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ABSTRACT

Cl-rich amphibole and biotite (2.9 and 2.8 wi% Cl, respectively) were analyzed with
high-resolution transmission electron microscopy (HRTEM), selected-area electron dif-
fraction (SAED), and X-ray emission analytical electron microscopy (AEM). The samples
are from Archean granulite-facies metamorphosed iron formations located in the Bear-
tooth Mountains, Montana, U.S.A. Two types of amphibole and biotite were found: (1)
high-Cl prograde hastingsite and biotite and (2) retrograde amphibole of grunerite com-
position containing no detectable amount of Cl but intergrown with submicrometer-sized
slabs of Cl-rich annite (2.8 wt%), Fe-rich talc, Fe-rich clinojimthompsonite, and very wide
chain silicate.

TEM-AEM study of prograde hastingsite and biotite suggests that Cl is dissolved in the
crystal structures and that Cl distribution is homogeneous. AEM analyses show that Cl
occupies up to about 30 and 15% of the OH positions in hastingsite and biotite, respec-
tively. Calculations of the Cl-OH exchange reaction for apatite indicate a high log(ayce/
ay,o) ratio of about —1.8 ~ —2.2, suggesting equilibrium with a Cl-rich fluid. Speciation
and solubility modeling of the equilibrium between an aqueous fluid and the Cl-rich
apatite, biotite, and hastingsite suggest that reactions with a saline brine of about 25 wt%
NaCl could explain the Cl enrichment in these hydrous phases, whereas the brine may
coexist with an immiscible CO,-dominated vapor during the granulite-facies metamor-
phism, in light of low calculated H,O activities and CO,-rich fluid inclusions. This expla-
nation is consistent with the results from studies of natural and synthetic fluid inclusions
and phase equilibrium experiments reported in the literature. The widespread occurrence
of Cl-rich amphibole and biotite in granulite-facies rocks thus has significant implications
for the nature of high-grade metamorphism.

TEM-AEM observations of submicrometer-sized inclusions of Cl-rich phases within
retrograde amphibole may help to explain the commonly observed heterogeneities of elec-
tron microprobe Cl analyses, found in samples from a variety of geologic settings. Micro-
probe analyses using typical beam diameters may sample areas with different proportions
of submicroscopic intergrowths. This will give apparent Cl heterogeneities and fortuitous
correlations between Cl and concentrations of K, Al, and Si. Although compositional
correlations sometimes indicate reciprocal effects that are likely important for amphibole,
we emphasize the potential danger of artifacts resulting from submicroscopic solid inclu-
sions. Additional TEM-AEM studies on complex samples are needed to explain the com-
positional heterogeneities with confidence.
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** Present address: Department of Geology, Arizona State University, Tempe, Arizona 85287, U.S.A.
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INTRODUCTION

In recent years, an increasing number of reports on ClI-
rich biotite and amphibole (Dick and Robinson, 1979;
Tyler, 1979; Blattner, 1980; Kamineni et al., 1982; Van-
ko, 1986; Gulyaeva et al., 1986; Suwa et al., 1987; Nash,
1989; Henry, 1990; Valley et al., 1990; Tracy, 1991; Mor-
rison, 1991) have promoted interest in both the crystal
chemistry of Cl and the petrologic implications of Cl en-
richment in biotite and amphibole. Commonly, it is be-
lieved that Cl- substitutes for OH- in the crystal struc-
tures of hydrous silicates, including biotite and amphibole
(e.g., Deer et al., 1966; Brehler and Fuge, 1974). How-
ever, this substitution is believed to be limited because
the Shannon-Prewitt ionic radius of Cl- (1.81 A) is much
larger than that of OH- (1.35 A). Laboratory synthesis of
Cl-rich biotite is difficult. The highest Cl concentration
achieved in synthetic annite is about 2 wt% under ex-
tremely acidic conditions (Munoz and Swenson, 1981).
Therefore, Cl concentrations in natural biotite and am-
phibole up to 7.15 wt% are intriguing. Intuitively, sub-
stitution of the much larger Cl- ion for OH~ into hydrous
silicates should cause lattice strain and possibly local dis-
ruption of the crystal structure. In addition, the Cl con-
centrations of biotite and amphibole grains commonly
vary sharply within a single thin section (Henry, 1990;
Vanko, 1986; Morrison, 1991). These observations sug-
gest that Cl, at high concentrations, might exist in hy-
drous silicates in a nonstructural position, for example,
as the neutral molecule HCI (Donnay et al., 1978; Vol-
finger et al., 1985) or as submicroscopic solid inclusions
of discrete Cl-rich phases.

To elucidate the crystal chemical behavior of Cl, the
use of advanced analytical methods is necessary. Swope
et al. (1991) used single-crystal X-ray diffractometry to
study the average crystal structure of Cl-rich biotite. Here,
we report the results from a high-resolution transmission
electron microscopy (HRTEM), selected-area electron dif-
fraction (SAED), and X-ray emission analytical electron
microscopy (AEM) study of Cl-rich biotite and amphi-
bole (2.9 and 2.8 wt%, respectively). In addition to the
TEM-AEM observations, we also present the results of
thermodynamic calculations and use these results to ex-
amine the petrologic implications of CI-OH substitution
and Cl enrichment in biotite and amphibole.

