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Compositional constraints on the incorporation of Cl into amphiboles
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ABSTRACT

Compositional variations among 26 amphiboles in granulite-facies orthogneisses from
the Adirondack Mountains of New York include a number of systematic cation-halogen
correlations that provide information about compositional constraints on the incorpora-
tion of halogens, particularly Cl, into amphiboles. Two distinct groups of amphibole have
been delineated on the basis of Cl content: Cl-rich amphiboles, which contain between
3.00 and 1.84 wt% Cl, and Cl-poor amphiboles, which contain between 0.47 and 0.05
wt% Cl. F contents range between 1.00 and 0.14 wt%.

The Cl-poor amphiboles clearly document Mg-Cl avoidance, yet among the Cl-rich am-
phiboles Mg-Cl avoidance is only weakly developed. Fe-F avoidance is not strongly de-
veloped among either the Cl-rich or Cl-poor amphiboles. Silica contents [expressed as Si/
(Si + wAl)] of Cl-rich amphiboles are distinctly lower than those of Cl-poor amphiboles:
X, ranges from 0.793 to 0.770 in the Cl-poor group and from 0.761 to 0.742 in the Cl-
rich group. Among the Cl-rich amphiboles, a strong inverse linear relation exists between
X, and ClL

The A site in all Cl-rich amphiboles is virtually full, with vacancies ranging from only
0.161 to 0.069. In general, the A site is occupied largely by K, and positive correlations
between K and Cl exist among both Cl-rich and Cl-poor amphiboles.

If all Cl-rich and Cl-poor amphiboles equilibrated at the same temperature and if each
group equilibrated with a fluid of relatively constant fi./fuc, then the compositional
variations are interpreted to indicate that the effects of cation composition (e.g., Xy, Xs)
on the incorporation of Cl vary with significant differences in fluid composition. The data
suggest that in relatively Cl-poor environments X, is the predominant control on the
incorporation of Cl; both X and A site occupancy are important but less significant than
Xy, Alternatively, in Cl-rich environments, X and A site occupancy (particularly X ) are

more significant in determining CI content than X,,.

INTRODUCTION

Cl and F have been shown to be important volatile
components in a wide range of geologic processes includ-
ing ore genesis, metamorphism, and magmatism. If the
partitioning of Cl and F between a mineral and a fluid
(or melt) can be quantitatively determined, then the min-
eral composition can be utilized to calculate the fugacity
of halogen acid species (e.g., HCl and HF) that charac-
terized the fluid during equilibration.

To date, experimental studies on the incorporation of
halogens into minerals have focused primarily on biotite
(Munoz and Ludington, 1974, 1977; Munoz and Swen-
son, 1981; Munoz, 1984; Volfinger et al., 1985) and ap-
atite (Stormer and Carmichael, 1971; Korzhinskiy, 1981).
Results from these experiments have been used to deter-
mine fluid compositions in a broad range of geologic pro-
cesses (Munoz and Swenson, 1981; Yardley, 1985; Bou-
dreau et al., 1986; Vanko, 1986; Sisson, 1987; Mora and
Valley, 1989).

Results from experiments on biotite indicate that, un-
like in apatite, variations in cation composition in addi-
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tion to temperature and fluid composition play an ex-
tremely important role in Cl = F = OH exchange. Munoz
(1984) summarized results from previous experimental
work and data on natural biotite to derive expressions
that relate variations in biotite cation composition to
temperature and fluid composition (expressed as fir/ fuc)-
These expressions indicate that the principal controls on
halogen incorporation, in addition to temperature and
fluid composition, are (1) the mole fraction Mg (X, =
Meg/total octahedral cations), (2) the mole fraction of si-
derophyllite where Xgq = [(9X,/0.1670) (1 — X,,)] {.
Munoz, personal communication), and (3) the mole frac-
tion of annite [X,, = 1 — (X3, + Xl

These factors are thought to control the incorporation
of halogens into the OH site as the result of the bonding
between Cl and F and the octahedrally coordinated cat-
ions. Increased amounts of F are often correlated with
increasing X, or decreasing Xg,, illustrating the Fe-F
avoidance principle (Ramberg, 1952), and increasing Cl
is often correlated with decreasing X, or increasing Xe,,
reflecting the Mg-Cl avoidance principle. These avoid-
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Fig. 1. Simplified map of the Marcy anorthosite massif in
the Adirondack Mountains of northern New York showing sam-
ple locations for amphibole-bearing samples. Inset shows the
location of the anorthosite massif (solid) in the Adirondack
Mountains. Sample numbers on Figure 1 correspond to follow-
ing samples: 1, 83-SR-4; 2, 83-SR-1; 3, 84-SR-10I; 4, 84-SR-8;
5, SL-11Y; 6, 84-SN-7; 7, 83-RB-11; 8, 83-AUS-20.

ances are interpreted to result from the preference of Fe
for Fe-OH bonds rather than Fe-F bonds and from the
preference of Mg for Mg-OH bonds rather than Mg-Cl
bonds.

