Na-B 0.10(8) 0.15(10) 0.25(9) 0.18(8) 0.12(9) 0.10(9) 0.06(4) 0.01(1)
Sum B 2.00 2.00 2.00 1.99(2) 2.00 2.00 1.99(1) 2.00(1)
Ca-A 0.00 0.00 0.00 0.00 0.01(2) 0.02(5) 0.00(1) 0.04(6)
Na-A 0.68(18) 0.49(9) 0.19(9) 0.12(9) 0.14(9) 0.24(8) 0.05(4) 0.02(2)
K-A 0.00 0.11(2) 032(10)  0.52(3) 0.42(5) 0.72(4) 0.87(4)
Total cations  15.69(18)  15.49(9) 15.30(10)  15.43(16)  15.67(12)  15.69(10)  15.77(8)  15.92(9)
cl 0.61(16) 0.60(3) 0.44(4) 0.54(11)  0.69(6) 0.92(8) 0.86(6) 1.17(6)
OH® 1.39(19) 1.07(29) 1.53(8) 146(11)  0.80(26) 0.77(30) 0.62(39)  0.00
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700  Table 3 (continued)

Sample code

Oxide/atom
wt% HAST 7-4 HAST 7-5 HAST 7-6 HAST 7-7
n 14 21 13 10
SiO, 37.2(42) 41.1(19) 40.6(17) 38.4(19)
AlLO; 8.8(14) 9.0(13) 9.2(15) 9.9(16)
FeO* 32.8(18) 36.2(17) 35.2(17) 33.4(16)
CaO 9.3(12) 9.3(12) 9.1(8) 9.1(9)
Na,O 0.81(15) 0.71(12) 0.80(14) 0.89(19)
K,O 1.16(27) 1.11(32) 1.33(38) 1.66(37)
Cl 1.71(27) 1.48(28) 1.57(22) 1.67(29)
Total 91.8(64) 98.8(24) 97.8(22) 95.1(35)
Total -C1=0  91.4(64) 98.5(24) 97.5(22) 94.7(35)
atoms
Si 6.53(34) 6.66(21) 6.63(23) 6.48(23)
Al-T 1.47(34) 1.34(21) 1.37(23) 1.52(23)
Sum T 8.00 8.00 8.00 8.00
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Al-C 0.36(24) 0.37(12) 0.41(15)  0.45(13)
Fe’'-C 0.87(5) 0.88(3) 0.86(3) 0.85(3)
Fe*'-C 3.77(19) 3.75(11) 3.72(12)  3.70(10)
Sum C 5.00 5.00 5.00 5.00
FeB 0.20(16) 0.26(17) 0.22(14)  0.16(11)
Ca-B 1.71(14) 1.60(19) 1.60(16) 1.63(14)
Na-B 0.09(9) 0.14(6) 0.18(5) 0.20(5)
Sum B 2.00 2.00 2.00 2.00
Ca-A 0.04(9) 0.01(4) 0.0 0.0
Na-A 0.18(10) 0.09(7) 0.07(6) 0.09(9)
K-A 0.26(6) 0.23(7) 0.28(8) 0.36(7)

Total cations  15.48(14) 1533(14)  15.34(14)  15.44(15)

Cl 0.51(8) 0.41(8) 0.44(6) 0.48(8)

b

OH 1.29(38) 1.49(17) 1.51(11) 1.51(10)

701  Values reported are the average of n analyses, and uncertainties (1o) in the last digit given in parentheses.

702  *Total Fe reported as FeO

703 " Estimated by adding sufficient OH to either have the sum of OH+Cl in the W sites equal 2.0, or the sum of T- and C-site cations
704 (excluding Ca, Na, and K) equal 13.

705
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Figure Captions

Figure 1. (a) Log(fo2) calculated from the imposed hydrogen fugacity as a function of the
observed value of log(fo,) for selected experiments for which the oxygen fugacity was
determined using the method of Pownceby and O’Neill (2000). Diagonal line represents
one-to-one correlation, numbers indicate the duration of each treatment in hours, and the grey
circle is an experiment near the upper-limit of the sensor method. (b) Proposed stability field
of Cl-bearing amphiboles (solid curve) synthesized from ferro-chloro-pargasite in this study
(FEPG 1-x, FEPG 3-x, Table 2) compared with the stability field of (hydroxyl) ferro-
pargasite reported by Gilbert (1966) at 0.2 GPa (dashed curve), the latter converted from the
originally reported log(fo2)-T to equivalent log(fuz)-T space as discussed in the text. Solid
symbols indicate growth of amphibole, open symbols indicate no amphibole growth, and
half-shaded symbol indicates mixed results. Experiments were done at 0.2 GPa unless
indicated otherwise.

