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Highly aluminous hornblende from low-pressure metacarbonates and a
preliminary thermodynamic model for the Al content of calcic amphibole

ALBERT LEGER, JOHN M. FERRY
Department of Earth and Planetary Sciences, The Johns Hopkins University, Baltimore, Maryland 21218, U.S.A.

ABSTRACT

Calcic amphiboles in carbonate rocks at the same metamorphic grade from the Waits
River Formation, northern Vermont, contain 2.29-19.06 wt% Al,0O, (0.38-3.30 Al atoms
per formula unit, pfu). These Al-rich amphibole samples are among the most aluminous
examples of hornblende ever analyzed. The amphibole-bearing metacarbonates are in-
terbedded with andalusite-bearing pelitic schists and therefore crystallized at P < 3800
bars. These results demonstrate that factors in addition to pressure must control Al content
in hornblende. We have identified temperature, mineral assemblage, mineral composition,
and rock chemistry [especially Fe/(Fe + Mg)] as other important factors.

To explore semiquantitatively the dependence of the Al content of calcic amphibole on
P, T, and coexisting mineral assemblage, a simple thermodynamic model was developed
for mineral equilibria involving tremolite-tschermakite ([Ca,Mg;Si;O,,(OH),]-
[Ca,Mg,AL,Si,0,,(0OH),]) amphibole solutions. The model uses the thermodynamic data
base of Berman (1988), with the addition of new values for standard-state enthalpy and
entropy for pure end-member tschermakite derived from experimental and field data on
the Al content in tremolite coexisting with diopside, anorthite, and quartz. Calculated
phase equilibria lead to three conclusions: (1) At a specified P and 7, the Al content of
calcic amphibole is strongly dependent on the coexisting mineral assemblage. (2) No uni-
versal relationship exists between the Al content of amphibole and P. (3) The Al content
of amphibole may change dramatically with changes in P and 7. Maximum Al contents
calculated by the model are ~1.2 Al atoms pfu. These values are far short of the 3.30 Al
atoms pfu measured in some amphibole samples from Vermont. The principal shortcom-
ing of the model is its failure to consider both total Fe in amphibole and the partitioning

of Fe and Mg among the M1, M2, and M3 crystallographic sites.

INTRODUCTION

The chemical complexity of hornblende has long been
of interest to petrologists because of its potential as a rec-
ord of intensive variables during amphibole crystalliza-
tion. Recently, studies have focused on the Al content of
hornblende as a practical geobarometer. Experimental and
empirical studies, for example, show that a positive cor-
relation exists between total pressure and the Al content
of hornblende in certain assemblages of minerals and sil-
icate melt (Hammarstrom and Zen, 1986; Hollister et al.,
1987; Johnson and Rutherford, 1989a, 1989b). The Al
content in hornblende is thus regarded as a useful geo-
barometer for appropriate plutonic and volcanic rocks.
Highly aluminous amphibole is likewise often regarded
as an indicator of high-pressure metamorphic rocks be-
cause it 1s found coexisting with jadeite, kyanite, or glau-
cophane (Leake, 1965a, 1965b; Kostyuk and Sobolev,
1969; Raase, 1974; Selverstone et al., 1984). Moreover,
some experimental studies of mineral assemblages rele-
vant to metamorphic rocks have shown that a positive
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correlation exists between the Al content of hornblende
and pressure (cf. Spear, 1981; Pluysnina, 1982; Cao et al.,
1986; Jenkins, 1988, 1989).

It came as a surprise, therefore, that during a regional
study of the progressive metamorphism of marls from
the Waits River Formation, northeast Vermont, we found
some hornblende samples with unusually high Al con-
tent. The most Al-rich amphibole samples in this study
contain over 19 wt% Al,O, (3.30 Al atoms pfu). These
are among the most aluminous hornblende samples ever
reported (cf. Leake, 1965a, 1965b, 1971; Doolan et al.,
1978; Selverstone et al., 1984; Sawaki, 1989). Even though
these hornblende samples have high Al content, they are
neither from very aluminous rocks (the host marls have
<15 wt% ALO,) nor from rocks metamorphosed at ele-
vated pressure (the marls are interbedded with andalu-
site-bearing schists and crystallized at P < 3800 bars).

Our second major observation is that the Al content of
hornblende varies greatly (from ~0.4 to 3.3 Al atoms
pfu), even in marls from Vermont at the same metamor-
phic grade, depending on the coexisting mineral assem-

1002



LEGER AND FERRY: Al-RICH CALCIC AMPHIBOLE

blage and mineral chemistry. Both observations indicate
that some factor(s) other than pressure and temperature
must exercise a first-order control on the Al content of
amphibole. Our study identifies two such controls: (1) the
assemblage of minerals coexisting with hornblende and
(2) the composition of those minerals [particularly Fe/(Fe
+ Mg) and anorthite content of plagioclase]. We have
developed a simple model for the Al content of tremolite-
tschermakite solid solutions in the system K,0-CaO-
Mg0-Al,0,;-8i0,-H,0-CO,. The model explains the de-
pendence of the Al content of hornblende both on the
coexisting mineral assemblage and the P-T conditions of
crystallization. The model for this simple system, how-
ever, does not predict the high-Al hornblende observed
in some rocks from Vermont. Further research must be
completed before an adequate quantitative understand-
ing of the Al content of calcic amphibole can be attained.

GEOLOGICAL SETTING OF HIGH-Al HORNBLENDE
FROM VERMONT

Hornblende-bearing metamorphosed marls were col-
lected from the Siluro-Devonian Waits River Formation
in northeastern Vermont (Fig. 1), which has been mapped
by numerous geologists (Doll, 1951; Dennis, 1956; Hall,
1959; Cady, 1960; Konig and Dennis, 1964; Woodland,
1965). The formation consists of interbedded limestone
(2—-15 cm thick), argillaceous metacarbonates, and minor
pelitic schists. The Waits River Formation, together with
the adjacent and more pelitic Gile Mountain Formation,
are part of the Connecticut Valley-Gaspe synclinorium.
The structure and metamorphism now observed in the
area developed primarily during the Devonian Acadian
Orogeny (ca. 370-400 Ma). Two major folds, the Brown-
ington syncline (Doll, 1951) on the western side of the
synclinorium and the Strafford-Willoughby arch (Eric and
Dennis, 1958) on the eastern side of the synclinorium
control the regional attitude of beds. Beds strike northeast
except where locally deflected around igneous intrusions.