Volfinger et al. (1985) conducted experiments on the
partitioning of Cl into biotite and concluded alternatively
that the dimension of the OH site exerts fundamental
control on the incorporation of Cl. Cl has a large ionic
radius relative to F and OH, and Volfinger et al. (1985)
argue that for the Cl ion to fit in the OH site, distortion
of the pseudohexagonal tetrahedral ring that surrounds
the Cl ion is necessary. This distortion is presumably en-
hanced by increased amounts of large octahedrally co-
ordinated cations (e.g., Fe>*) or small tetrahedrally co-
ordinated cations [high Si/(Si + WAD)]. If, as Volfinger et
al. (1985) have suggested, the principal control on the
incorporation of Cl in biotite is largely structural, then
the incorporation of Cl into amphiboles may be con-
trolled by the same parameters since the OH sites in am-
phibole and biotite are very similar.

These disparate hypotheses on the nature of Cl in mi-
cas and amphiboles, in addition to the recent suggestion
by Munoz (1990) that Cl may not reside in the OH site,
indicate that the controls on the incorporation of Cl into
micas and amphiboles are poorly understood. This paper
presents compositional data on a suite of halogen-bearing
amphiboles from granulite-facies orthogneisses, and
compositional variations among the amphiboles are used
to evaluate constraints on the incorporation of Cl in am-
phiboles. Implications for constraints on metamorphic
and magmatic fluid compositions will be addressed in a
separate paper (Morrison and Valley, in preparation).
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PETROLOGY AND GENERAL GEOLOGY

Amphibole compositions were determined in eight
samples from the Marcy anorthosite massif in the Adi-
rondack Mountains of northern New York State (Fig. 1).
Of the metaigneous rocks found in the highlands, the
Marcy anorthosite massif is a dominant lithotogy (Fig.
1). The anorthosite massif was intruded to relatively shal-
low levels in the crust, by at least 1086 Ma, prior to the
regional granulite facies metamorphism (Valley and
O’Neil, 1982; McLelland et al., 1988). The Adirondack
highlands were subsequently metamorphosed to peak
granulite temperatures of 750 + 50 °C and pressures of
7.5 £ 1 kbar during the Grenville Orogeny between 1070
and 1025 Ma (Bohlen et al., 1985; McLelland et al., 1988).

Anorthosite-series rocks of the Marcy massif include
true anorthosite (>90% plagioclase), gabbroic anorthosite
(10-22.5% mafic minerals), and anorthositic gabbro (22.5-
35% mafic minerals). Also included, though volumetri-
cally less significant, are late-stage mafic differentiates that
range in composition to oxide-rich pyroxenite (up to 98%
mafic minerals). Anorthosite-series rocks contain vari-
able quantities of plagioclase phenocrysts (=An,;) with
interstitial clinopyroxene, orthopyroxene, garnet, plagio-
clase, Fe-Ti oxide, iron sulfide, apatite, amphibole, and
quartz. Minor amounts of retrograde minerals such as
calcite, chlorite, and sericite occur in most samples and
document the infiltration of postmetamorphic hydro-
thermal fluids (Morrison and Valley, 1988, 1991). Biotite
is uncommon in anorthosite-series rocks, and when pres-
ent it 1s also secondary.

