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Chlorine incorporation into amphibole and biotite in high-grade iron-
formations: interplay between crystallography and metamorphic fluids

DARRELL J. HENRY! AND NICHOLAS M. DAIGLE!

'Department of Geology and Geophysics, Louisiana State University, Baton Rouge, LA, USA.

ABSTRACT

Minor amounts of markedly Cl-rich amphibole and biotite are found in the Archean (2.8-2.9
Ga) iron-formation lithologies from the eastern Beartooth Mountains, Montana, USA. These
rocks are typified by mineral assemblages of quartz + magnetite + orthopyroxene + garnet +
clinopyroxene =+ plagioclase having equilibrated during granulite facies conditions of ~775-800°C
and 6-8 kbar. The metamorphic Cl-rich amphibole and biotite are prograde and occur as
inclusions in orthopyroxene and garnet as well as in the matrix. The high-grade Fe-rich
amphiboles (mostly Cl-rich potassic-hastingsite and magnesio-ferri-hornblende) and biotites
contain concentrations of Cl reaching up to 2.9 wt% and 3.4 wt%, respectively. Biotites contain
up to 10.5 wt% BaO and 6.9 wt% TiO,. Substitution of CI into amphibole and biotite is more
likely where Cl-bearing anion sites are enlarged. In amphibole threshold values of the Xge+, *K
and "Al appear to be a precondition before significant amounts of CI are incorporated into the
structure. In biotite, in addition to Xge»+, substitution of TAl also is positively correlated with Cl.
The high CI content in the minerals is suggestive of a coexisting high salinity aqueous fluid.
Based on calculations using mineral chemistry, estimations of the aqueous fluid composition
indicate a Cl-rich aqueous fluid (~25 wt% NaCl) with fyo/fucy ratios of ~0.68-0.82. There is
evidence for brine-CO, immiscibility during peak metamorphism. In amphibole once the
threshold values for significant C incorporation are attained, the Fe*"-Mg partitioning of the

amphibole and the coexisting mafic silicates changes such that the amphibole more favorably
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partitions Fe*'. A feedback mechanism can be generated such that the more Cl available from a
fluid the more Fe*"-rich the amphibole can become, and this produces a crystal structure that can
accommodate more CI which makes this amphibole more favorable for Fe*" incorporation, and
the cycle continues until Cl saturation in the crystal structures is reached or aqueous CI  is fully

equilibrated with the amphibole.
Keywords: chlorine; iron-formation; amphibole; biotite; Archean
INTRODUCTION

Chlorine (Cl) enrichment in amphibole and biotite has been observed in a variety of terrestrial
and extraterrestrial geological environments. Terrestrial Cl-rich amphibole and biotite are
typically found in subsolidus metamorphic/metasomatic petrologic settings over variable pressure
and temperature conditions. Fluid systems associated with Cl-rich amphibole and biotite ranges
from dynamic systems in which saline aqueous fluids flux through the rocks to more static
environments in which aqueous fluids become more saline through loss of H,O from the system
or through CO;-brine immiscibility (e.g. Manning and Aranovich 2014). Terrestrial petrologic
settings include skarns, calcareous metasediments, felsic and mafic granulite-facies rocks,
amphibolites, ore deposits (e.g. Au, Pb-Zn, and Ni-Cu), ductile shear zones in mafic rocks, mafic
eclogites, igneous rocks with subsolidus hydrothermal interactions and granulite-facies iron-
formations (e.g. Krutov and Vinogradova 1966; Jacobsen 1975; Dick and Robinson 1979;
Kamineni et al. 1982; Vanko 1986; Suwa et al. 1987; Henry 1988; Castelli 1988; Mora and
Valley 1989; Morrison 1991; Tracy 1991; Enami et al. 1992; Oen and Lustenhouwer 1992; Pan
and Fleet; Jiang et al. 1994; Kullerud 1995, 1996, 2000; Léger et al. 1996; Markl and Piazolo
1998; Kullerud and Erambert 1999, McCormick and McDonald 1999; Xiao et al. 2005; Liu et al.,

2009; Uher et al., 2014; Bonin and Tatu 2016). Cl concentration levels of terrestrial minerals can
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be high with amphibole containing up to 6.51 wt% Cl and biotite containing up to 7.45 wt% Cl
(Jacobsen 1975; Uher et al. 2014, respectively). The extraterrestrial occurrence of amphibole with
very high Cl (up to 7.0 wt%) has been documented in the nakhlite class of martian meteorites in
which extreme Cl enrichment is found in amphibole associated with a late-forming melt
inclusions and melt-exsolved saline aqueous fluids (e.g. Giesting and Filiberto 2016). Variations
in the Cl contents of amphibole and biotite in these settings are considered to be a function of
temperature, pressure, crystallographic factors, and fluid composition (e.g. Volfinger et al. 1985;
Henry 1988; Morrison 1991; Zhu and Sverjensky 1991, 1992; Manning and Aranovich 2014;
Daigle 2015). Of particular interest for this paper is that under high-grade metamorphic
conditions, amphibole and biotite tend to either break down to anhydrous minerals (e.g. pyroxene,
garnet, and feldspar), deprotonate the hydroxyl-anion to an oxy-anion and/or incorporate halogens
such as Cl" and F~into the O(3) and O(4) anion sites of amphibole and biotite, respectively.
Deprotonation of the hydroxyl anion or fluorine incorporation effectively extends the thermal
stability of these typically “hydrous” minerals (e.g. Tsunogae et al. 2003; Popp et al. 2006). For
magnesian or intermediate Fez+-Mg mineral compositions the smaller anions, OH™ (1.38A) and F°
(1.31A), readily fit in the O(3) and O(4) anion sites with bonding occurring only to local cation
sites, but the larger C1"(1.81A) does not fit as readily into the anion sites of these minerals if they
have magnesian or intermediate Fe*"-Mg compositions, and Cl is generally found in trace-to-
minor amounts (Volfinger et al. 1985; Hawthorne and Oberti 2007). However, CI is more
commonly present in significant quantities in K-bearing, Fe-rich amphibole and biotite, typically
with larger unit cell volumes, and from environments associated with highly saline aqueous fluids
(Volfinger et al. 1985; Henry 1988; Zhu et al., 1994). As such, high-grade iron-formations should

be optimal lithologic environments for examining the manner in which Cl is accommodated into
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biotite and amphibole at relatively high concentrations and for determining any interactions with
potential saline aqueous fluids. Yet, there are few studies on the incorporation of Cl in amphibole
and biotite in high-grade iron-formation rocks (e.g. Henry 1988; Zhu et al. 1994; Daigle 2015).
This paper examines Cl-rich amphibole and biotite in Archean granulite-facies iron-formation
rocks from the Beartooth Mountains, Montana, USA to establish some of the crystallographic
constraints and metamorphic fluid relations that serve as driving forces enhancing Cl

incorporation in these minerals.

GEOLOGIC AND PETROLOGIC SETTING

The Beartooth Mountains represent a portion of one of several exposures of Archean rocks
that make up the northern part of the Wyoming Province of North America (Mueller et al. 2014).
The northern Wyoming Province has two primary subdivisions: (1) the Beartooth-Bighorn
magmatic zone (BBMZ) composed predominantly of Mesoarchean (2.8-2.9 Ga) metaplutonic
rocks of the tonalite-trondhjemite-granodiorite (TTG) association with enclaves of older (up to
3.5 Ga) lithologies and (2) the Montana metasedimentary terrane (MMT) containing a variety of
Neoarchean metasedimentary rocks interspersed with older 3.2-3.5 Ga gneisses (Mueller et al.
1985, 1993, 2008, 2014; Mueller and Frost 2006).