The metasedimentary rocks were intruded by numer-
ous late- to posttectonic granitic plutons of the New
Hampshire Plutonic Series (Doll et al., 1961). From the
distribution of isograds and metamorphic zones (Fig. 1),
it is clear that the plutons were local heat sources for the
highest grades of metamorphism attained in the area. With
respect to pelitic schists, metamorphic grade ranges from
chlorite zone to the sillimanite zone near the plutons.
Garnet and amphibole porphyroblasts crosscut the main
schistosity, indicating that the peak of medium- and high-
grade metamorphism occurred after the last period of de-
formation. Four metamorphic zones were also mapped
based on minerals in the metamorphosed marls (Fig. 1).
The biotite isograd separates the ankerite zone at lower
grade from the biotite zone at higher grade. The amphi-
bole isograd separates the biotite and amphibole zones,
and the diopside isograd separates the amphibole and
diopside zones. Amphibole described in this study is from
rocks of the amphibole and diopside zones.
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Fig. 1. Geologic sketch map of the area studied. Thick solid
lines = stratigraphic boundary between Devonian Gile Moun-
tain (Dgm) and Waits River (Dwr) Formations. Isograds are based
on mineral assemblages in metacarbonate rocks and have ha-
chures on their high-grade sides. Filled squares = amphibole
localities with geothermometry; empty squares = other amphi-
bole localities; filled circles: other geothermometry localities. LM
= Lake Memphremagog; LW = Lake Willoughby; pre-S = pre-
Silurian rocks; CV-GS = Connecticut Valley—-Gaspe Synclinor-
ium. Geologic map based on that of Doll et al. (1961).

METHODS OF INVESTIGATION

Thirty-one samples of metamorphosed impure carbon-
ate rock containing amphiboles were collected from 27
field localities (Fig. 1). Mineral assemblages were identi-
fied by petrographic observation of thin sections. Mineral
compositions in all samples were determined by electron
microprobe analysis using the JEOL JXA-8600 Super-
probe at the Department of Earth and Planetary Sciences,
The Johns Hopkins University, and natural mineral stan-
dards. Data for both silicates and carbonates were re-
duced with a ZAF correction scheme. Chemical analysis
of 23 rock samples for major elements were performed
by X-ray fluorescence: 13 at X-Ray Assay Laboratories,
Ltd., Don Mills, Ontario, and ten at the Geochemical
Laboratories, Department of Geological Sciences, McGill
University, Montreal, Quebec.

MINERAL CONTENT AND CHEMISTRY AND
PETROLOGIC FEATURES OF ROCKS WITH
HIGH-A]l HORNBLENDE

Mineral assemblages observed in six representative
specimens from the amphibole zone are listed in Table
1. These specimens were chosen to show the wide range
in amphibole compositions (especially in AL O, content)
even in marls metamorphosed at the same grade.
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Fig. 2. (a) Chemographic relationships among minerals in
five representative samples from the amphibole zone of Figure
1. Diagram refers to constant P and 7" and assemblages with
plagioclase and quartz. Note the greater dependence of AlLO,
content in amphibole on (Fe + Mn)/(Fe + Mg + Mn) than in
chlorite. (b) Same plot as in a; note positive correlation between
(FeO + MnO) and Al,O; in all amphibole samples analyzed
from metacarbonates of the Waits River Formation, northern
Vermont.

Mineral assemblages and mineral chemistry

Metamorphosed carbonate rocks from the amphibole
zone in Figure 1 all contain calcite, quartz, plagioclase,
amphibole, and biotite, along with combinations of tita-
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nite, sulfides, chlorite, clinozoisite, potassium feldspar,
garnet, muscovite, ankerite, and ilmenite. Compositions
of amphibole, biotite, chlorite, calcite, clinozoisite, gar-
net, and plagioclase for the six specimens listed in Table
1 are compiled in Table 2. Mineral compositions in Table
2 are typically an average of five to ten spot analyses of
three to five grains. Except where otherwise stated, anal-
yses represent rim compositions. The value of “oxide
sum” refers to the conventional sum of metal oxide weight
percentages with all Fe as FeO. No analyses of quartz,
titanite, or sulfides were obtained. Minerals from the am-
phibole zone are described below.

Amphibole. Calcic amphiboles occur in all 23 speci-
mens studied. They vary widely in composition from
tremolite to ferro-tschermakite in the nomenclature of
Leake (1978). Amphibole samples have 0.38-3.31 Al at-
oms and 7.81-6.18 Si atoms pfu and Fe/(Fe + Mg) =
0.15-0.62. The compositions of amphibole samples and
coexisting chlorite, calcite, and garnet are plotted on Fig-
ure 2a for selected samples of metamorphosed marls from
the amphibole zone of the Waits River Formation. The
diagram approximates mineral compositions by the model
system Na,0-CaO-MgO-FeO-MnO-Al,0,-Si0,-H,O-
CO,, following the scheme of Robinson and Jaffe (1969).
The compositions of amphibole samples alone in all sam-
ples analyzed from the amphibole and diopside zones are
plotted in Figure 2b.

Two observations can be made from Figure 2: (1) A
wide range of amphibole compositions crystallized at the
same metamorphic grade. Amphibole from the diopside
zone crystallized at higher temperature than that from the
amphibole zone but are plotted on the same diagram for
comparison. (2) A distinct, positive correlation exists be-
tween the Al,O, content and (Fe + Mn)/(Fe + Mn +
Mg) in amphibole. There is also a very weak positive
correlation between the Al content and (Fe + Mn)/(Fe +
Mn + Mg) of coexisting chlorite and biotite (see Table
2), but the correlation for chlorite is barely perceptible at
the scale of Figure 2.

Low-Al amphibole samples generally are smaller in size
than Al-rich counterparts and coexist with muscovite and

TasLe 1. Mineral abundances* in representative specimens from the amphibole zone, Waits River Formation, northern Vermont

Sample number

49-10A 41-31 495 48-50 56-4C 56-11
Amphibole 0.38 0.32 0.82 0.17** 0.70 0.26
Calcite 18.37 14.77 11.09 5.22 7.85 6.70
Quartz 6.22 12.04 8.20 8.73 14.90 10.86
Biotite 0.34 0.12 0.35 1.56 0.08 0.11
Chlorite =E 0.07** 0.09** 0.01 0.15 0.42*
Plagioclase 0.25 0.55 1.02 3.14 0.91 3.04
Garnet — — — - 0.18** 0.14*
Clinozoisite = — o —_— 0.03“* 0.004**
Ankerite —_ —_ — — tr —
limenite — —_ = 0.10 0.09 0.20
Pyrrhotite tr* 0.26* tr 0.37* 0.88** tr*
Titanite 0.002 0.04 0.04 —_ — —_

Note: The abbreviation tr indicates <0.05 vol%.