The mineralogy of samples discussed in this paper is
reported in Table 1. Amphibole textures are reported in
Table 2. In anorthosites and gabbroic anorthosites, am-
phibole generally constitutes <2% of the rock by volume.
Anorthositic gabbros and more mafic anorthosite-series
rocks contain up to 10% amphibole. Three distinct tex-
tures characterize the occurrence of amphibole (Fig. 2).
Amphibole occurs as coarse (1-2 mm across) equant to
tabular intergrowths with pyroxene, plagioclase, and less
commonly garnet (Fig. 2A). Amphibole also occurs as
discrete rims around either pyroxene or Fe-Ti oxides (Fig.
2B). The rims range in width from 0.1 to 2.0 mm. Finally,
inclusions of amphibole, 5-10 um across, occur within
plagioclase phenocrysts. 7

It is difficult to establish accurately the timing of am-
phibole equilibration or growth. The occurrence of am-
phibole as rims around pyroxene and Fe-Ti oxide (Fig.
2B) is classically interpreted to indicate postpeak meta-
morphic equilibration (Buddington, 1939), and it is likely
that amphiboles in the anorthosite are also late meta-
morphic. The timing of equilibration of amphiboles with
other textures, such as the lathlike intergrowths of am-
phibole with pyroxene, plagioclase, or garnet (Fig. 2A), is
more difficult to interpret. It is possible that the different
textures reflect discrete generations of amphibole (equil-
ibrated at different temperatures). If this is correct, then
temperature-sensitive compositional variations should
correlate with textural occurrence. Neither halogen nor
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TasLe 1. Sample mineralogy

Sample Plag Opx Cpx Ox Ap Amph Gnt Other Retrograde
83-SR-4 X X X X X X X Qt Ser, Chl, Bi
83-RB-11 X X X X X Qt Ser, Chl, Bi
84-SR-8 X X X X X Qt, Sf Ser
84-SR-101 X X X X X Sf Ser, Chl, Bi
SL-11Y X X X X X Sf
83-AUS-20 X X X X X X Qt, Sf Cc, Ser, Ep
84-SN-7 X X X X X X Qt, Sf Cc, Ser, Chl
83-SR-1 X X X X X Qt, Sf Ser, Bi

Note: Abbreviations: Plag = plagioclase; Opx = orthopyroxene; Cpx = clinopyroxene; Ox = Fe-Ti oxides, iimenite + hematite + magnetite; Ap =
apatite; Amph = amphibole; Gnt = garnet; Qt = quartz; Sf = sulfides, pyrite + pyrrhotite; Ksp = potassium feldspar; Bi = biotite; Ser = sericite; Chl

= chiorite; Cc = calcite; Ep = epidote.

cation variations are directly related to textural variation;
different textures are found within a single sample. Ad-
ditionally, Cl-rich and Cl-poor amphiboles occur as both
rims and lathlike intergrowths. For example, the amphi-
bole in both 84-SR-8, analysis 1 and 83-SR-1, analysis 2
occurs as rims around Fe-Ti oxide. Except for a slight
difference in color, the amphiboles are texturally indistin-

Fig. 2. Photomicrographs of amphibole textures. (A) Dis-
crete amphibole grains adjacent to plagioclase (PL), garnet (GT),
and apatite (AP). Scale bar = 0.4 mm. (B) Amphibole rims around
Fe-Ti oxide, adjacent to pyroxene (PX) and plagioclase. Rims
range in width from 2 mm down to 0.05 mm. Scale bar = 0.2

mm.

guishable, yet one contains 2.55 wt% Cl and the other
contains 0.19 wt% CL.

Apatite is a minor constituent (< 1%) except in the
oxide-rich, late-stage differentiates in which apatite may
constitute up to 10% of the rock. Apatite usually occurs
as equant or tabular subhedral grains. The apatites con-
tain both F and Cl, but systematic correlations between
amphibole and apatite compositions have not been ob-
served. The significance of this observation will be dis-
cussed in a separate paper (Morrison and Valley, in prep-
aration).

ANALYTICAL TECHNIQUES

Electron microprobe analyses of all elements were con-
ducted on an automated Cameca electron probe at the
University of California at Los Angeles using wavelength
dispersive PET, LiF, and RAP crystal spectrometers. Both
natural and synthetic standards were used. A synthetic
fluorphlogopite containing 9.02 wt% F was used as the

TABLE 2. Textural occurrence of amphibole

Sample, analysis Texture

83-SR-4, 1 Discrete grain

83-SR-4, 2 Discrete grain, adjacent to Fe-Ti oxide
83-SR-4, 3 Discrete grain

83-RB-11, 1 Discrete grain

83-RB-11, 2 Discrete grain

83-RB-11, 3 Rim around Fe-Ti oxide, within 40 um of oxide
83-RB-11, 4 Rim around Fe-Ti oxide, within 40 um of oxide
84-SR-8, 1 Rim around Fe-Ti oxide