The Beartooth Mountains can be divided into four major blocks based on distinct geologic
characteristics (Fig. 1). The Stillwater Block is typified by the 2.7 Ga Stillwater Layered Igneous
Complex and its associated contact-metamorphic aureole; and the North Snowy Block has an
interlayered series of lithologies of variable age characteristic of the MMT (Mogk and Henry
1988). The South Snowy Block and Beartooth Plateau Block are lithologically dominated by 2.8
Ga Mesoarchean TTG plutonic and metaplutonic igneous rocks typical of the BBMZ. These two

blocks have been interpreted as exposures of continental crust developed by a Mesoarchean
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marginal arc built on Hadean-Eoarchean crust (Mueller et al. 2014). The western portion of the
South Snowy Block is considered to be part of a shallower Mesoarchean crustal section (10-15
km depth) in which 2.8 Ga mildly-to-undeformed plutons cut a thick sequence of metamorphosed
turbidites, quartzites, shales and iron-formation units — the Jardine Metasedimentary Sequence
(JMS, Fig. 1). In contrast, the Beartooth Plateau Block, the area of interest for this study, is a
deeper section of Mesoarchean continental crust (20-25 km depth) in which deformed
(meta)plutonic rocks exhibit mutually cross-cutting relations among all of the plutonic lithologies
i.e. they are multiple, independent magmatic units mixed ductilely in the middle crust (Henry et
al. 2014, Mueller et al. 2014).

The Beartooth Plateau Block is typified by the 2.79-2.83 Ga Long Lake magmatic complex
(LLMC, Fig. 1) comprised of a diverse assemblage of rocks ranging from amphibolites and
amphibole-bearing gneisses of dioritic/tonalitic composition to more evolved TTG-suite rocks
that range from granite to granodiorite to trondhjemite (Mueller et al. 2010). The source regions
of individual magma bodies in the LLMC likely ranged from lithospheric mantle to mid-crustal
levels (Mueller et al. 2014). Felsic and more mafic metaplutonic rocks of the TTG suite have calc-
alkaline affinities and geochemical traits similar to magmas derived from modern arcs. The
LLMC contains xenoliths of older (up to 3.5 Ga), high-grade, metamorphic rocks, some of which
contain detrital zircons as old as 4.0 Ga (Mueller et al. 1998, Valley et al. 2005, Mueller and
Wooden 2012, Henry et al. 2014, 2015).

Xenolithic supracrustal, ultramafic and mafic igneous rocks of varying size having medium-
to-high-grade metamorphic overprints are particularly abundant in the pink granitic and gray
granodioritic rocks of the easternmost Beartooth Mountains (Henry et al. 1982, 2014, 2015). The

metamorphosed supracrustal lithologies include quartzite, metapelitic gneiss/migmatite and meta-
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iron-formation. Multiple stages of metamorphism are exhibited by the xenolithic rocks. The
metamorphic overprints include a locally preserved granulite-facies metamorphism (M1; 775-
800°C, 6-8 kbar), an extensive amphibolite-facies overprint (M2; 650-680 C, 6-8 kbar), small-
scale granulite-facies dehydration proximal to trondhjemitic veins (M3; 750 C, 6 kbar), and
greenschist facies alteration associated with late fracture and grain rim alteration (e.g., Henry et
al. 1982; Mueller et al. 2010, 2014; Henry et al. 2014, 2015; Daigle 2015).

Iron-formation xenoliths are typically relatively small (2-4 m) blocks or layers. They can be
found as blocks in the LLMC granitic and granodioritic gneisses, boudinaged within high-
temperature mélanges (Fig. 2) or ductilely folded with other lithologies (e.g. Rowan 1969). A
garnet-biotitite reaction zone between an iron-formation boudin and proximal tonalitic gneiss
yields formation temperatures of reaction zones at ~740°C and is indicative of high-temperature
assembly of the mélange (Henry et al. 2014). Locally, high concentrations of Cl has been found in
amphibole and biotite in the granulite-facies iron-formations of the eastern Beartooth Mountains
(Henry et al. 1982; Henry 1988; Daigle 2015).

ANALYTICAL AND NORMALIZATION PROCEDURES

Amphibole, biotite, orthopyroxene, clinopyroxene, garnet and plagioclase were quantitatively
analyzed by wavelength-dispersive spectrometry (WDS) using the JEOL 733 electron microprobe
(EPMA) at Louisiana State University. WDS analyses were done with an accelerating potential of
15 kV and a beam current of 10-15 nA using a 2 um electron-beam diameter for most minerals.
Counting times for the major elements was typically 30-40 seconds on the peaks and 20-30
seconds on the backgrounds and for the minor and trace elements was typically 60 seconds on the
peaks and 30-40 seconds on the backgrounds. Because of the potential overlap of F Ka with Fe L

peak, a WDS scan was done over of the F peak location to establish the smallest offsets for
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optimal background measurements of F. Clinopyroxene commonly contains very-fine exsolution
lamellae of orthopyroxene so a reintegrated composition was obtained by doing a traverse
perpendicular to the exsolution lamellae using a 10 um rastered beam area. Standards used were
well-characterized synthetic and natural minerals. For amphibole and biotite, the standards
included andalusite (Al), diopside (Ca, Mg, Si), fayalite (Fe), chromite (Cr), kaersutite (Ti),
rhodonite (Mn), albite (Na), sanidine (K, Ba), tugtupite (Cl), and apatite (F). For pyroxene the
standards were andalusite (Al), diopside (Ca, Mg, Si), hypersthene (Fe), chromite (Cr), kaersutite
(Ti), rhodonite (Mn), albite (Na), and sanidine (K). Garnet standards were almandine (Si, Al, Fe),
pyrope (Mg), grossular (Ca), rhodonite (Mn), chromite (Cr), and kaersutite (Ti). For feldspar
these standards included albite (Na, Si), plagioclase (Al, Ca), sanidine (K, Ba), and kaersutite
(Mg, Fe). On the basis of replicate analyses of secondary standards, analytical precision for
selected oxides is estimated to be + 0.11% SiO,, + 0.32% Al,O3, = 0.07% Ti0O,, £+ 0.05% FeO, +
0.09% MgO, £ 0.02% CaO and £ 0.04% Na,O, BaO, MnO. Minimum detection limits for
selected low-concentration oxides and elements were determined to be 0.03% for MnO, Cr,03,
FeO, MgO, Cl, and to be 0.07% for BaO and F.