GEOLOGICAL SETTING AND SAMPLE DESCRIPTION

The iron formation sample was collected from Archean
granulite-facies rocks at the Quad Creek locality near the
eastern border of the Beartooth Mountains, Montana,
U.S.A. Geological background and description of the
samples are given in detail in Henry et al. (1982), Henry
(1990), and Mogk and Henry (1988), and they are only
briefly discussed here. The eastern portion of the Bear-
tooth Mountains is dominated by 2.8 billion-year-old
granitic to tonalitic granitoids, gneisses, and migmatites.
These rocks contain a variety of metasupracrustal inclu-
sions that were metamorphosed to granulite-facies con-
dition at ~3.2 Ga. Among the metasupracrustal rocks is
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a series of Fe-rich metasedimentary rocks that are of
typical quartz + magnetite iron formation, with bulk
compositions of 47-61 wt% SiO,, 20-40 wt% FeO, and
1-3 wt% ALO, (Mueller et al., 1985). The iron forma-
tions are massive to banded with respect to modal
amounts of the constituent minerals. The most common-
ly developed assemblage is quartz + magnetite + ferro-
silite + almandine + clinopyroxene. Blue-green amphi-
bole and dark brown biotite are found in trace to minor
amounts. Apatite is ubiquitous but only in trace amounts.
Applications of various geothermobarometers yield peak
metamorphic temperatures and pressures in the ranges of
750-800 °C and 5-6 kbar (Henry, 1990). Subsequent am-
phibolite-facies metamorphism reset some adjacent li-
thologies but did not significantly affect the iron forma-
tions except near late fractures (Henry and Sella, 1993).
A massive silicate-rich iron formation sample (QC82-
45) was chosen for this study because it contains rela-
tively abundant biotite and amphibole. Description of
the sample and mineral chemical data have been reported
by Henry (1990). The granulite-facies mineral assem-
blage in this sample is quartz + magnetite + ilmenite +
ferrosilite + garnet + biotite + calcic amphibole + zir-
con + plagioclase + apatite. All the major minerals are
in mutual contact. Biotite and amphibole are unevenly
distributed in the sample and are found as both matrix
minerals and inclusions in orthopyroxene and garnet. Lo-
calized lower amphibolite-facies retrogressive alteration
is developed along fractures cutting through the sample.

MINERAL DESCRIPTIONS

Biotite

Dark-brown biotite was interpreted by Henry (1990)
as a product of prograde metamorphism of the iron for-
mations. Electron microprobe analyses (Henry, 1990) in-
dicate that this biotite is very Fe-rich (about 80% annite
with respect to the annite-phlogopite binary) and con-
tains high Cl, Ba, and Ti concentrations (up to 2.9 wi%
Cl, 10.5 wt% BaO, and 6.9 wt% TiO,, respectively). We
refer to this biotite as primary biotite, to distinguish it
from the more Fe-rich biotite that apparently formed lat-
er as submicrometer inclusions in amphibole, which we
refer to as late annite.

Calcic amphibole

Blue-green calcic amphibole (Fig. 1A) was interpreted
by Henry (1990) as a preserved prograde metamorphic
product. Electron microprobe analyses by Henry (1990)
show that the amphibole compositions fall in the field of
hastingsite (nomenclature scheme of Leake, 1978). Cl
concentrations are very high, up to 2.8 wt%.

Retrograde amphibole

Yellow to greenish grunerite occurs as an alteration
product of orthopyroxene along its grain boundaries or
in veins passing through orthopyroxene crystals (Fig. 1B).
Fracture-related grunerite is associated with ankerite,
magnesiosiderite, and clinopyroxene. Henry (1990) and
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Henry and Sella (1993) interpreted the grunerite as a
product of retrograde, lower amphibolite-facies meta-
morphism. Electron microprobe analyses show that this
amphibole contains much less Cl than the prograde has-
tingsite (Henry, unpublished data).

TRANSMISSION ELECTRON MICROSCOPY
Sample preparation and experimental techniques

Detailed descriptions of the TEM instrument and ex-
perimental methods are given by Veblen and Bish (1988)
and Livi and Veblen (1987). A brief discussion of exper-
imental techniques and sample preparation is given here.

Rock samples were made into thin sections, which were
mounted with a heat-sensitive cement (Crystalbond 509).
Cu grids were glued with epoxy to biotite and amphibole
grains in the thin section. The grids were removed from
the glass slides, and the specimens were Ar-ion milled to
electron transparency. The thin specimens were lightly
coated with C to render them conductive in the electron
beam. Observations were made at the thin edges of these
samples, which occur around perforations in the sections.