* Abundances are in moles/liter of metamorphic rock, calculated following the method of Ferry (1989).
" Modal abundance is determined directly by counting 2000 points in thin section.
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TaBLe 3. Representative whole-rock chemical analyses*
Sample number
49-10A  41-31 49-5 4850 56-4C  56-11

Si0, 2340 3480 3670 4714 4820  47.80
ALO, 2.21 2.45 7.49 14.92 8.35 12.20
TiO, 0.13 0.17 0.33 0.68 0.37 0.64
Fe,O0;** 2.14 2.41 5.53 7.02 8.90 7.39
MgO 3.78 2.81 4.50 4.09 3.14 2.16
MnO 0.15 0.14 0.58 0.17 0.59 0.29
CaO 3790 29.72 25.80 14.33 18.70 15.60
Na,0 0.21 0.21 0.23 0.78 0.42 223
K,O 0.49 0.18 0.57 2.16 0.10 0.15
P,Os 0.05 0.07 0.31 0.12 0.25 0.15
LOIF 2060 27.06 18.20 8.85 11.50 11.60

Total 100.06 100.02 100.24 100.26 100.52 100.21

* Weight percent. Detection limit for major elements: 0.01%; for P,Ox:
10 ppm.

** All Fe as Fe,0,.
T Loss on ignition.

potassium feldspar. Amphibole with high Al,O, contents
usually occurs as porphyroblasts and coexists with garnet
and other minerals with high Fe/(Fe + Mg) (i.e., chlorite
and biotite). In some specimens (e.g., 56-4C) amphibole
is zoned with higher Al,O; contents at the core than at
the rim. In other specimens (e.g., 56-11), however, am-
phibole shows no significant zonation in Al,O, (Table 2).

Amphibole from specimen 56-11, the sample having
the highest Al,O, content (19.06 wt% at the core), was
examined with the transmission electron microscope
(TEM) at the Johns Hopkins University by E. Smelik to
test whether the high Al content was possibly the result
of submicroscopic Al-rich inclusions that might not be
detected at the scale of electron microprobe analysis. Re-
sults from TEM observations demonstrate that the am-
phibole samples analyzed are homogeneous, monominer-
alic phases and contain no submicroscopic inclusions of
any kind.

Coexisting minerals. Plagioclase occurs in all samples
and its composition varies greatly, both within and be-
tween specimens. Potassium feldspar occurs in four spec-
imens from the amphibole zone. The range in measured
potassium feldspar composition is small, K/(K + Na) =
0.94-0.99.

Biotite occurs in 17 specimens with Fe/(Fe + Mg)
varying between 0.11 and 0.56 and ©1A]l = 0.30-0.52 at-
oms pfu. Chlorite occurs in 11 specimens with Fe/(Fe +
Mg) = 0.11-0.55 and Al,, = 2.52-2.81 atoms pfu. Mus-
covite occurs in four specimens with K/(K + Na) = 0.98-
0.99 and 3.17-3.25 Si atoms pfu.

Garnet coexists with the most aluminous amphiboles
analyzed (samples 49-1A, 56-4C, and 56-11). The garnets
are normally zoned and show near-perfect hexagonal out-
line in thin section with radiating inclusion trails. Schis-
tosity is not deflected around the porphytoblasts, indi-
cating that garnet grew during static metamorphism.

Clinozoisite was observed in five specimens; it is close
to a Ca,(Al,Fe),Si,0,,(OH) solid solution with Al/(Al +
Fe) = 0.87-0.98.
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All samples contain calcite that is close to pure CaCO,
(0.91-0.99 Ca atoms pfu).

Whole-rock chemistry and the prograde
amphibole-forming reaction

Major element chemical analyses were obtained for all
amphibole-zone specimens from the Waits River For-
mation. Analyses for the six representative samples in
Table 1 are listed in Table 3. The principal observation
from results in Table 3 is that, compared to pelitic rocks,
the Al-rich hornblende is not from Al-rich rocks. All
whole-rock specimens analyzed have <15 wt% ALQO.,.
Prograde amphibole-forming reactions were derived us-
ing whole-rock chemical and mineral-chemical data in
Tables 2 and 3, following the method outlined by Ferry
(1989). The reactions typically are of the form ankerite
+ quartz + plagioclase + rutile + H,O = amphibole +
calcite + chlorite + titanite + CO,.

Physical conditions during metamorphism

Metacarbonate rocks from the Waits River Formation
in northeastern Vermont are interbedded with andalu-
site-bearing metapelites. The study area is close to, but
on the low-pressure side of, the aluminume-silicate triple
point isobar as mapped by Thompson and Norton (1968).
Pressure therefore was <3.8 kbar (Holdaway, 1971). To
a first approximation, the pressure during metamorphism
was considered ~3500 = 500 bars throughout the study
area.

Peak metamorphic temperature in the amphibole zone
was estimated using garnet-biotite, garnet-ilmenite, and
calcite-dolomite geothermometry. Results for 18 rocks
from nine field localities (see Fig. 1) containing appro-
priate mineral assemblages are listed in Appendix Table
1. The preferred estimate of the average temperature for
the amphibole zone, calculated with the three different
geothermometers, is 525 + 30 °C.

PRELIMINARY THERMODYNAMIC MODEL FOR
Al SUBSTITUTION IN CALCIC AMPHIBOLE

The unusually high Al content of hornblende from
metacarbonate rocks of the Waits River Formation and
its low crystallization pressure motivated us to develop a
model for the Al content of calcic amphibole. Because of
limited thermodynamic data for amphibole components,
our model does not attempt to simulate observed am-
phibole compositions in the chemically complex marls.
Rather, the intention of the model is to explore quanti-
tatively, in a simple analogue system, the control of P, T,
and coexisting mineral assemblage on amphibole com-
position.