Normalization procedures for the analytical data followed several approaches to optimize the
mineral chemical information. Feldspar formulae were normalized on the basis of 8 oxygens with
all Fe reported as FeO. Garnet and pyroxene were normalized on the basis of 12 and 6 oxygens,
respectively, and the Fe*" is calculated by charge balance assuming the fixed charge associated
with respective number of oxygens. For the purpose of plotting, pyroxene compositions are
renormalized to the pyroxene quadrilateral components wollastonite (wo), enstatite (en) and
ferrosilite (fs) after taking out the non-quadrilateral components such as Mg-tschermaks, kanoite,

etc., and these are generally <10% of the components in the iron-formation pyroxenes. Because of
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164  the presence of magnetite in all samples, it is assumed that biotite Fe’ */Feqra = 0.22 (based on
165  Mossbauer studies of Dyar 1987; Guidotti and Dyar 1991). Normalization of biotite is done on
166  the basis of 24 anions. Biotite from high-grade metamorphic rocks typically exhibit a systematic
167  deprotonation related to Ti substitution in accordance with the substitution (Fe*", Mg, Mn*") + 2
168 OH =Ti +2 0% (Henry et al. 2005). As such, the amount of deprotonation is calculated using
169 the relation O* = 2 Ti. Amphibole was normalized using the average of several normalization
170  schemes and classified using the procedure of Locock (2014) for the most recent amphibole

171  classification schemes (Hawthorne et al. 2012). Consistent with the recommendation of

172 Hawthorne et al. (2012), it is assumed that deprotonation of the W anion is similar to the Ti-

173 substitution reaction in biotite and is calculated using the relation VO = 2 Ti. None of the

174  amphiboles and biotite are Cl-dominant (i.e. chloro-species), but the term “Cl-rich” is used here
175  as a prefix for those amphiboles and biotites with >0.5 Cl apfu. Supplemental Data Tables S1-S5
176  contain EPMA data and normalized mineral formulae for representative or averaged values of
177  pyroxene, garnet, feldspar, amphibole and biotite in the samples used for this study.

178 RESULTS

179 The iron-formation samples of the eastern Beartooth Mountains generally exhibit textures and
180  mineral assemblages consistent with M1 granulite facies metamorphism, but they commonly have
181 late fractures or partially replaced grain boundaries that represent a later, lower temperature

182  overprint. The granulite-facies metamorphic mineral assemblages are quartz (qtz) + magnetite

183  (mag) + orthopyroxene (opx) + garnet (grt) + clinopyroxene (cpx) + calcium clino-amphibole

184  (cam) = biotite (bt) + plagioclase (pl). The iron-formation samples also contain trace minerals

185  such as apatite (ap), ilmenite (ilm), zircon (zir), hercynite (hc) and tourmaline (tur) as well as

186  alteration minerals such as ankerite (ank), siderite (sid) or grunerite (gru) in fractures and
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grunerite or actinolite (act) partially replacing pyroxene margins. Of particular interest for this
study are the 14 iron-formation samples containing Cl-bearing amphibole and/or biotite

considered to have developed during peak metamorphism (Table 1).

Mineralogical and textural characteristics of iron-formation samples

The iron-formation lithologic units in the eastern Beartooth Mountains are massive-to-banded
with the banding developed on a millimeter-to-centimeter scale, primarily reflecting varying
modal amounts of constituent minerals. Some of the banding reflects variation in mineral modes
and some of the banding is related to texturally graded minerals, suggestive of inheritance from
original sedimentary graded bedding of the iron-formation (see also Henry et al. 1982, 2014). The
iron-formation samples exhibit several common mineralogical and textural features among the
major and minor minerals.

Peak-metamorphic quartz has variable grain size (0.05 mm - 4 mm), may have dimensions
that are equant or elongated parallel to the overall layering, can develop prismatic subgrains and
typically exhibits minor undulatory extinction. The quartz grains commonly have primary and
secondary fluid inclusions. The primary inclusions are most commonly entirely gas-filled and are
interpreted as CO, inclusions, but there are rare aqueous inclusions with a liquid, gas bubble and a
cubic daughter crystal (likely halite or sylvite) and these are considered to be a separate brine
fluid phase (Henry et al. 2015). Most samples have secondary late fluid inclusion-rich quartz
veins that cross-cut all high-grade minerals with these veins being associated with the localized
partial replacement of orthopyroxene by grunerite and magnesiosiderite, clinopyroxene by
actinolite, magnetite by siderite and garnet by ankerite. Henry and Sella (1993) found that

secondary fluid inclusions associated with these veins are comprised mostly of N,+CO,
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inclusions with minor CO,+CHy, inclusions and rare aqueous-brine inclusions trapped at 350-
400°C and 1-2 kbar.

The opaque minerals are dominated by magnetite (0.05-2 mm). The smaller grains generally
have a subhedral cubic shape while the larger grains are subhedral-to-anhedral elongate grains
and are typically found in the silicate/oxide-rich layers of well-banded samples. Associated
ilmenite can appear as separate laths, but are commonly intergrown within magnetite grains.
Magnetite typically contains hercynite lamellae or blebs (1-10 pm) along three mutual octahedral
planes. Small grains of pyrite and chalcopyrite are included in garnet.

Orthopyroxene is the most common pyroxene present in the samples and is pleochroic light
green to light pink (Table 1, Figs. 3A, 3B). Anhedral orthopyroxene grains are relatively large
(0.2-3 mm), generally elongate parallel to the weak lineation and commonly have inclusions of
garnet, quartz, magnetite, calcium amphibole and/or biotite. There is no evidence of exsolved
clinopyroxene in the orthopyroxene. Several of the samples contain clinopyroxene (0.1-1 mm)
that exhibits a very pale green pleochroism. Many of the clinopyroxene grains contain fine
exsolution lamellae of orthopyroxene, and include grains of calcium amphibole, quartz and/or
magnetite.

Garnet ranges from subhedral, rounded-to-oblate grains to anhedral poikiloblastic grains (0.2-
3 mm). Elongation of the garnet grains is generally parallel to layering. The grains typically have
inclusions of quartz, magnetite, orthopyroxene, calcium amphibole and/or biotite.

Plagioclase grains (0.1-1 mm) are uncommon relative to the other silicate minerals and, where
present, are found in the magnetite-rich bands (Table 1). In plagioclase-bearing samples with

abundant garnet or amphibole, plagioclase occurs adjacent to or near the garnet or amphibole. In
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Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: http://dx.doi.org/10.2138/am-2018-6143

samples that have lesser amounts of garnet or amphibole, plagioclase tends to occur near
magnetite, quartz and orthopyroxene.

The Cl-bearing calcium amphiboles and biotites are generally minor constituents in these
iron-formation samples. Calcium amphiboles exhibit a characteristic brown-green to blue-green
pleochroism. These amphiboles occur in both the matrix and as inclusions in pyroxene and garnet
(Figs. 3A, 3B). Biotite grains are typically small (0.1-0.5 mm) and exhibit a dark brown to dark
brownish-red pleochroism. Biotite grains occur as matrix minerals (near pyroxene and garnet) as

well as inclusions in both pyroxene and garnet.

Sample QC82-45, a massive silicate-rich iron-formation, was chosen for a more detailed
investigation because the Cl-rich amphibole and biotite display significant variations in
composition and mode of occurrence. The granulite mineral assemblage, quartz + magnetite +
orthopyroxene + garnet + calcium amphibole + biotite, are typically in mutual contact. Amphibole
and biotite are heterogeneously distributed in the sample and are found both as inclusions within
garnet and orthopyroxene, and as matrix minerals. The sample is locally cross-cut by healed
quartz fractures that are associated with abundant fluid inclusions and the retrogressive mineral
assemblages of grunerite, siderite, magnesiosiderite and ankerite. The biotite and amphibole in
this sample were previously examined with high-resolution transmission electron microscopy
(TEM), selected-area electron diffraction and X-ray emission analytical electron microscopy
(AEM) (Zhu et al. 1994). The TEM-AEM investigation of the Cl-rich amphibole and biotite
found that Cl is structurally incorporated homogeneously in the crystal structure of these high-
grade minerals. The high-grade biotite is primarily a 1M polytype. TEM-AEM examination of the

retrograde grunerite showed no detectible Cl, but there are intergrowths of submicrometer-sized
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Cl-rich annite, Fe-rich talc, Fe-rich clinojimthompsonite, Cl-free annite and another very wide

chain silicate.