84-SR-8, 2 Discrete grain, adjacent to Fe-Ti oxide
84-SR-8, 3 Discrete grain, adjacent to Fe-Ti oxide
84-SR-101, 1 Rim around Fe-Ti oxide

84-SR-101, 2 Rim around Fe-Ti oxide

84-SR-101, 3 Rim around Fe-Ti oxide

SL-11Y,1 Discrete grain

SL-11Y, 2 Discrete grain

SL-11Y,3 Discrete grain

83-AUS-20, 1 Discrete grain, adjacent to Fe-Ti oxide
83-AUS-20, 2 Discrete grain

83-AUS-20, 3 Discrete grain

83-AUS-20, 4 Discrete grain

83-AUS-20, 5 Discrete grain

84-SN-7, 1 Discrete grain

84-SN-7, 2 Discrete grain, intergrown with pyroxene
84-SN-7, 3 Discrete grain

83-SR-1, 1 Discrete grain, adjacent to Fe-Ti oxide
83-SR-1, 2 Rim around Fe-Ti oxide
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standard for F. A barium-chlorapatite with 3.52 wt% Cl
was used as the standard for Cl. All analyses were con-
ducted with an accelerating potential of 15 keV. Great
care was taken to determine whether volatilization of light
elements, particularly F, occurred under these conditions.
Using the synthetic fluorphlogopite standard, a 10-um
beam diameter, and a 0.010 pA sample current, total F
counts over 10-s intervals were recorded for 300 s on a
single spot. No decrease in counts was observed, so these
conditions were used for subsequent analyses.

Amphibole formulas were normalized to 13 octahedral
and tetrahedral cations (M1, M2, M3, and T sites), which
assumes no octahedral or tetrahedral vacancies but per-
mits vacancies in the A and M4 sites. Fe3+ was calculated
from charge balance using the relation Fe3+ = HWA] — BIA]
— 2Ti — WNa — WK + ™M4Na, and OH was calculated
by difference, assuming Cl + F + OH = 2. A comparison
with the formula derived from the 24-anion (O, OH, F,
Cl) normalization was made to evaluate the importance
of the normalization scheme. The anion normalization
results in higher average cations and anions pfu, with the
most significant difference in Si. However, the important
halogen-cation correlations are observed in formulas from
either normalization scheme. The A site vacancies are,
on average, smaller when normalized to 24 anions.

REsuLTS

Amphibole compositions from anorthosite-series rocks
are listed in Table 3. Compositions are listed for several
texturally distinct, discrete grains within a given sample.
In the majority of samples, between five and seven spots
were analyzed per grain. Where grain size prevented this,
two to four spots per grain were analyzed.

Two distinct groups of amphibole can be delineated on
the basis of Cl content: a Cl-rich group, which contains
between 3.00 and 1.84 wt% CI, and a Cl-poor group,
which contains between 0.47 and 0.02 wt% Cl. Following
Leake’s (1978) classification, all of the Cl-rich amphi-
boles are ferropargasite or chlor-ferropargasite. The Cl-
poor group are all ferropargasitic hornblendes. It should
be noted that Leake’s classification is defined primarily
for amphiboles normalized to 24 anions (O, OH, F, Cl),
and in the present study amphiboles have been normal-
ized to 13 tetrahedral and octahedral cations. Normaliza-
tion to 24 anions shifts a few of the ferropargasitic horn-
blendes into Leake’s ferro-edenitic hornblende field.

Zonation has been detected in amphiboles that touch
Fe-Ti oxides, but zonation is limited to the outer 40-50
wm. This zonation is documented in sample 83-RB-11;
amphibole within 40-50 um of Fe-Ti oxides (83-RB-11,
analyses 3 and 4) is depleted in Fe and Ti relative to the
interior portions of amphibole grains (83-RB-11, analy-
ses 1 and 2). This Fe-Ti depletion is interpreted as re-
sulting from retrograde exchange with the adjacent Fe-Ti
oxide. Great care was taken to avoid the outermost rims
of amphiboles in contact with Fe-Ti oxides. Note that the
reequilibrated compositions of 83-RB-11 (analyses 3 and
4) have not been plotted on the following figures.
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Cl and F in amphiboles