TEM was performed at the Johns Hopkins University
with a Philips 420ST transmission electron microscope
operated at 120 keV. Biotite and amphibole grains were
characterized by SAED, conventional TEM, HRTEM, and
X-ray emission AEM. The line resolution of the instru-
ment is 0.14 nm. Spatial resolution of the compositional
analyses (90% column) varies as a function of specimen
geometry and material analyzed but is a minimum of ~20
nm under ideal circumstances. X-ray spectra were collected
with an EDAX Li-drifted, solid-state, energy-dispersive
detector. Analyses were obtained in a conventional TEM
mode, with spot sizes ranging from approximately 20 to
100 nm in diameter. Analyses were quantified using a
thin-film ratio method and experimentally determined k
factors. Details concerning quantitative analysis are given
in Livi and Veblen (1987). Synthetic KCl was used as the
Cl standard. A low beam intensity was chosen to prevent
beam damage for both the standard and the mineral dur-
ing data collection. The accuracy of analyses for most
major elements is estimated to be about 5%. For K, errors
may be higher from possible alkali loss from the analysis
spot. The detection limit for most elements is 0.1-0.2
wt%.

Because the biotite and amphibole are Fe-rich, appre-
ciable absorption of X-rays from Al, Mg, Si, and Cl oc-
curred. As a result, the analytical totals for elements light-
er than Fe, including Cl, are slightly lower than those
from microprobe analyses obtained by Henry (1990). To
minimize this effect, an effort was made to analyze areas
as close to the thin edge as possible. This was accom-
plished by working at high magnification and by elongat-
ing the beam parallel to the edge of the specimen with
the condenser lens stigmator controls.

Experimental results

Primary biotite. Figure 2 shows a HRTEM image of
Cl-rich biotite and a SAED pattern from the area shown
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Fig. 1.
and (B) retrograde grunerite from the alteration of pyroxene along
the edges of grains. Mineral abbreviations: OPX = orthopyrox-
ene, Gru = grunerite, Mt = magnetite, Gt = garnet, Q = quartz,
H = hastingsite.

Photomicrographs showing (A) primary hastingsite

in the image. The HRTEM image indicates that this Cl-
rich biotite is free of inclusions or alteration products
such as other intergrown sheet silicates. SAED patterns
indicate that the biotite occurs in 1M, 1M, and also in
nine-layer and ten-layer polytypes.

AEM analyses of pure biotite, such as those shown in
Figure 2, indicate high CI concentrations (up to 2.8 wt%:
Table 1). The Cl distribution within a grain is fairly ho-
mogeneous, and the 0.5 wt% variation from grain to grain
may result from the Mg-Cl avoidance rule (Munoz, 1984).
Figure 3A shows the AEM data for Cl plotted against Mg
content. Although the data suggest a negative correlation
between Cl and Mg, there is much scatter. Cl and Mg
concentrations are lower than those from microprobe
analyses (Henry, unpublished data), probably due to the
aforementioned X-ray absorption and because F was not
included in AEM analyses. The latter contributes to lower
calculated log(X~/Xoy) values because of the assumption
Xa + Xz + Xoy = 1.0 used in the data reduction. More
precise electron microprobe analyses (Fig. 3B), however,
show that Cl concentration variation is consistent with
the reciprocal interaction model of Zhu and Sverjensky
(1992). Taken together, the SAED, HRTEM, and AEM
evidence is consistent with the direct substitution of Cl-



912

*%:;i, g b
AT AT AR A e | -

s s L0 2
L _I'pﬁ'ﬁs‘ﬁ-r}p\'ﬂﬁ\ﬁ)@q:\ ey
f‘&m‘i‘*ﬁ‘r"‘-*‘*‘*!ﬁﬁﬂ :
SRR b B SRR

BER

s il

N WA :
mign o PN S Bl

Fig. 2. SAED pattern (A) and HRTEM image (B) of primary,
homogeneous, Cl-rich biotite. Together with AEM analyses with
up to 2.8 wt% Cl, they indicate that Cl is in solid solution. Note
that the lower left portion of the SAED pattern contains reflec-
tions indicating a ten-layer biotite polytype.

for structural OH—, indicating that true C1-OH solid so-
lution occurs in biotite. This conclusion is further sup-
ported by single-crystal X-ray diffraction studies on bio-
tite from the same samples as in this study (Swope et al.,
1991; James Munoz, 1993 personal communication).

Biotite examined in this study also has high BaO and
TiO, concentrations, up to 11 and 5 wt%, respectively.
These measured concentrations are comparable to the
electron microprobe analyses of Henry (1990, and un-
published data).

Primary Cl-rich calcic amphibole. Several grains of pri-
mary hastingsite were chosen for TEM study. An HRTEM
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image and SAED pattern of Cl-rich hastingsite are shown
in Figure 4. The image and sharp diffraction spots show
that the hastingsite has homogeneous crystal structure.
AEM analyses of such areas indicate high Cl concentra-
tions (Table 1). Consequently, the TEM-AEM evidence
is consistent with Cl- substituting for OH~ in the has-
tingsite structure, rather than Cl in a separate phase.

Retrograde amphibole. HRTEM images and SAED
patterns show that the apparent retrograde amphibole
consists of complex intergrowths at the TEM scale. Am-
phibole of grunerite composition is intergrown with an-
nite, Fe-rich talc,very wide chain pyribole, and Fe-rich
clinojimthompsonite domains with sizes from a few to
dozens of unit cells along the b axis (Figs. 5 and 6). SAED
patterns of the annite and talc domains (Fig. 5B, 5C)
indicate that the crystals have disordered stacking. AEM
analyses (Table 2) show that Cl is contained in annite
(1.7-2.8 wt%), Fe-rich talc (~1.0 wt%), and very wide
chain pyribole (~0.6 wt%). However, Cl in the grunerite,
ferro-clinojimthompsonite, and chain-width disordered
areas is below the AEM detection limit (0.1-0.2 wt%). In
contrast to the primary amphibole, the late amphibole
contains no detectable Ca or K but is also rich in Fe. The
submicroscopic annite shows homogeneous Cl distribu-
tion. Although CI concentrations in the retrograde annite
(up to 2.8 wi%) are as high as those in the primary, high-
temperature annite, the BaO and TiO, concentrations are
much lower (<2 and <1 wt%).