Chemistry of minerals associated with Cl-bearing amphibole and biotite

Detailed compositional data for garnet, pyroxene and plagioclase coexisting with Cl-bearing
amphiboles and biotites reflect the chemical environment, establish an approach to chemical
equilibrium and permit examination of element partitioning among Cl-bearing amphibole and

biotite with the coexisting minerals.

Orthopyroxene is the most common pyroxene found in the iron-formation samples (Table 1).
It is compositionally unzoned, except for a minor increase in Mg and decrease in Fe in the outer
30 wm, where it is in contact with garnet. Considering only the interior homogeneous regions of
the orthopyroxene in all samples, orthopyroxenes are Fe-rich and are best classified as ferrosilites
(Supplemental Data Table S1). 4.5-11.8 mole% of the orthopyroxene solid solution has non-
quadrilateral pyroxene components (mostly the Mn-component kanoite). Those samples not
containing garnet or with low modal amounts of garnet have orthopyroxene with relatively higher
Mn contents. Considering only the pyroxene quadrilateral components, orthopyroxene exhibits a
range of compositions among samples having molar ratios of ferrosilite / (ferrosilite + enstatite) =
0.57-0.72 and wollastonite / (wollastonite + ferrosilite + enstatite) = 0.002-0.020 i.e. pyroxene

quadrilateral components adjusted for non-quadrilateral components (Fig. 4).

Clinopyroxene is the less common pyroxene in the iron-formation samples (Table 1). It
commonly contains very-fine (1-2 pm in width) exsolution lamellae of orthopyroxene.
Reintegrated clinopyroxene compositions are intermediate Fe-Mg clinopyroxenes with a range of
compositions among samples having molar ratios of ferrosilite / (ferrosilite + enstatite) = 0.41-

0.53 and wollastonite / (wollastonite + ferrosilite + enstatite) = 0.423-0.474 (Supplemental Data
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Table S1, Fig. 4). There are 5.0-9.0 mole% non-quadrilateral pyroxene components in the
clinopyroxene, mostly the Mn-component johannsenite and Ca-tschermaks. Those samples not
containing garnet or with low modal amounts of garnet have clinopyroxene with relatively higher
Mn contents. The Fe*" and Mg contents of clinopyroxene and orthopyroxene show systematic
shifts in composition among the samples with nearly constant Fe*'-Mg partitioning such that
PR dp g = PX(Fe” /Mg)/P(Fe*’/Mg) = 0.57 +/- 0.03. In other words, orthopyroxene and

clinopyroxene approach chemical equilibrium and, further, orthopyroxene preferentially partitions

Fe®" relative to clinopyroxene to a relatively constant degree among samples.

Garnet found in the iron-formation samples is compositionally unzoned, except for a minor
increase in Fe and decrease in Mg in the outer 30 um where it is in contact with orthopyroxene. In
general, garnets in iron-formation samples are Fe-rich with significant amounts of Ca and lesser
amounts of Mn, Mg and Fe** (Supplemental Data Table S2). In terms of component species, the
garnets exhibit a range of compositions among samples i.e. almandine = 52.0-76.8 mole%,
grossular = 3.1-27.0 mole%, andradite = 0.3-6.6 mole%, spessartine = 4.3-14.6 mole% and
pyrope = 4.4-13.0 mole% (Supplemental Fig. S1, Supplemental Data Table S2). The Fe*" and Mg
contents of garnet and orthopyroxene show systematic shifts in composition among the samples
with nearly constant Fe**-Mg partitioning such that & °*Kdg.*"_ vg = & (Fe*'/Mg)/”(Fe’/Mg) =
4.45 +/- 0.30. In other words, garnet preferentially partitions Fe*" relative to orthopyroxene and

clinopyroxene in a relatively constant manner, and they approach chemical equilibrium.

Feldspars are relatively uncommon in the iron-formation samples and, where present, they
typically are concentrated in certain layers. Mineral chemical data are present for three samples.
QC82-44 and QC82-48b plagioclase grains are chemically homogeneous with a composition of

AbsyAng;Or; (Supplemental Data Table S3). The feldspar relations in QC82-49b are more
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complex with poikiloblastic plagioclase containing abundant inclusions of quartz and clustered,
elongate grains of K-feldspar that have the appearance of exsolution from the plagioclase host.
Plagioclase in QC82-49b is highly calcic (Ang;Abyg) and the K-feldspar is Ba-rich (Or;9Cn;;Abg)

i.e. can be classified as a hyalophane (e.g. Henry et al. 2015).

Chemistry of Cl-bearing amphibole and biotite

Amphibole. The Cl-bearing amphiboles associated with peak metamorphism in the 13
amphibole-bearing iron-formation samples are calcic and exhibit a significant range in
composition. The amphiboles include a variety of species: magnesio-ferri-hornblende, ferro-ferri-
hornblende, hastingsite, potassic hastingsite and Cl-rich potassic hastingsite (Supplemental Data
Table S4). In general, these amphiboles contain significant amounts of tetrahedral "Al, octahedral
“Fe** and “Al, eight-fold BCa, as well as twelve-fold “Na with variable *K. Among the C cations
there is substantial Fez+-Mg variability among the samples such that “Fe"=1.32-2.97 apfu and
“Mg = 0.72-2.45 apfu with these cations exhibiting a mutually inverse relation consistent with the

exchange vector CF62+(CMg)_1 (Fig. 5A).

Incorporation of Cl into these amphiboles is relatively systematic such that, after a threshold
value is attained, Cl increases significantly with an increase of “Xgeo+ (= “Fe*"/(“Fe* +“Mg)), “K
and "Al (Figs. 5B, 5C and 5D). Figure 5B illustrates that amphiboles with “Xgey+ < 0.5 have very
small amounts of Cl (<0.04 apfu). Above the CXFez+ =(.5 threshold value, the maximal Cl
contents increase as a function of “Xge,- and reach up to 0.80 Cl apfu at “Xge+= 0.76. A similar
relationship has been recognized in other studies, e.g. a linear fit to the Cl-bearing amphibole data
of Castelli (1988) plotted in Fig. 5B shows a trend very similar to this study. Of note is that Cl
contents of some amphiboles do fall below or to the right of the trends defined by maximal Cl

contents for a given Xpers such that a direct link among Cl with CXF62+, AK and TAl is not
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absolute i.e. other factors may produce Cl-poorer amphiboles. The threshold values for *K is ~0.2
apfu and for "Al is ~1.6 apfu such that the Cl contents can be significantly higher in amphiboles

containing the cations above these values (Figs. 5C, 5D).