A number of correlations exist between cation and
halogen compositions. In Figure 3, relations between X,
and wt% Cl and wt% F are shown. Cl-rich amphiboles
are plotted as solid squares, and Cl-poor amphiboles are
plotted as open squares in all figures. Both Cl-rich and
Cl-poor amphiboles show an inverse correlation between
Xy, and wi% Cl, although linear regression of the two
groups indicates that the correlation is significantly stron-
ger among the Cl-poor amphiboles (v = 0.85) than among
the Cl-rich amphiboles (> = 0.35). Thus, Mg-Cl avoid-
ance is clearly evident in the Cl-poor amphiboles, and it
probably represents the principal control on Cl incorpo-
ration in amphiboles that contain relatively minor
amounts of Cl (e.g., <1 wt% Cl). However, among the
Cl-rich amphiboles, Mg-Cl avoidance is not strongly es-
tablished. The general trend of the Cl-rich data is broadly
similar to that of the Cl-poor data (slopes of —5.2 + 2.0
and —2.4 + 0.4, respectively). The weak correlation be-
tween Xy, and wt% Cl in the Cl-rich amphiboles (r> =
0.35) suggests that Mg-Cl avoidance is not a dominant
control on Cl incorporation in amphiboles with signifi-
cant amounts of Cl (e.g., >1.5 wt% Cl). The significance
of this difference will be discussed in more detail below.

Figure 3B illustrates the opposing behavior of F rela-
tive to Cl. F contents of the Cl-rich amphiboles show a
broadly positive but weak correlation (> = 0.39) with
increasing Xy, (or decreasing Xt,) as do the Cl-poor am-
phiboles (2 = 0.43). Fe-F avoidance is not well devel-
oped among the amphiboles.

Equilibration conditions

In order to evaluate the significance of the composi-
tional variations observed in Figure 3, it is important to
establish whether the amphiboles equilibrated under the
same temperature and fluid conditions. It is possible that
the difference in Cl content between the Cl-rich and ClI-
poor amphiboles could reflect equilibration at signifi-
cantly different temperatures but broadly similar fluid
conditions. Extensive thermometry has been conducted
throughout the Adirondack highlands that indicates that
the Marcy anorthosite massif was metamorphosed at peak
temperatures between 725 and 800 °C (Bohlen et al.,
1985). Differences in peak metamorphic temperatures
among the samples were probably not greater than 50 or
75 °C. The Marcy anorthosite is confined within the Ad-
irondack highlands, so all samples are likely to have un-
dergone very similar cooling and uplift histories.

If the distinct amphibole textures reflect equilibration
at different temperatures, e.g., earlier, higher temperature
equilibration of discrete grains and lathlike intergrowths
followed by late-stage, lower temperature equilibration of
the amphibole rims, then compositions should correlate
with texture. As discussed earlier, examination of the data
in Tables 2 and 3 indicates that no such correlations are
present, with the exception of sample 83-RB-11 in which
retrograde exchange of Fe and Ti are observed at the
outermost rim of amphibole in contact with oxide. Rim-
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Fig. 3. (A) Relations between X, and wt% Cl in 24 amphi-

boles (Table 3). Solid squares are Cl-rich amphiboles, and open
squares are Cl-poor amphiboles. The solid lines define the best-
fit equation for each group of amphiboles, calculated with a lin-
ear least-squares regression. The Cl-poor amphiboles are strong-
ly inversely correlated (r> = 0.85), illustrating Mg-Cl avoidance
(see text). The Cl-rich amphiboles have the same overall X,,, vs.
wt% Cl trend as the Cl-poor amphiboles but are not as strongly
correlated (2 = 0.35). (B) Relations between X,,, and wt% F in
24 amphiboles (Table 3). Symbols are the same as in A. Corre-
lations between X,, and F are not strongly developed but do
illustrate the opposing behavior of F relative to Cl.

ming textures, in which amphibole surrounds both oxide
and pyroxene, are observed among both Cl-rich and Cl-
poor amphiboles. Thus, the distinct textures do not ap-
pear to reflect discrete generations of amphibole; if tex-
tures are a reliable indicator of timing of equilibration,
then it is reasonable to conclude that amphibole equili-
bration was broadly synchronous in terms of time and
therefore temperature.