PETROLOGIC IMPLICATIONS FOR
SUBMICROMETER-SIZED
INCLUSIONS IN RETROGRADE AMPHIBOLE

The most striking feature of Cl concentrations of am-
phibole reported in the literature is the large variation
from grain to grain at a thin section scale (Vanko, 1986;
Morrison, 1991; Stakes et al., 1991; Gillis and Thomp-
son, 1993; Henry, 1990, and unpublished data). The
above-mentioned amphibole analyses represent samples
from a variety of geological environments. Typically,
electron microprobe analyses show that some grains con-
tain several thousand parts per million of Cl, but, in oth-
ers, Cl is below the analytical detection limit (typically
about 200 ppm). Crystal chemical control or reciprocal
interaction is often cited to explain this variation (e.g.,
Ito and Anderson, 1983). However, some very sharp
variations, such as Cl values from barely detectable up
to 4 wt% (Vanko, 1986), are difficult to explain by crystal
chemical control alone.

TEM-AEM observations in this study suggest that ap-
parent Cl variations in amphibole can be caused by the
submicroscopic intergrowth of Cl-rich sheet silicates. The
Cl-rich annite and Fe-rich talc domains intergrown with
grunerite in our sample have different sizes, but typically
they are less than a few micrometers across. (Note that
the field of view is about 0.3 um in Fig. 5.) Typical elec-
tron beam diameters used in electron microprobe anal-
yses of amphibole are 2-10 pm. Therefore, microprobe
analyses from different arcas of an amphibole grain or
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TasLE 1. Representative AEM analyses of hastingsite and primary biotite
Mineral Sio, Al,O, MgO TiO, MnO FeO* Ca0O Na,O K,O BaO (o]
Biotite 28.67 12.69 1.64 4.33 0.14 32.19 1.1 0.00 5.47 11.02 2.24
Biotite 26.93 12.63 1.81 417 0.33 34.35 235 0.00 447 10.49 2.02
Biotite 28.13 12.74 0.94 4.68 0.22 34.85 1.06 0.00 4.80 9.99 2.10
Biotite 28.19 13.28 2.46 4.57 0.16 33.55 0.68 0.00 5.07 9.18 235
Atomic proportions based on total +22 cation charges and the assumption of Fe?*
Sit+ AR+ Mg?+ Tit+ Mn2+ Fe2+ Ca?+ Na+ K+ Ba" CiI-
Biotite 2.45 1.28 0.21 0.28 0.01 2.30 0.10 0.00 0.61 0.38 0.33
Biotite 2.32 1.29 0.24 0.27 0.02 2.48 0.22 0.00 0.50 0.36 0.36
Biotite 2.4 1.29 0.12 0.31 0.02 2.50 0.10 0.00 0.53 0.34 0.31
Biotite 2.37 1.32 0.31 0.30 0.01 237 0.06 0.00 0.56 0.31 0.34
SiO, Al,O, MgO TiO, MnO FeO* CaO Na,O KO BaO Cl
Hastingsite 38.83 10.91 4.23 1.49 0.30 28.85 11.06 0.13 249 — 1.40
Hastingsite 39.42 11.79 3.51 1.76 0.17 28.18 10.66 0.00 2.60 —_ 1.56
Hastingsite 37.73 12.48 4.42 1.91 0.27 28.03 10.42 0.91 2.23 — 1.31
Hastingsite 40.35 12.45 3.20 1.41 0.03 24.97 11.74 0.00 3.06 — 2.29
Atomic proportions based on total +46 cation charges and the assumption of Fe?+
Si¢+ AR+ Mg+ Tit+ Mnz2+ Fe2+ Ca?+ Na+ K+ Baz+ Cl-
Hastingsite 6.12 2.03 0.99 0.18 0.04 3.81 1.86 0.04 0.50 — 0.38
Hastingsite 6.16 217 0.82 0.21 0.02 3.69 1.78 0.00 0.52 — 0.42
Hastingsite 5.93 2.31 1.03 0.23 0.04 3.68 1.75 0.28 0.45 — 0.35
Hastingsite 6.17 2.25 0.73 0.17 0.00 3.23 1.93 0.00 0.61 — 0.61

* Fe is assumed to be Fe?+.

different grains in a thin section give heterogeneous Cl
concentrations as they sample varying amounts of sheet
silicates. Furthermore, the analyses could show apparent
correlations between Cl and K, Si, and Al concentrations
(Fig. 7). We speculate that some reported large Cl varia-
tions in electron microprobe analyses may result from
submicrometer intergrowths of amphibole with high-Cl
phases such as those found in this study. Clearly, caution
must be exercised when interpreting microprobe analyses
showing Cl variation. We suggest that more TEM-AEM
work to examine the reported heterogeneity and corre-
lations must be done before we can interpret them with
confidence. In particular, TEM-AEM study is certainly
necessary to understand complex amphibole from hydro-
thermally altered gabbros in midocean ridge systems.