Cl-bearing amphiboles exhibit a few coupled substitutions that apparently lead to the
threshold compositional relations that make significant Cl incorporation in the amphibole
structure permissible. In addition to the Fe*" for Mg substitution among the C cations, those
amphiboles with <0.2 “K apfu appear to exhibit compositional variations consistent with the
exchange vector (CAITAI)(CRSi)_l, where R represents the sum of the divalent cations on the C
site, and those Cl-richer amphiboles with >0.2 K exhibit compositional variations consistent with

the exchange vector (*K'AI)(*[Si).; (Fig. 6A). Both of those substitutions lead to significant

increase in ' Al with the latter substitution reflecting an increase in “K in the amphibole structure.

The Fez+-Mg element partitioning between amphibole and orthopyroxene in these essentially
isothermal samples provide fundamental insights about the changing crystallographic
environment of the octahedral sites in amphibole as the compositions change. If the environment
of the crystallographic sites that incorporate Fe*" and Mg is unchanged among coexisting phases,
the partition coefficients between phases will be approximately constant at near-isothermal
conditions. In the iron-formation samples, this is true between orthopyroxene and clinopyroxene
and between orthopyroxene and garnet (see above). In the case of the amphibole-orthopyroxene
partitioning, there is a significant increase in “"*"Kdpe+-m from ~0.45 to 0.7 for the low Cl
(<0.05 apfu) and AK (<0.2 apfu) amphibole with progressive operation of (CAITAI)(CRSi)_l
exchange (Figs. 6A and 6B). This change in Kd is increased even further to 0.7-1.6 with increased
incorporation of Cl and “K in the amphibole structure. It indicates that partitioning of Fe*" into
the octahedral sites of amphibole profoundly changes such that they are progressively more
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favorable sites for Fe?", and this is accompanied by "Al, “K and Cl increase. The deviation of the
amphibole inclusion data from the linear fit of the matrix data can be explained by noting that the
higher-Cl amphiboles have Kd > 1 so that Fe*" and Mg diffusional exchange is more likely to
continue between included amphibole and host orthopyroxene after the peak metamorphism and
result in dispersion of the amphibole compositions to higher Fe*" contents for a given CI content.
This is analogous to the continued Mg-Fe exchange between included biotite and host garnet that

continues until the blocking temperature is reached for this exchange.

Biotite. Biotite grains in the two biotite-bearing iron-formation samples are notably rich in
Fe**, Ti, Cl, "Al and Ba (Supplemental Data Table S5). The biotite Fe*"/(Fe*"+Mg) ratios are
high, in the range of 0.64 to 0.84, with biotites from QC82-45 having Fe*'/(Fe**+Mg) ratios
>0.75. ClI concentrations are significantly elevated with 0.44-1.01 Cl apfu. There is a general
positive correlation between Cl and Fe**/(Fe**+Mg) ratios in QC82-45, but there is significant
dispersion of the data in the different modes of occurrence (Fig. 7A) making it difficult to identify
a clear correlation. Ti has notably high concentrations in sample QC82-45 with 0.54 — 0.89 apfu
Ti. The variation of Ti is inversely related to R (sum of Fe*' + Mg + Mn) in a 1:1 relationship
consistent with the exchange vector TiO(R(OH),).;. This vector is the basis for estimation of the
amount of deprotonation in biotite (see analytical and normalization procedures). Ba
concentrations are particularly high with 0.12-0.75 Ba apfu — the upper value is close to the
amount necessary to be classified as a brittle mica. Further, Ba is positively correlated with Cl in a
roughly 1:1 relationship (Fig. 7B). Tetrahedral Al is also relatively high with 2.53-2.98 apfu and
is positively correlated with Cl in a very similar manner as Ba (Fig. 7C). A Ba+ "Al vs. K + Si
plot shows a strong inverse 1:1 relationship indicative that substitution on the 12-fold and

tetrahedral sites is primarily consistent with the exchange vector (Ba'Al)(KSi).; (Fig. 7D).

16

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



369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: http://dx.doi.org/10.2138/am-2018-6143

Fez+-Mg element partitioning between Cl-bearing biotite and orthopyroxene in these two
samples is somewhat different, but there is a common feature — Fe*" partitions preferentially into
biotite over orthopyroxene. The biotite-orthopyroxene partitioning (bt'°pXKdF62+_Mg) is 1.29 for
QC81-113, 1.95 for QC82-45-matrix average and 1.82 for the average biotite included in
orthopyroxene. There is a general increase in Kd as a function of Cl contents, but it is not as well

expressed as for amphibole (Fig. 6B).
Discussion

The incorporation of Cl into the amphiboles and biotites of the iron-formation rocks of the
eastern Beartooth Mountains can be best understood by considering a combination of

crystallographic constraints and the interaction with high-grade metamorphic fluids.

Crystallochemical influence on CI contents

One of the greatest obstacles to substituting significant amounts of Cl into the crystal
structure of amphibole and biotite is the large anionic radius of CI. Assuming the anions are [3]-
coordinated, the anionic radius of CI"is 1.81A and is >30% larger than the anionic radii of OH"
(1.34A), F (1.30A) and O*(1.36A). These anions occur on specific sites in amphibole (W-group
anions in the O(3) site of amphibole) and biotite (X-group anions in the O(4) site of biotite) and
they are bonded to octahedral cations in their respective structures. It has long been recognized
that Mg-rich amphiboles and biotites can contain large amounts of F~ with little or no CI’, and
conversely, amphiboles and biotites that are Fe* -rich can contain large amounts of CI” with little
or no F". This observation, commonly termed Mg-CI" and Fe-F" avoidance (see Ramberg 1952),
implies that there is a significant crystallochemical influence on the anions that can be

accommodated in amphibole and biotite.
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Amphibole. In calcium amphiboles there are crystallochemical mechanisms that can increase
the size of the O(3) anion site and, consequently, they enhance the probability for CI” substitution.
C-group cations occupy three distinct crystallographic sites: M(1), M(2) and M(3) (Fig. 8A).
These sites are arrayed as a band of edge-sharing octahedra that extend in the ¢ direction (e.g.
Hawthorne and Oberti 2007). These cations are bonded to a double chain of tetrahedra that
contain T-group cations. At the junction between the octahedral and tetrahedral chains is the
eight-coordinated M(4) site that contains the B-group cations. Below and near the center of the
hexagonal ring of tetrahedra is the twelve-coordinated A site that accommodates the A-group
cations. Of significance for CI” incorporation is that the O(3) anion site is bonded to the M(1) and
M(3) octahedra. Where CI is present in the O(3) site there is displacement of the site effectively
influencing the A site sitting above and below the tetrahedral bands such that “K bonds more
effectively with CI (e.g. Oberti et al. 1993, Hawthorne and Oberti 2007). As such, substitutions
that increase the size of these octahedral sites will expand the O(3) site size. Fe*" and Mg are
preferentially incorporated into the M(1) and M(3) sites, whereas octahedral Al, Fe’*, and Ti are
preferentially accommodated in the M(2) site with the remainder of the site typically occupied by
Mg. The substitution of Fe?" for Mg on the M(1) and M(3) sites effectively enlarges the O(3) site
and results in favorable incorporation of "Al and A(Na,K) into the amphibole (Hawthorne and
Oberti 2007). The substitution of "Al for Si serves to enlarge the double chains of tetrahedra (e.g.

Oberti et al. 1993, 1995)

With these crystallochemical influences in mind, the systematics of the amphiboles from the
iron-formation samples of the eastern Beartooth Mountains can be further considered.
Substitution of Fe*" for Mg is clearly in accordance with the “Fe* (“Mg).; exchange vector (Fig.