The large difference in Cl contents between the Cl-rich
and Cl-poor amphiboles may be the result of equilibra-
tion with significantly different fluid compositions. It is
possible to evaluate this, and the previous interpretation
that the amphiboles equilibrated at the same tempera-
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Fig. 4. Plot of Xy, vs. log(X:/X,) for Cl-rich (solid squares)
and Cl-poor (open squares) amphiboles. The Cl-poor amphiboles
are strongly correlated (r> = 0.94), which is interpreted to indi-
cate that they have equilibrated at the same temperature with a
fluid of constant fi/ fua. A significant but weaker correlation
characterizes the Cl-rich amphiboles (r2 = 0.67). The substantial
difference in slope between the Cl-rich and Cl-poor data (2.8 +
0.6 and 10.6 £ 1.0, respectively) is interpreted to indicate that
compositional constraints other than X,,, differentially affect the
incorporation of Cl in Cl-rich vs. the Cl-poor amphiboles.

ture, by examining relations between log(X/ X)) and X .
Munoz and Swenson (1981) have shown that biotite with
variable X, that equilibrated with a fluid of constant
(fur/ fucy) at the same temperature should plot as a straight
line on a log(X+/X) vs. Xy, plot. This is true provided
X\ 1s the principal compositional constraint on the in-
corporation of Cl. In Figure 4, significant correlations be-
tween log(X/X) and X,,, for both Cl-rich and Cl-poor
amphiboles are observed. Two important aspects of the
data in Figure 4 are (1) the difference in extent of corre-
lation between the Cl-rich and Cl-poor amphiboles (r> =
0.67 and 0.94, respectively) and (2) the difference in slope
(2.8 = 0.6 and 10.6 * 1.0, respectively). The difference
in slope between Cl-rich and Cl-poor amphiboles suggests
that (1) parameters other than X,,, have differentially af-
fected the Cl-rich vs. Cl-poor amphiboles and (2) among
the Cl-rich amphiboles Cl = F = OH exchange is sub-
stantially nonideal (@ # X). To evaluate the significance
of these differences, it is necessary to examine the con-
struction of the log(Xy/X,) vs. Xy, diagram in more de-
tail.

Exchange of Cl or F for OH between amphibole or
biotite and a coexisting fluid or silicate melt may be mod-
eled by the reactions

AB(OH) + HCl = AB(Cl) + H,0
AB(OH) + HF = AB(F) + H,0

ey
2
where AB represents amphibole or biotite. The equilib-

rium constants for these reactions, K, and K,, are given
by
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log K, = log(ac/aou)ampnpior + IOg(aHzO/aHCl)Fluid 3)
log K, = log(a;/ Aon)Amph,gior T 10g(aﬂzo/ Que)ria-  (4)

By assuming ideal mixing of Cl, F, and OH on the OH
site (a significant assumption that will be reevaluated be-
low) and converting activities of fluid species to fugaci-
ties, the relations become

log K, = log(Xo// Xou) amph sior + 108(fis,07 firc)pruia

log K, = log(Xy/ XOH)Amph,Biot + log(szO/fHF)Fluid'

®
©®

If the equilibrium constants for these reactions were
known, it would be possible to calculate the ratio of fluid
species fugacities that existed during equilibration.

Since OH is not measured directly, X, is subject to
substantial uncertainty and can be eliminated by sub-
tracting Equation 1 from Equation 2, yielding

AB(Cl) + HF = AB(F) + HCL 0]

The equilibrium constant for Reaction 7 is

log K = 1og(Xe/Xc)ampnpior + 108(fur/ fucruia-  (8)

This formulation of the equilibrium constant is useful
because it enables evaluation of differences in the ratio
of fur/ fre from X and X5, which can be determined with
much greater accuracy than X,,,.

Munoz and Swenson (1981) argued that it was reason-
able to recast the temperature and compositional de-
pendance of log K for Equations 1 and 2 (or 7) as

log K = A/T + BX, + C )

where A, B, and C were derived from experimentally de-
termined Arrhenius relations. Combining this with Equa-
tion 8 yields

log(X:/ Xen) Amph,piot =
BXy, + [og(fur/ fuc)mua + A/T + C. (10)

At a given T and (fur/fuc)mwa, the terms enclosed in
brackets in Equation 10 are constant, and amphiboles or
biotite with variable X,’s should plot as a straight line
on a log(Xy/X) vs. X, plot. The slope of the line (B)
reflects the effect of X,,, on halogen incorporation for Re-
action 7. Thus, simple interpretations can only be derived
from a log(X;/X) vs. Xy, plot provided X, is the prin-
cipal compositional control on halogen incorporation.
If all constraints on the incorporation of Cl and F into
Cl-rich vs. Cl-poor amphiboles except fluid composition
were equal, then log(X/X) vs. X, data should define
two linear arrays with similar slopes, and the separation
between the two arrays would reflect the variable f;+/ fic
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of the fluid. If all constraints among each group except
temperature were equal, the data would also define two
linear arrays with the same slope, the separation reflecting
the effect of temperature on halogen-mineral partitioning,.