The warning of potentially fortuitous correlations does
not mean that compositional correlations resulting from
reciprocal interactions between ions on neighboring sites
are not important for amphibole. In fact, many studies
suggest likely reciprocal effects between Mg-Fe ratios,
A-site occupancy, and Cl concentrations (Volfinger et al.,
1985; Morrison, 1991; Oberti et al., 1993). However, we
emphasize the difficulties in establishing them and es-
pecially in quantifying them. In addition to artifacts re-
sulting from solid inclusions, factors like different com-
positions and pH of fluids that reacted with amphibole
and different temperatures and pressures of reactions can
also result in apparent correlation or apparent scatter in
compositions for amphibole from different rocks. The
latter factors were demonstrated for biotite by Zhu and
Sverjensky (1992).

PETROLOGIC INTERPRETATION OF Cl ENRICHMENT
IN PRIMARY AMPHIBOLE AND BIOTITE

Causes of Cl enrichment

The CI-OH substitution in biotite and amphibole is a
function of temperature, pressure, fluid composition, and
crystal chemistry (Munoz, 1984; Volfinger et al., 1985;
Zhu and Sverjensky, 1991, 1992). Thermodynamic cal-
culations indicate that high temperatures facilitate Cl-
substitution for OH- in biotite (see Appendix 1).

The primary biotite in this study contains BaO and
TiO, concentrations of 11 and 5 wt%, respectively, and
Ba occupies up to about 35% of the interlayer sites (Table
1 for AEM analyses and Henry, 1990, for electron mi-
croprobe analyses). Henry (1990, and unpublished data)
also found that Ba concentrations positively correlate with
Cl concentrations in biotite. In addition, Tracy (1991)
reported that Ba-rich biotite (up to 23 wt% BaQO) from
the Sterling Hill skarn, New Jersey, contains up to 7.15
wt% Cl, and this occurrence shows similar Ba-Cl positive
correlations. Such correlations may lead to the suspicion
that high Cl concentrations are related to high Ba and Ti
concentrations and resulting structural changes in biotite
and amphibole. However, we would argue that Cl enrich-
ment in biotite and amphibole is mainly due to a Cl-rich
environment, perhaps caused by reactions with a saline
brine (see below), on the basis of the following lines of
evidence. First, AEM analyses of retrograde annite inter-
grown with grunerite show little Ba or Ti, but they indi-
cate Cl concentrations as high as those of the high-Ba,
high-Ti primary annite samples. Second, apatite in the
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Fig. 3. Plots of (A) AEM analyses of primary biotite and (B)
electron microprobe analyses of biotite matrix. Grain to grain
Cl variation is consistent with the Mg-Cl avoidance rule (Munoz,
1984). The lines on both graphs have a slope of —0.5, which
was calculated independently from the reciprocal solution model
of Zhu and Sverjensky (1992). The intercept was visually fitted
to pass the data on B. The vertical bar represents 2 sd, resulting
from a 4% analytical uncertainty in Cl electron microprobe anal-
yses (Henry, unpublished data). Note the large scale on the y
axis; the scales are the same for both plots.

samples also shows high CI concentrations (see Appendix
2), and geochemical modeling using the apatite halogen
concentrations suggests the possible equilibrium reaction
with a saline brine (see below). The apatite halogen com-
positions are used because the approximation of the ac-
tivity-composition relationship needed for modeling is
better constrained for apatite than those for Ba- and Ti-
rich biotite or hastingsite.

Modeling fluid compositions

We can use the halogen concentrations of apatite (Ap-
pendix 2) to calculate the activity ratio, dygo/@uy,o, in the
fluids that were at equilibrium with the apatite from the
reaction
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Fig. 4. SAED pattern (A) and HRTEM image (B) of primary
Cl-rich hastingsite, showing homogeneous structure. AEM re-
sults of this area indicate up to 2.3 wt% Cl. Together, they in-
dicate that Cl is in the crystal structure. Most notable is the
absence of any biopyribole alteration (e.g., chain-width disorder
and sheet silicate slabs).

Ca,(PO,),(OH) + HCI° = Ca,(PO,),(C]) + H,O. (1)

hydroxylapatite chlorapatite

If one assumes ideal mixing of CI-F-OH in apatite, an
expression of the law of mass action is given by

X Ay

log K, log< Xou) log(aﬂzo> 2)
where K, represents the equilibrium constant of Reaction
1, X, and X, denote the mole fractions of Cl and OH
in apatite, and a0 and ay o stand for activities of HCI
and H,O, respectively. The standard states for hydroxyl-
apatite and chlorapatite are pure end-member compo-
nents at the temperature and pressure of interest. The
standard states for aqueous species other than H,O are
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Fig. 5. An HRTEM image (A) of Cl-bearing grunerite, showing chain-width disorder, an annite domain (An), and an Fe-rich
talc domain (Tc) within the crystal. SAED patterns include scattering from the annite domain (B) and Fe-rich talc domain (C).
Arrows indicate 00/ sheet silicate diffraction. AEM analyses indicate that these submicrometer-sized annite domains contain as
much as 2.8 wt% Cl.

hypothetical, 1-m ideal solutions at the temperature and
pressure of interest, and, for H,O, the standard state is
unit activity of pure H,O at the P and T of interest.