5A). Where a threshold value of CXFe2+ = 0.5 is attained, Cl contents in the calcium amphibole can
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increase (Fig. 5B). There are also threshold levels of ~0.2 apfu “K and 1.6 apfu "Al that should
be attained before Cl contents are observed to increase significantly (Figs. 5C, 5D). The positive
relationship of K and Cl above the K threshold value likely reflects the mutual bonding influence
inherent in the crystallochemical relations (Oberti et al. 1993, Hawthorne and Oberti 2007). In
terms of exchange vectors, (CAITAI)(CRSi)_l is operative until a threshold level of 1.6 apfu "Al is

reached and this coincides with the “Xge,+ threshold of 0.5 (Figs. 5B, 5D and 6A). At that
compositional limit the “KTADCOSI). exchange vector becomes operative and the maximal Cl

values track the increase of “Fe?" (Figs. 5B, 5c and 6A). The trends of maximal Cl contents
suggest that there may be Cl-saturation concentrations for these amphiboles at their formation
pressure and temperature conditions, and that the saturation levels are likely controlled by a
combination of crystallochemical factors and fluid compositions. Comparable maximal CI
relations are found in the extensive terrestrial and extraterrestrial amphibole dataset of Giesting

and Filiberto (2016, Fig. 2).

A noteworthy relationship is that the CFe%-Mg partition coefficient changes as a function of
Cl contents (and "Al) such that the calcium amphibole more effectively partitions Fe** than
coexisting orthopyroxene as ' Al and Cl increase (Fig. 6B). The implication is that an increase in
TAL, related to bulk composition or increase in metamorphic grade, and/or to the amount of CI” in
a coexisting fluid phase, will enhance the partitioning of Fe*" into calcium amphibole. In turn, this
can set up a feedback mechanism such that the more Cl available from a fluid the more Fe*"-rich
the amphibole can become, and this produces a crystal structure that can accommodate more Cl
which makes this amphibole more favorable for Fe*" incorporation, and the cycle continues until

Cl saturation is reached or aqueous Cl  is fully equilibrated with the amphibole.
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436 Biotite. Cl incorporation into the O(4) anionic site of biotite is similarly constrained by the
437  relatively large anionic radius of CI such that crystallographic mechanisms that enlarge this site
438  enhance the probability for CI substitution. Biotite has a basic sandwich-like structure in which
439  there are two layers of cations in tetrahedral coordination (T-group cations; Si, Al or Fe’ ") with
440  the apices opposing each other and an intervening layer of octahedrally coordinated cations (M-
441  group cations) or vacancy (Fig. 8B). M-group cations or vacancies are accommodated in either
442  the M(1) or M(2) octahedral sites with vacancies or lower-charged cations favoring M(1)

443 occupancy (Brigatti and Guggenheim 2002). The tetrahedral-octahedral-tetrahedral unit is

444  negatively charged and the biotite structure is charge-compensated by incorporation of relatively
445  large, ditrigonally coordinated interlayer cations (A-group cations such as K, Na*, Ba®" or Ca®")
446  or by vacancy. Each X-group anion (OH’, 0%, F or CI) at the O(4) is bonded to one M(1) cation
447  and two M(2) cations and is at the same level as the apical oxygens of the tetrahedra, but not

448  shared with the tetrahedra. Modifications in the local environment of the O(4) site will influence
449  the size of the site. The general observation that Cl substitution tends to be more common in Fe-
450  rich biotites suggests the increased a and b lattice dimensions associated with Fe** for Mg

451  substitution enlarges the O(4) site. Volfinger et al. (1985) suggested that the positive correlations
452  between Fe and Cl is related to expansion of the O(4) anion site and this is due to a decrease of
453  rotation of the tetrahedra to a more regular hexagonal array. However, the rotation due simply to
454  Fe® substitution alone may not be sufficient to explain the large range of Cl incorporation (e.g.
455  Kullerud 2000). Other crystallochemical factors can expand the lattice and permit enhanced Cl
456  substitution on the O(4) site. For example, the incorporation of additional Al in the tetrahedral site

457  will increase the T-O distance and enlarge the tetrahedral sheet, and this allows accommodation
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of more Fe*" in the octahedral sheet and expansion of the O(4) site (Brigatti and Guggenheim

2002).

In the two biotite-bearing iron-formation samples there are several features that relate to the
crystallographic features that favor Cl incorporation into biotite. (1) The Cl contents are relatively
high (> 0.4 apfu) in the two samples. However, for these samples there is a weak positive
correlation between Cl and Fez+/(FeZ++Mg) ratios (Fig. 7A). (2) There is a stronger correlation
between Cl and Ba (Figs. 7B) within a given sample, but less so between the two samples. (3)
There is a strong correlation of Cl and TAl between and within samples (Fig. 7C). This implies
that increased 'Al has a significant influence on the variability of CI contents. In sample QC82-
45 Ba" probably does not significantly expand the O(4) site but, due to charge-balance
constraints, it introduces " Al into the biotite structure via the exchange vector (Ba' Al)(KSi).;, and
this enlarges the tetrahedral rings and, consequently, the O(4) site (Fig. 7D). Tracy (1991) noted
that the most Ba-rich biotite from a skarn zone contains up to 1.88 apfu Ba, 2.52 apfu Cl and 3.53
apfu "Al In this example the Ba and "Al incorporation is largely consistent with the
(Ba"Al)(KSi).1, exchange vector, but that the tetrahedral Fe" exchange vector (BaTFe3 KSi).
also influences the Ba incorporation. In combination, these substitutions increase the size of the

tetrahedra such that Cl incorporation is even more favorable.

Influence of high-grade metamorphic fluids

Compositions of Cl-bearing minerals can be used to estimate the chemistry of coexisting
aqueous fluids. Based on the chemistry of Cl-bearing apatite in iron-formation sample QC82-45,
Zhu et al. (1994) used the CI-OH apatite-fluid exchange reactions to calculate the composition of
the coexisting fluid. They found that, for the estimated metamorphic conditions, the metamorphic

fluid that interacted with the apatite was a relatively Cl-rich brine of about 4 molar CI" (or ~25
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wt% NaCl, i.e., close to halite saturation) with a pH of 4.6. The experimental study of Munoz and
Swenson (1981) involving OH-CI biotite-fluid exchange reactions for a range of Xg. contents
resulted in a semi-quantitative expression that allows approximation of the Cl contents in aqueous
fluids coexisting with biotite. Application of the expression to the biotite data of this current study
revealed that the aqueous fluids have fi0/fic ratios of 0.68-0.82. Taken together, these
calculations are indicative of a very saline aqueous fluid coexisting with the Cl-rich amphibole
and biotite in the granulite-facies iron-formation rocks. The aqueous fluid phase composition
calculations and the observations of the uncommon aqueous fluid inclusions containing cubic
daughter crystals coexisting with CO; fluid inclusions observed in the iron-formation samples

implies that brine-CO; fluid immiscibility is likely to be operative during peak metamorphism.