Model amphibole

The composition of the amphibole samples are repre-
sented in Table 2 in terms of a single component and
mole fractions of various exchange components, follow-
ing the method of Thompson (1982). Tremolite
[Ca,Mg,Si;O,,(OH),] was chosen as the additive compo-



LEGER AND FERRY: Al-RICH CALCIC AMPHIBOLE

nent, and the exchange components plagioclase, edenite,
and Tschermak are CaAlNa_Si_,, NaAlSi,, and Al,-
Mg _,Si_,, respectively. Mole fractions of exchange com-
ponents were calculated for both the 13CNK and the
Fe(+2) renormalization schemes (see footnote to Table
2).

Considering the calculated mole fractions of exchange
components listed in Table 2, Tschermak’s component is
by far the most important substitution in accounting for
the Al content of the analyzed amphiboles. As a first ap-
proximation, therefore, we assumed all Al in model am-
phibole is incorporated by Tschermak’s substitution, and
the model adopted for Al-bearing calcic amphibole is a
tremolite-tschermakite solid solution [Ca,Mg,Si;O,,(OH).-
Ca,Mg, 9 AL¥ALSi,O,,(OH),. In a later section, we dis-
cuss the contribution of the edenite substitution to the Al
content of amphibole for selected mineral assemblages.

Activity-composition relations

Crystal structure refinements of amphiboles indicate
that “IAl is preferentially partitioned into the M2 am-
phibole site (Hawthorne, 1981; Hawthorne and Grundy,
1973; Makino and Tomita, 1989). We assumed all 1Al
resides in M2 in the model amphibole. Assuming ideal
mixing and local charge balance, the activities, a, of the
tremolite (tr) and tschermakite (tk) components are thus
related to composition by

a, = (Xygm2)? n
and

Ay = (Xam2)? 2

where Xy,vo and X, are the atom fractions of Mg and
Al in the M2 site.

Thermodynamic data for tschermakite

An estimate of the molar volume of tschermakite at 1
bar and 298 K (267.4 cm?/mol), based on unit-cell mea-
surements of tremolite-tschermakite solutions by X-ray
diffractometry, was provided by D. M. Jenkins (personal
communication, 1989). Coeflicients for tschermakite in
Berman’s (1988) expression for heat capacity, k,—k,, were
calculated from the following algorithm:

2ki,CaMgSi205 . 3

Coeflicients for molar volume, V,-V,, were calculated in
an analogous fashion. Enthalpy and entropy of tscher-
makite at 1 bar and 298 K were estimated from (1) the
compositions of tremolite-tschermakite solutions equili-
brated experimentally with diopside, anorthite, and quartz
(Jenkins, 1988, 1989, personal communication), and (2)
the composition of amphibole coexisting with diopside,
calcic plagioclase, and quartz in a calc-silicate hornfels
(sample 5] of Ferry, 1989). The amphibole in the hornfels
is unusually Mg rich [Mg/(Fe + Mg) = 0.98]. It closely
approximates a tremolite-tschermakite solution, and is
believed to have equilibrated with diopside, plagioclase,
and quartz at 2000 bars and 440 + 20 °C. At equilibrium

ki.lk - ki,lr o 2ki,CaAleiO6 "=
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Fig. 3. Experimental data on Al content in tremolite coex-
isting with diopside (di), anorthite (an), and quartz (qz) (Jenkins,
1988, 1989, personal communication) and data for a calcareous
hornfels from the Sierra Nevada (Ferry, 1989, sample 5J; plots
at 693-733 K) were used to derive the standard state enthalpy
and entropy for fictive end-member tschermakite (see text for
details). A° and S° values were obtained from a linear regression
of only the data for di + an + qz. The four data for forsterite
+ spinel are tentative but appear consistent with results for di
+ an + qz.

among the four minerals at specified P and T,
Gﬁé,:m + 2G:£hTMgSi206,di + 2GIS);(7)~2,qZ - G_::",:m
- ZGICJhI/;IZSizOs,pl =0. (4)

Each of the partial molar Gibbs energy terms may be
expanded:

YPT — JJO 1,298 G0 1,298
Grr=H: T3

T T
+f C?dT—Tf (CYT)dT
208 298

9

P
+ f VodP+ RTIna,, (5)
i

The diopsides in Jenkins’ experiments contained a small
amount of Al, but because the actual compositions were
not available, we assumed unit CaMgSi,O, activity. Unit
Si0, activity was assumed for quartz. Activity-composi-
tion relations assumed for natural diopside and plagio-
clase were those of Ferry (1989). Using the thermody-
namic data of Berman (1988) and Equations 1-3, the
only unknown terms in Equation 5 are %% and S5
Considering Equation 4, each measured amphibole com-
position coexisting with diopside, plagioclase, and quartz
at known P and T defines a value of A3 — TS558,
These values for all Jenkins’ experimental data and for
the hornfels are plotted in Figure 3 against temperature.
The horizontal dimension of each rhombus corresponds
to uncertainty in temperature for each datum. The tem-
perature uncertainty for the hornfels sample (20 °C) rep-
resents the variation in T recorded by individual samples
about the average temperature estimate for outcrop 5 in
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Fig. 4. Calculated total Al content, Al,,, of tremolite-tscher-
makite amphibole as a function of P coexisting with (a) clino-
zoisite (czo) + chlorite (ch) + anorthite (an) + quartz (qz), and
(b) phlogopite (ph) + muscovite (mu) + kyanite (ky) + quartz
at 400 °C, 500 °C, and 600 °C (see text for details). Note that the
Al content of amphibole and its P and T dependence are a func-
tion of P, T, and mineral assemblage.