The value of log K, at 750 °C and 6 kbar is calculated
to be 1.83 using the data and method of Zhu and Sver-
Jjensky (1992). Values of log(a,co/au,o) are then calculated
to be —1.8 to —2.2 using the composition data in Ap-
pendix Table 1.

It is instructive to evaluate the Cl- concentrations of
an aqueous fluid that would have been in equilibrium
with the high-Cl apatite, biotite, and primary amphibole
in our samples. Speciation and solubility calculations were
carried out to simulate the compositions of aqueous flu-

ids that would be in equilibrium with the mineral assem-
blage quartz + ferrosilite + garnet + biotite + plagio-
clase + apatite. The calculated ayco/ay,, ratios from the
apatite CI-OH exchange reaction were used to constrain
the Cl concentration of the aqueous phase. By so doing,
we are assuming that the apatite was in equilibrium with
the biotite and amphibole (see Appendix 2). The method
and sources of thermodynamic data are described by Zhu
and Sverjensky (1991, 1992) and Zhu (1993). The activ-
ity for H,O was assumed to be unity, as possible CO,
contents in the aqueous phases were neglected. Activity
coefficients for ionic species were calculated following the
method of Helgeson et al. (1981). Activities for mineral
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Fig. 6. SAED pattern (A) and HRTEM image (B) showing
chain-width disordered grunerite and a very wide chain pyribole
(W) that also contains Cl.

components were calculated using electron microprobe
analyses from Henry (unpublished data) and the solid
solution models for garnet (Berman, 1990), for orthopy-
roxene (Sack and Ghiorso, 1989), for biotite (Zhu and
Sverjensky, 1992), and for plagioclase (Ghiorso, 1984).
The modeling estimated the total dissolved Cl- concen-
trations in the hypothesized aqueous phase to be about 4
m (Table 3), or about 25 wt% NaCl, with the assumption
that the fluid was in equilibrium with the Cl-rich biotite,
amphibole, apatite, and the above-mentioned mineral as-
semblage.

The calculated salinity of the hypothesized aqueous flu-
id at local equilibrium with the Cl-rich apatite, biotite,
and primary amphibole in our samples is only a first ap-
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Fig. 7. Plots of AEM analyses of annite, grunerite, and talc
domains in grunerite, showing schematically that fortuitous cor-
relations could be a result of probing different proportions of
these domains. (A) Cl vs. K,O; (B) Cl vs. AL, O, (wt%).

proximation and perhaps represents a conservative esti-
mate. Dissolved CO, and CH, in H,O would reduce the
dielectric constant of H,O, which would increase the ac-
tivities of uncharged species (Walther, 1991). A decrease
in the activity of H,O and an increase in the activity of
HCI° would promote C1-OH substitution in biotite, am-
phibole, and apatite (cf. Eq. 2).

Discussion of possible petrologic implications

The Cl content of apatite and the above calculations
imply that a brine with ~25 wt% equivalent NaCl (rel-
ative to H,0) at approximately 750 °C and 6 kbar could
be associated with the formation of the primary Cl-rich
minerals in our granulite sample. High-CO, fluid inclu-
sions and low calculated H,O activities are also found in
this sample (Henry, 1990). However, both lines of evi-
dence are consistent with the hypothesis that there were
actually coexisting immiscible fluids during the granulite-
facies metamorphism: a saline brine and a CO,-dominant
vapor. The hypothesis of coexisting, immiscible, brine +
CO, fluids has long been regarded as a strong possibility
(Bowers and Helgeson, 1983; Trommsdorff and Skippen,
1986, 1987; Thompson, 1987; Yardley and Bottrell, 1988;
Crawford and Hollister, 1986; Johnson, 1991; Frantz et
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TaBLE 2. Representative AEM analyses of later retrograde grunerite, annite, talc, and wide-chain silicate

Mineral Sio, AlL,O, MgO TiO, MnO FeO* Ca0 Na,O K,0 BaO Cl
Grunerite 52.32 0.62 9.83 0.01 1.01 35.78 0.13 0.21 0.00 —
Grunerite 51.67 0.61 11.13 0.02 1.00 35.31 0.18 0.16 0.05 —
Grunerite 51.14 0.61 9.78 0.03 1.12 36.87 0.25 0.09 0.1 —_
Atomic proportions based on total +46 cation charges and the assumption of Fe2*

Sit+ AR+ Mgz+ Tit+ Mn2+ Fe?+ Caz+ Na+ K+ Baz+ Ci-
Grunerite 7.94 0.1 2.22 0.01 0.13 4.53 0.02 0.06 0.00 —
Grunerite 7.89 0.1 2.53 0.02 0.13 4.50 0.03 0.05 0.01 —
Grunerite 7.83 0.11 2.22 0.02 0.13 4.71 0.04 0.03 0.02 —