Processes that lead to brine-CO; fluid immiscibility in high-grade metamorphic rocks can be
considered by examining the H,O-CO,-NaCl system at relevant conditions. Experimental work
by Aranovich et al. (2010) allowed them to calculate updated phase diagrams for the H,O-CO,-
NaCl system. Their phase diagram, calculated at 800°C and 9 kbar, illustrates that there is a
prominent miscibility gap between saline aqueous fluids and CO,-rich fluids (Fig. 9). An
important implication is that any mechanism that drives a single-phase aqueous fluid phase into
the miscibility gap results in the generation of two fluids — one that is CO,-rich and one that is a
saline aqueous fluid. In the high-grade metamorphic setting of the iron formations the two most
likely ways to drive the fluid toward the miscibility gap is through the introduction of CO, or the
loss of H,O from the fluid system. The first scenario, CO, gain, has been one of the mechanisms
that has been used to explain dehydration of several granulite facies terrains (e.g. Newton et al.
1980). As illustrated in Figure 9A, the continued introduction of CO; can also generate two fluid

phases, a CO; fluid that becomes an increasing proportion of the total fluid and an aqueous fluid
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that becomes progressively more saline but a decreasing proportion of the total fluid phase. The
second scenario, H,O loss, can be produced by a couple of H,O-removal mechanisms: hydration
of anhydrous minerals in proximal lithologies or loss of H,O to nearby H,O-undersaturated silicic
melts (e.g. Aranovich et al. 2014, Manning and Aranovich 2014). In either of these H,O-loss
mechanisms, most single phase aqueous fluid compositions will change such that it is driven
away from the H,O corner until it encounters the H,O-CO, miscibility gap (Fig. 9B). At that point
the aqueous phase will exsolve and can become highly enriched in NaCl with continued loss of

H,O.

Once a saline aqueous fluid is generated there are several further implications for the
evolution of the meta-iron-formation. (1) Saline aqueous fluids have reduced wetting angles
relative to CO; fluids (e.g. Gibert et al. 1998). As such, the saline fluids are more likely to be
transported and lost to the system i.e. they have a lower likelihood of being preserved as fluid
inclusions than CO, fluid inclusions. Accordingly, the proportions of the two types of fluid
inclusions preserved will probably not reflect the proportions of these fluids at the time of
unmixing. As such, determination of the driving mechanism for the specific unmixing scenario
will be difficult to establish because of the differential movement and loss of these distinct fluid
phases, i.e., it will generally appear to be controlled by the gain of CO,. (2) The presence of saline
aqueous fluids and CO; fluids reduce the activity of H,O and tend to drive dehydration reactions
forward (to lower temperatures) in the system. (3) High salinity enhances complexing in aqueous
fluids, influence mineral solubilities and can preferentially extract specific cations such as LREEs
in the aqueous fluids (e.g. Newton and Manning 2010, Manning and Aranovich 2014). (4) A flux
of saline fluids may condition the amphibole and biotite to undergo compositional changes (e.g.

increase in ' Al) making them more amenable to Cl incorporation, i.e. a feedback mechanism
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between fluid and mineral. This phenomenon is more likely to occur in environments of high flux
of saline fluids (e.g. shear zones or hydrothermal zones), but this may be operative to a lesser

extent in the meta-iron-formations (e.g. Kullerud 2000).
IMPLICATIONS

The manner in which Cl is incorporated in amphibole and biotite from the granulite-facies
meta-iron-formations of the Archean terrain of the eastern Beartooth Mountains, Montana, leads
to a change in perspective of the interplay between crystallographic and fluid chemical influences.
In the near-isothermal, Fe-rich environment of the meta-iron-formations of this study there is a
general positive relation between Fe’" and CI contents in both amphibole and biotite, but C1
incorporation is more nuanced. Ultimately, the maximal amounts of the relatively large Cl anion
is preconditioned by the necessity to significantly expand the Cl-bearing anionic sites, O(3) in
amphibole and O(4) in biotite. This appears to be partially satisfied by Fe*" substitution for Mg,
but there are additional influences. In amphibole there appear to be threshold values of the
CFe*'/ (CFe2+ + CMg) ratio, “K and "Al that must be attained before significant amounts of Cl are
incorporated into the structure (Figs. 5B, 5C, 5D). In biotite, in addition to Fe2+/(F ez++Mg), the
substitution of TAl also appears to serve to expand the anionic O(4) site (Fig. 7C). The maximal
Cl contents in amphibole appear to follow a linear trend as a function of X°Fe*" (Fig. 5B), and is
suggestive of a possible saturation concentration level of Cl constrained by the amphibole
structure. However, it is uncertain whether this is a general Cl-saturation level for the amphibole
structure under the restricted range of P-T conditions of these studies or is dependent on the
salinity of the ambient fluid. This should be considered further experimentally (e.g. Chan et al.

2016) and in a greater diversity of geologic settings (e.g. Castelli 1988).
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The high CI content in the minerals of the meta-iron-formations is suggestive of a coexisting
high salinity aqueous fluid, but saline aqueous fluid inclusions are rare. Based on the calculations
using the mineral chemistry, estimations of the aqueous fluid composition indicate a Cl-rich
aqueous fluid (~25 wt% NaCl) and fyo/fuc ratios in the range of 0.68-0.82. However, there is
evidence for more abundant CO; fluid inclusions. As such, brine-CO, immiscibility is considered
to have been operative during peak metamorphism. A homogeneous and slightly saline aqueous
fluid can be driven to undergo brine-CO; immiscibility through the addition of CO; or, more
likely, through the loss of H,O in the meta-iron-formation system. Because of the low
preservation potential of saline aqueous fluids relative to CO; fluids there may be scant direct
evidence of a saline fluid phase in high-grade rocks that may have undergone brine-CO,

immiscibility. Instead, this may be implied by the presence of Cl-rich amphibole and biotite.

A feedback system might be considered in which the presence of Cl-rich fluids induces
changes in the amphibole and biotite compositions, in addition to the expected Cl-enrichment. In
amphibole once the threshold values for significant Cl incorporation are attained, the Fe**-Mg
partitioning of the amphibole and the coexisting mafic silicates changes such that the amphibole
more favorably partitions Fe?". This could set up a feedback such that the amphiboles will
become more Fe*'-rich as Cl incorporates in the amphibole structure i.e. the amphibole is not just
a passive receptor of Cl, but changes its overall compositions in response to the fluxing saline
fluids in a way that accepts more Cl. This may account for some of the local Cl variations in the
granulite-facies meta-iron-formations considered in this study, but it will likely be more profound
in environments in which relatively saline fluids are fluxing through the rock system (e.g. shear
zones, hydrothermal environments) and may explain the occurrence of Cl-rich amphibole and

biotite in these settings (e.g. Kusebach et al. 2015).
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774 FIGURE CAPTIONS

775  Figure 1. Outline of Beartooth uplift with the major Archean blocks labeled (modified after

776 Mueller et al. 2014; Henry et al. 2015). The darker shade in the Stillwater block is the Stillwater
777  Layered Igneous Complex (2.7 Ga). The Long Lake Magmatic Complex (LLMC) and its

778  temporal equivalents occur throughout the Beartooth Plateau and South Snowy blocks. The

779  location of the iron-formation samples used in this study are in the Quad Creek (QC) and

780  Hellroaring Plateau (HR) areas. Also labeled are the Slough Creek batholith (SCB), Jardine

781  Metasedimentary Sequence (JMS), and Yellowstone River shear zone (SZ). White areas indicate

782  Phanerozoic cover. The location of the Beartooth uplift is shown in the inset of North America.

783  Figure 2. Boudinaged mélange of lithologies from the Quad Creek locality (Fig. 1). The iron
784  formation unit is massive-to-banded and has a high-temperature garnet-biotitite reaction zone at

785  the contact zone with the tonalitic gneiss.