Ferry (1989). The temperature uncertainty in the exper-
imental data (5 °C) was taken from Jenkins (1988). The
vertical dimension corresponds to uncertainty in amphi-
bole composition. For sample 5J, the uncertainty repre-
sents the observed variation from microprobe analyses.
In Jenkins’ experiments, the equilibrium amphibole
composition was bracketed by amphiboles that ap-
proached it from initially more Al-rich and more Al-poor
compositions. For Jenkins’ experimental data, the uncer-
tainty in amphibole composition corresponds to the dif-
ference between the two bracketing compositions at each
P and T. A straight line was fit to the data by linear
regression of the values corresponding to the corner of
each rhombus. Its slope represents our estimate for 59,298
= 538.6 J/K-mol and its intercept our estimate for H¢ 2%
= —12534.67 kJ mol . These values were derived as-
suming activity-composition relations (Eqgs. 1 and 2) and
therefore should only be applied using these same rela-
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tions. Also plotted in Figure 3 are values of HY '8 —
759! derived from Jenkins’ preliminary experimental
data on the composition of tremolite-tschermakite solu-
tions, equilibrated with spinel and forsterite which at
equilibrium defines the following relationship:

G_&gm + 2Gf/igzsi04,fo - GlPr’,;zi-m - 20’5‘1;\];04,513 - O' (6)

The values of 9128 — T.§9.2% derived from these pre-
liminary results are in good agreement with those derived
from the assemblage amphibole + diopside + anorthite
+ quartz. The above values are different from ones de-
rived exclusively from experimental data (Jenkins, per-
sonal communication). We included the datum for the
natural sample in our analysis because without it, derived
H912%8 and S§9,!2% values predicted undetectable amounts
of Al in amphibole at T ~ 400-500 °C which is incon-
sistent with the measured composition of calcic amphi-
bole formed during low-temperature metamorphism (e.g.,
Ferry, 1989). We stress, however, two points about our
derived values: (1) They are, with one exception, consis-
tent with all Jenkins’ experimental data (Fig. 3). The
rhombus at 918-928 K misses the calculated curve by
only ~300 J. (2) They are intended to be preliminary
results subject to modification by later experiment or
mixing models.

Phase equilibria

General relations. For every stoichiometric reaction re-
lationship that can be written among the components i
of minerals j and the tremolite and tschermakite com-
ponents of coexisting model amphibole solid solution,
there exists a corresponding relationship among the par-
tial molar Gibbs energies:

2 vGE + v, GRT + »,GEL =0 (7

where », are the stoichiometric coefficients (positive for
products; negative for reactants). At given P, T, and com-
position for all minerals except amphibole, Equations 1,
2,5, and 7 uniquely define the composition of coexisting
tremolite-tschermakite solution. These equations and
Berman’s (1988) thermodynamic data constitute our sim-
ple model for the Al content of calcic amphibole.

Calculated results. Results for the assemblages amphi-
bole + anorthite + quartz + clinozoisite + chlorite and
amphibole + anorthite + quartz + phlogopite + mus-
covite + kyanite are shown in Figure 4. The curves in
Figure 4a are based on the reaction relationship

14 Si0, + 15 Ca,Mg,ALSi,0,,(OH),
+ 12 Ca,ALSi,0,,(OH)
= 5 Ca,MgSi;0,,(OH),
+ 4 Mg,ALSi,0,(OH),
+ 44 CaALSi,O, ®8)

while the curves in Figure 4b are based on
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2 KMg,AlSi,0,,(OH), + 10 SiO,
+ 3 Ca,Mg,ALSi0.,(OH),
= 3 Ca,Mg;Si;0,,(0OH),
+ 2 KALSi,0,((OH), + 4 ALSIO;. C)]

In Figure 4, Al,, (total Al atoms in amphibole pfu) is
4(X ) in Equation 2. Calculated results lead to three
conclusions: (1) Even at a given P and T in the simple
model system, the Al content of calcic amphibole is crit-
ically dependent on the coexisting mineral assemblage.
(2) There is no universal relationship, either quantitative
or qualitative, between pressure and the Al content of
calcic amphibole. With increasing pressure at constant
temperature, the Al content of amphibole coexisting with
anorthite, quartz, clinozoisite, and chlorite increases, but
it decreases in amphibole in equilibrium with anorthite,
quartz, phlogopite, muscovite, and kyanite. (3) The Al
content of amphibole, even in equilibrium with a given
mineral buffer assemblage, may vary as a function of T
as well as P.

We systematically considered equilibrium among
tremolite-tschermakite amphibole and anorthite, quartz,
clinozoisite, chlorite, phlogopite, kyanite, diopside, mus-
covite, potassium feldspar, calcite, and dolomite in the
system K,0-Ca0-MgO-Al,0,-Si0,-H,0-CO,. Because
calcic amphibole from the Waits River Formation co-
exists with plagioclase and quartz, we restricted our at-
tention to assemblages with anorthite + quartz. Further,
equilibria with CO,-H,O-bearing fluid were not consid-
ered. Because of the interest in the Al content in amphi-
bole as a geobarometer, results are presented in Figure 5a
on an isothermal P-Al,, diagram. Unit activity was as-
sumed for components, except amphibole, in all miner-
als. The arrangement of univariant curves in Figure 5a is
consistent with the method of Schreinemakers. The shapes
of the curves in Figure 5a are robust because they depend
only on AV and the stoichiometry of the reaction rela-
tionship. Qualitatively the shapes are independent of en-
tropies and enthalpies of reaction. Equilibria in some parts
of Figure 5a are metastable relative to a CO,-H,O fluid.
At 525 °C the assemblage amphibole + anorthite + quartz
is stable up to ~9000 bars, and amphibole contains ~0.2—
1.2 Al atoms pfu depending on P and coexisting minerals.
Figure 5b shows the compatibility of minerals in the di-
variant regions of Figure 5a on a diagram that projects
through Ca,Mg,Si;0,,(OH),, Ca,Mg,ALSiO,,(OH),,
CaALSi, 04, and SiO, (i.e., considering only assemblages
that coexist with tremolite-tschermakite amphibole, an-
orthite, and quartz). The projection scheme in Figure 5b
was derived from a transformation of components (see
Thompson, 1982). The arrows pointing outward from the
triangles emphasize that tie lines between kyanite and
other minerals first pass to infinity and then return to the
CaO apex of the diagram (cf. tie lines to potassium feld-
spar on the Thompson AFM diagram, Thompson, 1957).
The tie lines between chlorite or clinozoisite and other
minerals pass directly from the CaO apex into the interior
of the diagram.