In Figure 4, the correlation between log(X:/X,,) and
X\, among the Cl-poor amphiboles is very strong (2 =
0.94) and is interpreted as evidence that the Cl-poor am-
phiboles equilibrated at the same temperature and (f;;/
Sfuc)ruia- Munoz and Swenson (1981) have noted that
equilibration between mineral and fluid at variable tem-
peratures or (fur/ fuci)nua Tatios will result in “incoherent
scatter” on a log(Xy/Xq) vs. Xy, plot because of the strong
temperature and compositional dependence of the equi-
librium constant for Reactions 1 and 2 (or 7).

Among the 14 Cl-rich amphiboles, the correlation is
not as strong (r> = 0.67) but is still significant. As dis-
cussed above, a strong correlation on a log(X./X) vs.
Xy plot is expected at constant T and (fur/ fuc)ruia PIO-
vided X,,, is the dominant control on halogen incorpo-
ration. The weak correlation among the Cl-rich amphi-
boles in Figure 4 follows directly from the weak correlation
between X,,, and CI shown in Figure 3A.

The absence of a strong correlation between Cl and X,
among the Cl-rich amphiboles is likely due to either (1)
equilibration at variable temperatures, (2) equilibration
at variable fluid compositions, or (3) compositional con-
straints on the incorporation of Cl other than X,.

Cation-halogen systematics

If cation variations other than X, exert control on
halogen compositions, then systematic cation-halogen
variations should exist. The data have been carefully
evaluated, and a number of significant correlations exist.
If, as discussed above, the weak correlation between X,
and Cl among the Cl-rich amphiboles were due to equil-
ibration at variable (fur/ fuc)rug OF temperature, then one
would not expect strong cation-halogen correlations. One
would be required to argue that any correlations, such as
those shown in Figures 5-7 (and discussed below), were
fortuitous. This is not considered likely; thus, the strong
cation-halogen correlations are interpreted to indicate that
the Cl-rich amphiboles equilibrated at similar (fe/ fc)auia
and temperatures.

In Figure 5A, the variation in Cl is plotted against the
mole fraction of Si in the tetrahedral site [ X, = Si/(Si +
“Al)]. In Figure 5B, F is plotted vs. X, showing no cor-
relation. The data for both Cl-rich and Cl-poor amphi-
boles show good negative correlations between X and
Cl. The most dramatic correlation occurs among the Cl-
rich group, in which small changes in Si content corre-
spond to large changes in Cl.

The reason for this correlation is unclear. Volfinger et
al. (1985) have predicted that for a constant fluid com-
position and temperature, an increase in Xj; will result in
an increase in the Cl content of a mica or amphibole.
Data in Figure 5A contradict this prediction.

In Figure 6, relations between Cl content and A site
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Fig. 5. (A) Plot of X, vs. Cl. The Cl-rich amphiboles (solid

squares) have distinctly lower X, values than do the Cl-poor
amphiboles (open squares). An inverse correlation between #Si
and Cl characterizes both Cl-rich and Cl-poor amphiboles. (B)
Relations between X and F indicate that F contents vary in-
dependently of X;.

occupancy are plotted. Figure 6A illustrates the relation
between K and Cl contents; positive correlations exist
among both Cl-rich (> = 0.76) and Cl-poor (r> = 0.72)
amphiboles. In the Cl-rich group, one rock sample con-
tains significantly less K than the others. This sample,
SL-11Y, is a more mafic rock, and the relative depletion
in K is accompanied by an enrichment in “Na, which is
illustrated in Figure 6B. With the exception of sample
SL-11Y, the “INa of the Cl-rich and Cl-poor group are
indistinguishable.