SiO, AlL,O, MgO TiO, MnO FeO* Ca0 Na,O K,O BaO Cl
Annite 35.47 10.91 5.76 0.82 0.36 36.14 0.00 1.04 4.88 1.89 1.69
Annite 37.68 9.44 2.55 0.83 0.15 39.01 0.00 0.00 5.24 1.86 1.66
Wide chain 49.21 1.51 11.32 0.03 0.05 34.58 0.22 1.18 0.45 0.01 0.57
Talec 47.39 2.55 7.03 0.00 0.60 39.13 0.06 1.35 0.53 0.00 1.10
Talc 47.22 1.85 6.90 0.19 0.58 39.33 0.00 1.76 0.38 0.00 117
Talc 46.88 3.03 9.33 0.12 0.05 36.06 0.01 1.22 1.00 0.50 0.77

Atomic proportions based on total +22 cation charges and the assumption of Fe?*

Sit+ AR+ Mg?+ Tit+ Mnz+ Fe?+ Caz* Na+ K+ Baz+ Ci-
Annite 2.80 1.02 0.68 0.05 0.02 2.40 0.10 0.16 0.50 0.06 0.30
Annite 2.99 0.90 0.31 0.05 0.01 2.60 0.00 0.00 0.54 0.06 0.36
Wide chain 3.60 0.13 1.24 0.00 0.05 212 0.02 0.017 0.04 0.00 0.07
Talc 3.57 0.23 0.79 0.00 0.04 2.46 0.00 0.20 0.05 0.00 0.14
Talc 3.57 0.16 0.78 0.01 0.04 2.48 0.00 0.26 0.04 0.00 0.15
Talc 3.50 0.27 1.04 0.01 0.05 2.25 0.01 0.18 0.10 0.01 0.10

* Fe is assumed to be Fe?+.

al., 1992; Joyce and Holloway, 1993). Evidence from both
fluid inclusions and phase equilibrium experiments sup-
ports this hypothesis. Sisson et al. (1981) found natural
fluid inclusions in quartz pods of metamorphic calcare-
ous rocks, indicating the existence of an immiscible brine
at conditions of 6.5 kbar, 600 °C, and 24 wt% NaCl,
which are similar to those of this study. Johnson (1991)
and Joyce and Holloway (1993) conducted experiments
in the NaCl-CO,-H,O system and found a wide region of
immiscibility existing at high-grade metamorphic con-

TasLE 3. Constraints and representative results of speciation
and solubility calculations

Activities used for mineral end-member components

Mineral solid Log activities
solution Components used
Garnet pyrope -36
Biotite phlogopite ~-2.4
annite -0.6
Orthopyroxene ferrosilite -0.14
Plagioclase anorthite —-0.22
albite —0.16
Results
log 8ce -2.00 pH 4.6
m,g- 4 Cl- (%) 40
NaCl° (%) 38 KCI° (%) 21
CaCl§ (%) 1 log ar -1.78
F (ppm) 332 m- 0.06
HF® (%) 98 F- (%) 2

Note: the mineral assemblage is as follows: quartz + orthopyroxene +
gamnet + biotite + plagioclase. T = 750 °C; P = 6 kbar. See text for
sources of thermodynamic properties for mineral and aqueous species.
Mineral compositional data are from Henry (unpublished data).

ditions. Frantz et al. (1992) conducted experimental stud-
ies with synthetic fluid inclusions and mass spectrometry
at temperatures and pressures of 500-700 °C and 1-3
kbar, and they found that miscibility gaps exist over a
wide range of P-T-composition conditions.

Although no experimental data are available for the
particular 7, P, and bulk fluid composition conditions
pertinent to our sample, extrapolation from the observed
P, T, and compositional trends indicates that fluids in
equilibrium with the high-Cl minerals in this study would
likely fall within the immiscibility field. Therefore, results
from chemical thermodynamic considerations are con-
sistent with the possible presence of a saline brine coex-
isting with a CO,-dominant vapor. The presence of such
saline brines would have profound implications for the
nature of metamorphic reactions and mass transfer in
such environments.
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APPENDIX 1. EVALUATING Cl AND F
CONCENTRATIONS OF
HYDROTHERMAL AND METAMORPHIC FLUIDS

Early calculations in some model systems demonstrate the 7,
P, and fluid-composition dependence of F-CI-OH partitioning
among minerals and hydrothermal fluids (Zhu and Sverjensky,
1991). However, we used annite as a proxy for biotite because
we were not able to deal with the influences of Fe-Mg ratios on
the partitioning quantitatively. Such results are limited in appli-
cations because natural biotite contains variable Fe-Mg ratios.
The work of Zhu and Sverjensky (1992) permits quantitatively
assessing the reciprocal effects, and, therefore, calculations tak-
ing these effects into account are more useful. In addition, the
value of Gibbs free energy of formation for Cl end-member an-
nite from Zhu and Sverjensky (1991) was modified in Zhu and
Sverjensky (1992). Using these new results, F-CI-OH partition-
ing between biotite and hydrothermal fluids has been simulated
in the system K,0-Na,0-Ca0O-MgO-Al,0,-Si0,-FeO-HCI-HF-
H,O over a wide range of 7 and P. Appendix Figure 1A, IB
show the predicted F and Cl concentrations of fluids, which are
in equilibrium with the mineral assemblage muscovite + potas-
sium feldspar + quartz + albite + biotite—a common hydro-
thermal alteration assemblage. The F and Cl concentrations of
fluids are a function of F and Cl concentrations of biotite, as
well as Fe-Mg ratios of biotite. Appendix Figure 1C-1E predict
Cl concentrations of hydrothermal and metamorphic fluids, which
coexist with mineral assemblages of a typical metapelite from
biotite to granulite facies (e.g., Symmes and Ferry, 1992). Ap-
pendix Figure 1 demonstrates the significance of taking account
of the reciprocal effects on evaluating F and Cl concentrations
of fluids. With increasing F and Cl concentrations in biotite,
these effects become more significant, and the partitioning curves
become divergent. Activities for end-member components of
mineral solid solutions different from those used for the above
calculations would result in slightly different predicted total F
and Cl concentrations. This is especially true for K- and Na-
bearing components.
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AprPenpIX TABLE 1. Representative microprobe analyses (wt%)