1011

Discussion of calculated results. Calculated results in
Figure 5a are in qualitative agreement with a number of
observations on the natural occurrence of Al-bearing cal-
cic amphibole coexisting with plagioclase and quartz: (1)
The least aluminous amphibole samples are from diop-
side-bearing rocks (Fig. 2b). (2) Calcic amphibole coex-
isting with more aluminous mineral such as micas, chlo-
rite, clinozoisite, and aluminum silicate is more aluminous
(Table 2; Fig. 2a). (3) Calcic amphiboles may be relatively
aluminous even when they coexist with calcite and do-
lomite (Table 2). (4) Calcic amphibole coexists with ky-
anite (kyanite is metastable below P ~ 4.2 kbars) only at
elevated pressure (fields 3-8 and 13, Fig. 5a); such am-
phibole is the most aluminous possible coexisting with
plagioclase and quartz (cf. Selverstone et al., 1984). The
good qualitative agreement between natural amphibole
occurrences and the mineral relationships predicted by
the simple model in Figure 5a further emphasizes that
both the Al content of calcic amphibole and its pressure
dependence are critically dependent on coexisting min-
erals.

SHORTCOMINGS OF THE SIMPLE
THERMODYNAMIC MODEL

The thermodynamic model for Al substitution in calcic
amphibole predicts an Al content of ~0.4-1.0 atoms pfu
in amphibole coexisting with anorthite + quartz at the
P-T conditions of metamorphism of the Waits River For-
mation, northern Vermont (3500 bars, 525 °C). Measured
amphibole compositions are much more aluminous (Ta-
ble 2). Analyses in Table 2 show that a positive correla-
tion exists between the Na and Al contents of calcic am-
phibole. In addition, Figure 2 demonstrates that,
empirically, high Al content in amphibole is correlated
with high (Fe + Mn)/(Fe + Mg + Mn). Quantitatively,
therefore, it appears that a major shortcoming of the sim-
ple model is its failure to incorporate Na and Fe.

Edenite substitution and the Al content of amphibole

The mole fractions of exchange components in Table
2 demonstrate that there is significant Na in natural Al-
rich amphibole and that Na in amphibole is largely ac-
commodated by the edenite substitution. Potentially the
edenite substitution could explain why natural amphibole
contains more Al than predicted by our simple model for
a Na-free system. We therefore investigated the edenite
content of amphibole and its contribution to Al,, for the
same two assemblages represented in Figure 4. Amphi-
bole with tremolite, tschermakite, and edenite solutions
coexists with plagioclase solutions rather than pure an-
orthite. To calculate the edenite content of such amphi-
bole, we used the following stoichiometric reaction rela-
tionship among albite, tremolite, and edenite components
and quartz:

NaAlSi;0; + Ca,Mg;Si;0,,(OH),
= NaCa,Mg;Si,AlO,,(OH), + 4 SiO,

and these activity-composition relations:

(10)
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Fig. 5. (a) Calculated total Al content, Al of tremolite-
tschermakite amphibole as a function of P at 525 °C coexisting
with selected mineral assemblages in the system K,0-CaO-MgO-
Al,0,-8i0,-H,0-CO, (see text for details). All assemblages con-
tain anorthite + quartz. Kyanite is metastable below P ~ 4.2
kbar. Mineral abbreviations as in Figure 4; ca = calcite; do =
dolomite; Kf = potassium feldspar; sill = sillimanite. Circled
numbers identify divariant regions with mineral compatibilities
shown in b. Note that the Al content of amphibole and its P
dependence critically depend on the coexisting mineral assem-
blage. (b) Compatibility of minerals in the divariant regions of
a on a diagram that projects through Ca,Mg,Si;O,,(OH),,
Ca,Mg,Al,Si0,,(OH),, CaAlSi,0;, and SiO, (i.e., considering
only assemblages that contain tremolite-tschermakite amphi-
bole, anorthite, and quartz).

Ay = (1 — XV,A)(XMgMZ)Z (11)
a, = (XV,A)(XMgmz)2 (12)
ay = (Xv )X an)? (13)

where X, , is the atom fraction of vacancies in the am-
phibole A-site. We used the thermodynamic data base of
Holland and Powell (1990) for these calculations because
Berman’s (1988) data base does not include edenite. The
activity coefficients for CaAl,Si,O; and NaAlSi,O; in pla-
gioclase were taken as 2 and 1, respectively (Carpenter
and Ferry, 1984). For a specified T and a,,, X. v.a may be
determined from Equations 5, 7, and 10-12. Values for
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Xy 4 are then included in the tremolite and tschermakite
activity terms (Eqs. 12 and 13); values for X\, and X,
are finally calculated using Equations 5, 7, 12, and 13.
Al,, for tremolite-tschermakite-edenite amphibole is (1
- XV,A) + 4(1 - XMgMZ)'

Calculated results (Fig. 6) show that the Al content of
tremolite-tschermakite-edenite amphibole solutions can
significantly differ from that of tremolite-tschermakite
amphibole solutions depending on the extent of the eden-
ite substitution as controlled by the composition of co-
existing plagioclase (by Reaction 10). For equilibria that
do not involve the anorthite component, such as phlog-
opite-muscovite-kyanite-quartz-plagioclase-amphibole
(Reactions 9 and 10), increasing edenite substitution (i.e.,
increasing a,,) results in an increase in the Al content of
amphibole (Fig. 6b). In general, however, the increase is
small (=0.5 Al pfu) and inadequate to explain the very
high Al content of the amphibole analyzed. For equilibria
that involve the anorthite component, such as clinozois-
ite-chlorite-plagioclase-quartz-amphibole (Reactions 8
and 10), however, increasing edenite substitution actually
results in a reduction in the Al content of amphibole (Fig.
6a). The reduction in Al,,, occurs because the effect of an
increase in edenite content caused by increasing a,, is
offset by a decrease in tschermakite content caused by
decreasing a,,. Consideration of Na substitution in am-
phibole by the edenite substitution, therefore, fails to ex-
plain the discrepancy between the Al content of analyzed
amphiboles and that predicted by the model.

Calculated results in Figure 6a nevertheless provide a
simple thermodynamic model for the difference in Al
content of calcic amphibole between mafic greenschists
and amphibolites. Mafic greenschists and amphibolites
typically contain the same mineral assemblage (clinozois-
ite + chlorite + plagioclase + quartz + calcic amphi-
bole). Greenschists, however, contain Na-rich plagioclase
and Al-poor actinolite, while amphibolites contain calcic
plagioclase and Al-rich hornblende (Laird, 1982). The
correlation between Na-rich plagioclase and Al-poor am-
phibole and between calcic plagioclase and Al-rich am-
phibole is the result of the dependence of the edenite and
tschermakite contents of amphiboles with tremolite,
tschermakite, and edenite solutions, coexisting with chlo-
rite, clinozoisite, quartz, and plagioclase, on the plagio-
clase composition.