When Cl content is plotted against A site vacancy (=
1 — K — ™"INa), a strong inverse correlation is observed
among the Cl-poor group (> = 0.89), and a strong dis-
tinction between the Cl-rich and Cl-poor groups emerges
(Fig. 6C). Among the Cl-rich amphiboles, the A site is
virtually full. It is important to note that this is not sim-
ply the result of high K contents. Sample SL-11Y, which
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Fig. 6. Relations between Cl content and A site occupancy.
(A) Both Cl-rich (solid squares) and Cl-poor amphiboles (open
squares) are positively correlated with K. (B) “/Na does not show
any systematic variations with Cl content. (C) A strong inverse
linear relation between A site vacancy (= | — WINa — K) and
Cl content exists among Cl-poor amphiboles (r> = 0.89). In all
Cl-rich amphiboles, the A site is virtually full.

is relatively depleted in K, is relatively enriched in Na,
and the Na fills the A site to the same extent as K fills
the site in the other Cl-rich amphiboles. The association
between an essentially full A site and high Cl contents
suggests that A site occupancy may exert some control
on Cl content.
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Fig. 7. Relations between Cl content and X;; for the 14 Cl-

rich amphiboles. Also plotted are K contents for each amphi-
bole. Symbols: solid squares = SL-11Y; open squares = 83-RB-
11; solid circles = §3-SR-4; open triangles = 84-SR-8; closed
triangles = 84-SR-10I.

Additional insight into the relative importance of tet-
rahedral and A site occupancy on Cl content is gained by
evaluating within sample variation. In Figure 7, relations
between X;; and Cl are plotted for the Cl-rich amphiboles.
The K content of each amphibole is also plotted on Fig-
ure 7. At a given X, within a sample, increased amounts
of Cl correlate with higher K contents. For example, in
sample 83-SR-4, which is plotted as solid circles, the in-
crease in Cl from 0.609 to 0.708 is accompanied by an
increase in K from 0.602 to 0.620 at constant X, (0.753).
Similarly, in sample 84-SR-8 at an X, = 0.750 and 0.751
(open triangles), the increase in Cl from 0.678 to 0.762
is accompanied by an increase in K from 0.633 to 0.642.
In light of these multiple cation-halogen correlations, it
is not surprising that Mg-Cl avoidance is only weakly
established among the Cl-rich amphiboles.

CONCLUSIONS

In order to interpret accurately the compositional con-
straints on the incorporation of Cl and F into amphiboles,
experimental data on the partitioning of Cl, F, and OH
as a function of temperature, halogen acid species fugac-
ity (fue, fuc), and composition (e.8., Xy,, Xs» A site oc-
cupancy) are required. Additionally, detailed structural
refinements of both halogen-bearing and halogen-rich
amphiboles will be necessary to resolve the nature of
crystal chemical constraints that arise from local charge
balance or cation site occupancy as they cannot be re-
solved from amphibole formulas derived by normaliza-
tion of electron microprobe data. However, in the ab-
sence of experimental data, it may still be possible to
draw some conclusions concerning halogen incorporation
in amphiboles from compositions of natural samples, but
one must recognize that the conclusions are dependent
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upon assumptions regarding the temperature and fluid
composition.

If the Cl-rich and Cl-poor amphiboles equilibrated at
the same temperature and if each group equilibrated with
a fluid of constant fz/ fici, then it is possible to conclude
the following about the incorporation of Cl in amphibole:
In the presence of extremely Cl-rich fluids, X5, and A site
occupancy (particularly X,) are stronger controls on Cl
incorporation than is Xy,. In the presence of relatively
Cl-poor fluids, X, is the predominant compositional
control on the incorporation of Cl.

The strong inverse correlation between Si and Cl con-
tents suggests that tetrahedral site occupancy may have
important controls on the incorporation of Cl, particu-
larly among the Cl-rich amphiboles. However, the nature
of this relation is not well understood. Volfinger et al.
(1985) have predicted that decreasing amounts of Si
should result in increased distortion of the pseudohex-
agonal ring of tetrahedra, enabling increased amounts of
Cl to fit in the OH site. The present data show the op-
posite trend and indicate that occupancy of the tetrahe-
dral site by highly charged silica ions hinders the incor-
poration of Cl.

The correlations between A site occupancy (particular-
ly X, and Cl content suggest that A site cations influence
the incorporation of Cl in the OH site. Since the A site
lies essentially “above” the OH site, it is possible that
the K+ - - -Cl- approach may be energetically favored over
the K+- - -H*-O?% approach (i.e., K*---OH") if Cl is avail-
able.

These results indicate that caution must be used when
applying experimental mineral-fluid Cl = F = OH par-
titioning data to natural, Cl-rich amphiboles.
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