of apatite and calculated fluid compositions

1 1q 2 1o
P,0, 41.43 0.18 42.83 0.31
F 254 0.13 1.41 0.23
cl 1.36 0.08 1.55 0.35
ALO, 0.02 0.02 0.03 0.00
Sio, 0.18 0.03 0.13 0.04
Ca0 55.85 0.23 57.09 0.15
MgO 0.03 0.03 0.02 0.02
FeO 0.40 0.24 0.19 0.01

Total 101.82 0.25 103.25 0.19

Atoms per 12 O atoms (excluding H,0O, F, and Cl)
P 2.84 0.01 2.86 0.01
F 0.65 0.03 0.35 0.06
Cl 0.19 0.01 0.21 0.05
OH* 0.16 0.44
Al 0.00 0.00 0.00 0.00
Si 0.01 0.00 0.01 0.00
Ca 484 0.02 4.82 0.01
Mg 0.00 0.00 0.00 0.00
Fe 0.03 0.02 0.01 0.00
|09(ancw/3n,o)" -2.2 -1.8
10g(8yre/ 8u0)"* -18 -23
* OH estimated by difference X,, =1 — Xc — X
** See text.

APPENDIX 2. APATITE COMPOSITIONS

In this study, apatite was found in the silicate-rich part of the
iron formations as an accessory mineral in the matrix. Apatite
grains are typically small (100-200 zm) with subhedral or round
shapes. They are seen in contact with garnet, quartz, and pyrox-
ene. The compositions of apatite have been analyzed using an
electron microprobe.

Analytical methods

Electron microprobe analyses were carried out on a JEOL 733
Superprobe at the Massachusetts Institute of Technology. The
standard operating conditions were 15-keV acceleration poten-
tial, 10-nA beam current, and 10-um beam diameter. F, Cl, and
P were counted first, and counting times for F and Cl were 40 s
for both standards and samples. Data reduction was accom-
plished online by a Bence-Albee method (Bence and Albee, 1968).
For F and Cl analysis of apatite, a Wilburforce apatite sample
(3.67 wt% F) and a scapolite sample (USNM R6600-1, 1.43 wt%
C]) from the Smithsonian Institution (Jarosewich et al., 1980)
were used for standards. Corrections for Cl have been applied
by calibrating with a Durango apatite sample (USNM 104021,
0.41 wt%) for the same source.

Results

Typical apatite compositions for our sample show high Cl
concentrations (Appendix Table 1). The apatite analyses show
homogeneous compositions within a grain. Applying the apatite
+ biotite geothermometer of Zhu and Sverjensky (1992) gives
temperatures of 710-810 °C, which are consistent with temper-
atures derived from other geothermometers (Henry, 1990). This
consistency may indicate equilibrium between apatite and bio-
tite in terms of halogen component exchange, although caution
must be exercised because of the possible influence of high Ba,
Cl, and Ti concentrations on the partitioning.

Ba was not included in the analysis. Although Ba contents in
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= I ical mineral compositions found in model metapelites (Symmes
é 5.0 1 and Ferry, 1992). (A) and (B) Predicted F and CI concentrations;
L = 7| (C) activities for Cln, Ms, and An are 0.88, 0.5, and 0.2, respec-
O - 1 tively; (D) activities for phlogopite, An, Ab, pyrope, and Ms are
1.0 Qtz-SiII-P|g-Grt-Bt-HCI-HZO— 0.09, 0.6, 0.7, 1.78 x 10-2, and 0.8, respectively; (E) activities
L 5 Kbar. 750 °C | for_ pyrope, An, and Ab are 0.015, 0.6, and 0.7, respectively.
0.0 | . . . e,y : i . Mineral abbreviations: Ms = muscovite; Qtz = quartz; Kf =
0.00 0.01 0.02 003 004 005 0.06 potassium feldspar; Ab = albite; Bt = biotite; Cln = clinochlore;
XCI in biotite Plg = plagioclase; Grt = garnet; And = andalusite; Sill = silli-
manite.

metamorphic apatite are generally low (Nash, 1984), a Ba ana-
logue of chlorapatite coexisting with pure fluorapatite occurs in
metamorphosed evaporites (Newberry et al., 1981). No TEM

work was attempted to see whether there was such coexistence
in our sample; rather, the apatite was assumed to be homoge-
neous.