Figure 2. Proportion of amphibole (wt%) synthesized from the ferro-pargasite bulk composition

as a function of the FeCl, brine concentration, expressed as the mole fraction of FeCl, [

Xy = moles FeCly/(moles FeCl, + moles H0)]. Open circles indicate coexisting

magnetite (+ Mt), solid circles indicate coexisting fayalite (+ Fay), and the square indicates
amphibole growth but has neither coexisting magnetite nor fayalite (FEPG 3-17, Table 2).
Figure 3. (a) Chlorine content (apfu) of amphibole synthesized at 0.2 GPa from ferro-pargasite
bulk composition as a function of the temperature of synthesis. (b) Cl content of amphibole
versus the NaCl brine concentration of the bulk mixture, determined after the synthesis as

described in the text. Points are labeled with the corresponding sample code from Table 2.
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Figure 4. Chlorine contents of amphibole synthesized from chloro-hastingsite bulk compositions

made using different combinations of salts, here indicated by the moles of FeCl, used in the
starting mixture. All syntheses were done together at 700°C and 0.43 GPa for 168 h ata
fugacity of H, equivalent to Alog(foz) = -1.46 FMBQ . The chloride salts used instead of, or
along with, FeCl, are indicated next to each data point. Bold horizontal line indicates the
average Cl content of all experiments, while the thin horizontal lines indicate the standard

deviation (£ 15) about the average.

Figure 5. (a) Chlorine content (apfu) of hastingsitic amphiboles plotted against their K content

and labeled with the individual sample codes in Tables 2 and 3. Line is a linear regression to
all data with a correlation coefficient r = 0.836. (b) Chlorine content plotted against the mole
fraction of Cl in the brine (X¢j). A linear regression to these data yield a much poorer
correlation (r = 0.530) indicating that K, rather than brine concentration, is the dominant

influence on Cl content.

Figure 6. (a) Dependence of amphibole yield (wt%) on pressure at 700°C and log(fo) 1.2 —2.2

below FMBQ. Bulk composition of the starting mixture is

(Ko.4Nag6)(Cay sFego)[Feso(Fe’ 0.5Alp2)](AlSis)02,Cl, with coexisting phases being
dominantly hedenbergite, fayalite, and plagioclase. Circles are labeled with the
corresponding sample codes in Table 2. (b) Chlorine content (apfu) of the same amphiboles

in (a) plotted as a function of the pressure of synthesis.

Figure 7. Classification of amphiboles synthesized in this study based on Hawthorne et al.

(2012) for V(OH,F,Cl)-dominant calcium amphiboles. (a) Open circles are synthetic
amphiboles made from a mixture of ferro-pargasite bulk composition (solid circle) over the

temperature range of 700 — 900°C at 0.43 GPa. Arrow indicates the general trend of
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752 increasing temperature (T). Open squares are amphiboles made from mixtures of hastingsite
753 composition (solid square) but using different chloride salts or combinations of salts. Grey
754 squares are amphiboles synthesized at 700°C over the pressure range of 0.1 to 0.45 GPa all
755 from a hastingsite bulk composition having 40% substitution of K for Na. There is no

756 discernible trend with pressure. (b) Amphiboles made from an Al-enriched hastingsite bulk
757 composition (solid diamond) for which K was substituted for Na in the A site in 20 mol%
758 increments. Arrow indicates increasing K content.

759  Figure 8. Chlorine content(apfu) of synthetic amphiboles as a function of their tetrahedral Al
760 content (' Al, apfu). Samples and symbols are the same as those in Fig. 7.

761  Figure 9. Chlorine content (apfu) as a function of the FeAlK index proposed in this study (see

762 text) for a selection of natural calcium amphiboles from various meta-gabbroic and
763 metamorphosed iron-formation rocks as well as synthetic amphiboles made from hastingsite
764 bulk compositions (solid circles) in this study. Diagonal line is the linear regression to all of
765 the data with the correlation coefficient (r) and resultant equation given in the figure.
766
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