Fe-Mg substitution and the Al content of amphibole

We verified that Fe-Mg substitution has an effect on
the Al content of calcic amphibole by deriving expres-
sions for the relationship between the chemical potential
of an aluminous component of calcic amphibole (u4),,)
and the Fe/(Fe + Mg) of coexisting minerals i (Xr.;) using
the Gibbs method (Spear et al., 1982). The composition
of coexisting Fe-Mg minerals indirectly monitors Fe-Mg
substitution in amphibole. Two assemblages relevant to
metamorphosed marls from the Waits River Formation
were considered, amphibole + plagioclase + quartz +
chlorite + clinozoisite and amphibole + plagioclase +

1013

~ 10 7
© / (@)
o 8 — /
= [
o 8= {7 —-— 3,4, =01
‘:-, === Qg = 0.4
2 4 — a,, = 1.0
e 2 __ czo+ch+pl+qz buffer
&= T = 500°C

0= | | |

0 1 2 3 4

10 T

—— [
\

P g — Ph+mu+ky+ Uit (b)
o
= 6 — qz+pl buffer
o T = 500°C
S 4 e
7 —-— 8gp \
2 2~ --- 2y S
B — dgp W

0 | ] I

0 0.5 1.0 1.5 2.0

AItot per calcic amphibole formula unit

Fig. 6. Calculated total Al content, Al,,, of tremolite-tscher-
makite-edenite amphibole coexisting with the same mineral as-
semblages as in Figure 4 as a function of a,, for a,, = 0.1, 0.4,
and 1.0 (see text for details).

quartz + chlorite + calcite + ankerite. In both cases Fe/
(Fe + Mg) in chlorite was used to monitor Fe-Mg sub-
stitution in amphibole. Table 4 contains the components
used to model the compositions of the minerals and the
linearly independent stoichiometric reaction relation-
ships that can be written among components in each as-
semblage. The Gibbs method was used to derive expres-
sions for (At a.m/0X ) at conditions of constant pressure,
temperature, and composition of coexisting plagioclase
and clinozoisite by solving a set of differential equations
that includes a Gibbs-Duhem equation for each phase
and the differentials of the conditions of heterogeneous
equilibrium implied by the reaction relationships in Ta-
ble 4 (see Spear et al., 1982 for further details). Ideal
mixing of the Fe and Mg components in the chlorite solid
solution was assumed. Results are presented in Table 4.
Using measured mineral compositions (Table 2) and an
inferred temperature of metamorphism of 525 °C, values
Of (Ottasam/ X seen)p 1.1, x,,, Were computed for three sam-
ples of impure carbonate rock from the Waits River For-
mation (Table 4). All calculated values are positive. Al-
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TasLE 4. Prediction of Al-Fe correlation in amphibole by the Gibbs method

Components used to model compositions of minerals

Method for computing Xi

Mineral Symbol Formula from ineral analyses
amphibole (amp) Feam Ca,Fe,Si;0,(OH), Xeoam = FE/(Fe + Mg + BIAl)
Mgam Ca,Mg;Si;0,,(OH), Xugem = Mg/(Fe + Mg + ©IAl)
Alam Ca,Al,,Si,0,,(0H), Xyam = ©Al(Fe + Mg + ©IAI)
chlorite (ch) Fech Fe;AlLSi;O,,(OH), Xeoen = Fel(Fe + Mg)
Mgch Mg.AL,Si,0,,(OH), Xugen = Mg/(Fe + Mg)
dolomite (do) Fedo CaFe(CO,), Xreso = Fel(Fe + Mg)
Mgdo CaMg(CO,), Xugao = Mg/(Fe + Mg)
clinozoisite (czo) Feczo Ca,Fe,Si;0,,(0H) Xeoczo = FE/(FE + Al)
Alczo Ca,Al,Si;0,,(OH) Xuezo = Alf(Fe* + Al
plagioclase (pl) an CaAl,Si,0q X,. = Ca/(Ca + Na)
ab NaAISi,0, X., = Na/(Ca + Na)
calcite (ca) ca Ca(CO,)
quartz (qa) qz Sio,

Reaction relationships

. Exchange reactions
1 Feam + 1 Mgch = 1 Fech + 1 Mgam
5 Fedo + 1 Mgam = 5 Mgdo + 1 Feam

2. Net-transfer reactions
2 Mgch + 22 an = 3 Alam + 2 Mgam + 6 Alczo + 7 gz
5 Mgch + 15 Mgdo + 55 an = 12 Alam + 8 Mgam + 30 ca + 25 qz
System of equations in matrix form for the equilibrium
1. amp +.ch + ca 4+ do + gz + pl
Fach Kigen 0 0 0 0 Ottreen! @ Xroen 0
KXreso Xigao 0 0 0 Ottaagon/ @ Xegen 0
0 0 0 0 Xeoam XMgam Xaam Oteedol 0 Xeocn 0
1 = 0 0 -1 1 0 trgao! 0 Xrech = 0
0 0 -5 5 1 -1 0 [:/7S ), A 0
0 -5 0 —15 0 8 12 tgam! 0 Xroch [¢]
-1 1 0 0 0 0 0 Ot pvam! 0 Xoen —Gixx
2. amp + ¢h + czo + gz + pl
Kiraen Xisgsi 0 0 [T (o 0
0 0 Xeoam XMgam Xoiam af“MgcnﬂraxFenn 0
1 -1 -1 1 0 Dbt gaml  Xiocn = 0
0 -2 0 2 3 [T ), (S 0
-1 1 0 0 0 1t gy K, —Gxx

where G,, = (#G/0X2uer = SR XeeonXurgen

Values of du,,../dX:... for three different amphibole-zone specimens from the Waits River Formation, northeastern Vermont in joules

(a“'Alam/ axFech)P,T,X.,, (au'Alam/ ¢} XFm)P, T X o Kezo
amp — pl — qz — amp — pl — gz —
Sample humber Xeoen Keodo X eco Xugarn ca —ch — do ch — czo
57-13A 0.27 0.19 0.26 0.61 7334 —_
56-4C 0.48 0.28 0.37 0.39 9185 768
56-11 0.55 — 0.41 0.29 — 4468

though it is not possible to simply relate u,..
quantitatively to the Al content of calcic amphibole in
atoms pfu, the Gibbs method indeed predicts that sub-
stitution of Fe for Mg in amphibole results in elevated Al
contents. The results in Table 4 were obtained by consid-
eration of mineral equilibrium in individual samples. The
results demonstrate that the Fe-Al correlation in amphi-
bole illustrated in Figure 2 should have been anticipated.