786  Figure 3. Photomicrographs of representative iron-formation samples. (A) Mineralogical and
787  textural relations in sample QC-IS. The Cl content of a selected blue-green matrix amphibole
788  (potassic hastingsite) is shown. (B) Typical mineralogical relations in sample QC82-45. Cl

789  contents of selected inclusion and matrix amphiboles (potassic hastingsites) and biotite are shown.

790  Figure 4. Average compositions of interior regions orthopyroxene and reintegrated clinopyroxene
791  for 12 of the iron-formation samples plotted on a modified pyroxene quadrilateral. The lines
792  represent tie-lines connecting coexisting orthopyroxene and clinopyroxene in a single sample.

793  The gray band designates a break in the scale.

794
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Figure 5. Compositional variation of Cl-bearing amphibole from 13 iron-formation samples from
the eastern Beartooth Mountains, Montana. (A) Fe*" vs. Mg on octahedral sites. The arrow
represents the direction of the exchange vector that describes the Fe*" for Mg substitution for the
C cations. The solid line is a reference line with a slope of -1 and parallel to the exchange vector.
(B) “Fe*"/(“Fe’" + “Mg) ratio for the octahedral sites vs. Cl. The dash-dot line is a linear fit of the
Castelli (1988) data on Cl-amphiboles from impure marbles and is displayed for reference. (C) K

on the A site vs. Cl. (D) Al on the tetrahedral sites vs. CI.

Figure 6. Mineral chemical relations of amphibole and orthopyroxene of 13 iron-formation
samples from the eastern Beartooth Mountains. (A) K on the twelve-fold site vs. Al on the
tetrahedral sites of amphibole. There are two distinct trends to the data — below ~0.2 *K and
above ~0.2 “K. The former trend is consistent with the exchange vector (CAITAI)(CRSi)_1 , Where
R = the sum of the divalent cations on the C-site, and the latter trend is consistent with the

exchange vector (*K"Al)(*ISi).;. The arrow represents the direction of two exchange vectors in

this composition space, but not the magnitude of the exchanges. (B) Fe*"-Mg element partitioning
(Kd) between amphibole and orthopyroxene vs. CI (apfu) in amphibole in the matrix (shaded
circles) and included in orthopyroxene (open circles) for all samples. The dashed line represents a

linear fit of the matrix amphibole data with C1>0.03 apfu.

Figure 7. Compositional variation of Cl-bearing biotite from two iron-formation samples from
the eastern Beartooth Mountains, Montana. (A) Fe*'/ (Fez++Mg) vs Cl. Note the general positive
relationship among the different modes of occurrence of biotite in QC82-45. (B) Ba vs. Cl. The
dashed line has a slope of 1 and is used for reference. (C) Al on the T site vs. Cl. The dashed line

has a slope of 1 and is used for reference. (D) Al on the T site vs. Cl. The arrow represents the
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direction of the exchange vector that describes the Ba + "Al for K + Si substitution. The solid line

is a reference line with a slope of -1 and parallel to the exchange vector (Ba' Al)(KSi).;.

Figure 8. Calcium amphibole and biotite crystal structures showing the relative positions of CI
anionic site. (A) Structure of a monoclinic C2/m potassic chloro-hastingsite calculated from the
crystallographic parameters of Makino et al. (1993). Projection is made onto (100) with the lower
octahedral strip removed for clarity. The yellow spheres represent the anionic O(3) site that can be
occupied by CI', F, OH and/or O*. The pale peach and yellow spheres represent the M(4) and A-
site cations, respectively. The gray and blue coordination polyhedral represent the tetrahedral sites
(T1 and T2) and the octahedral sites (M1, M2 and M3), respectively. Note that CI" in O(3) is
bonded to the M(1) and M(3) octahedral sites. (B) Structure of a monoclinic C2/c Cl-bearing
intermediate Mg-Fe biotite calculated from simplified crystallographic parameters of Bohlen et al.
(1980). Projection is made onto (001). The yellow spheres represent the anionic O(4) site that can
be occupied by CI', F, OH and/or O”". The gray and teal coordination polyhedral represent the
tetrahedral sites (T1 and T2) and the octahedral sites (M1 and M2), respectively. Note that CI” in

O(4) is bonded to the M(1) and M(2) octahedral sites.

Figure 9. Scenarios for generating fluid immiscibility in the H,O-CO,-NaCl system for high-
grade metamorphic fluids. The base phase diagram was modified after the calculated diagrams of
Aranovich et al. (2010). The black arrows on the sides of the miscibility gap represent the
changing fluid compositions of the unmixed fluid phases. The dashed lines represent tie-lines of
selected fluids in equilibrium across the miscibility gap. (A) CO,-gain scenario. For a selected
single fluid composition, designated as “x”, the introduction of CO; causes the fluid bulk
composition to move toward the CO, corner. Where the bulk fluid composition encounters the

miscibility gap, the fluid unmixes to a CO,-rich fluid and an H,O-rich fluid. With further CO,
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addition the coexisting aqueous fluid becomes progressively more saline. The gray arrow within
the two-fluid field is the projection of the bulk composition of the fluid as CO; is introduced. (B)
H,O-loss scenario. For a selected single fluid composition, designated as “x”, the loss of H,O
from the system causes the fluid bulk composition to move away from the H,O corner. Where the
bulk fluid composition encounters the miscibility gap the fluid unmixes to a CO,-rich fluid and an
H,O-rich fluid. With further loss of H,O the aqueous fluid becomes progressively more saline.
The gray arrow within the two-fluid field is the projection of the bulk composition of the fluid as

H,O is lost.
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849 TABLE

Table 1. Iron-formation samples containing Cl-bearing calcium amphibole and/or biotite

Sample qtz* mag grt opx cpx cam bt pl ap zm tur ilm he gru** act sd ank

HRO02-71 X X X X X X X X X X

QC-IS X X X X X X X X X X X X

QC-JW3 X X X X X X X X

QC81-6 X X X X X X X X

QC81-45 X X X X X X X X

QC81-113 x x x X X X X X X

QC82-44 x x X X X X X

QC82-45 X X X X X X X X X X X X

QC82-46 X X X X X X X X X X X

QC82-47 X X X X X X X X

QC82-48A x x x X X X X X X

QC8248B x x X X X X X

QC82-49A x x X X X X X X

QC82-49B x x x X X X X X X
850 * Abbreviations: Quartz (qtz), magnetite (mag), garnet (grt), orthopyroxene (opx), clinopyroxene (cpx), calcium
851 amphibole (cam), biotite (bt), plagioclase (pl), apatite (ap), zircon (zrn), tourmaline (tur), ilmenite (ilm),
852 hercynite (hc), grunerite (gru), actinolite (act), siderite (sd) and ankerite (ank). Mineral abbreviations are
853 consistent with the recommendations of Whitney and Evans (2010).
854 **The italicized minerals of the last 4 columns represent alteration minerals associated with fluid introduction at
855 grain boundaries and fractures indicate by late quartz veins with abundant fluid inclusions.

856
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