The positive correlation between the Fe and Al content
of calcic amphibole is probably, in part, the result of Fe-
Mg ordering among the M1, M2, and M3 crystallographic
sites in amphibole. Crystal structure refinements of am-
phibole indicate that Fe is partitioned into the M1 and
M3 sites preferentially over the M2 site (e.g., Hawthorne,
1981; Makino and Tomita, 1989). For example, Makino
and Tomita (1989) estimated that even in calcic amphi-
bole that crystallized at high temperature in granulites
and volcanic rocks, K¥''™? = (Mg/Fe),,/(Mg/Fe),,, = 0.3.
Amphiboles that crystallized at lower temperatures, like

those in marls from the Waits River Formation, probably
are characterized by Ky''™? < (.3.

The effect of Fe-Mg ordering among the amphibole M
sites on the Al content of calcic amphibole can be seen
by considering the specific case of coexisting amphibole
[Ca,(Fe,Mg),(Al,Fe,Mg),(Al,S1),0,,(OH),], chlorite
[(Fe,Mg);Al,Si,0,,(OH),], ankerite [Ca(Fe,Mg)(CO,),],
calcite [Ca(CQ,)], anorthite [CaAlSi,O4], and quartz
[SiO,]. The following reaction relationship can be written
among the Fe-free mineral components:

6 Ca,Mg,ALSi;0,,(OH), + 6 CaCO, + 5 SiO,
= 2 Ca,MgSi;0,,(OH), + 3 CaMg(CO,),

+ 11 CaALSi,0; + Mg,ALSi;0,,(OH),. (14)

At equilibrium (assuming ideal mixing, local charge bal-
ance, and identical site occupancies of M1 and M3),
Equation 14 implies an equilibrium constant,
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Fig. 7. Calculated dependence of the Al content of tremolite-

tschermakite amphibole, Al,,, coexisting with calcite + dolo-
mite + anorthite + chlorite + quartz at 525 °C, 5000 bars on
Fe/Fe + Mg in amphibole. See text for details. Note that the
dependence of Al,,, on Fe/Fe + Mg depends critically on K, a
measure of the partitioning of Fe and Mg between the M1, M2,
and M3 sites in amphibole.

(Xlﬁ\/lg,Ml7M3)(X‘lt/lg,M2)(Xi/[g,ank)(Xi/lg,ch)
(X pmi—v)(X Kn2)

where the X, terms refer to the atom fraction of / in the

appropriate site. Using the thermodynamic data for

tschermakite in this study and for the other Fe-free min-
eral components in Berman (1988) at 525 °C, 5 kbar,

Kl = (K™
= (XMg,MZ)(X]:&:,ank)(X%g,ch)
(Xi/lg,Ml—MJ)(X?\l,MZ)

Partitioning of Fe and Mg between the M1—M3 and M2
sites is quantitatively described by

_ (Mg/Fe)y s
" (Mg/Fo),

The bulk Fe-Mg partition coefficients for chlorite and
amphibole and for ankerite and amphibole were esti-
mated from the composition of coexisting minerals in
sample 56-4C:

Kam-<h = (Fe/Mg),../(Fe/Mg),, = 1.06
Kam-ank = (Fe/Mg),./(Fe/Mg),,, = 2.42.

Ko = 15)

= 62.387. (16)

17)

(18)
(19)

For a specified value of K, and Fe/(Fe + Mg) in amphi-
bole, the Al content of calcic amphibole can be computed
from Equations 1, 2, and 16—-19. Results are illustrated
in Figure 7 for representative regional metamorphic P-T
conditions and for four values of K. It is not simply the
substitution of Fe for Mg that results in elevated Al con-
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tents in amphibole because if Fe and Mg mix randomly
over the M1, M2, and M3 sites (K,, = 1), Fe-Mg substi-
tution has a negligible effect on Al,,,. The simple analysis
shows that substitution of Fe for Mg in calcic amphibole
only results in a dramatic increase in its Al content when
Fe shows a strong preference for the M1 and M3 sites
over the M2 sites (i.e., K, < 0.3). The effect may be
greater if Fe-Mg mixing is nonideal.

Consideration of edenite substitution (Fig. 6), Fe-Mg
substitution, and Fe-Mg ordering in amphibole (Fig. 7)
fails to reproduce the Al contents of natural calcic am-
phibole (Table 2). These results demonstrate that before
the Al content of amphibole can generally be used as a
geothermobarometer, much remains to be learned about
the thermodynamic properties of amphibole solid solu-
tions. Our study suggests that, as a beginning, the corre-
lation between Fe and Al contents in calcic amphibole
must be calibrated either empirically or experimentally
in the laboratory. Experiments should include not only
studies of Ca,Fe;Si;O,,(OH),-Ca,Fe;AlSi 0,,(OH), solid
solutions but also of the partitioning of Fe and Mg among
amphibole M sites.

CONCLUSIONS

Microprobe analyses reveal that calcic amphibole,
crystallized at the same metamorphic grade in carbonate
rocks from northern Vermont, has a great range in Al
content, 0.38-3.30 atoms pfu. The metacarbonates are
interbedded with andalusite-bearing schists. These results
lead to three conclusions: (1) High-Al amphibole is not
restricted to high-pressure metamorphic environments,
because the amphiboles from Vermont are some of the
most aluminous ever reported and yet crystallized at P
< 3800 bars. (2) High-Al amphiboles is not restricted to
highly aluminous rocks, because the amphiboles from
Vermont crystallized in carbonate rocks with <15 wt%
ALQ,. (3) The Al content of calcic amphibole is not just
a function of pressure, but also of temperature, mineral
assemblage, composition of coexisting minerals [princi-
pally Fe/(Fe + Mg) and plagioclase composition], and
partitioning of Fe and Mg among the M1, M2, and M3
amphibole crystallographic sites.
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AprpPenpix TasLE 1. Biotite-garnet, calcite-dolomite, and ilmenite-garnet geothermometry for 18 samples from the Waits River
Formation, northern Vermont

Mineral composition data Calculated temperatures
Sample Xal,ga Xpy.ga Xsp,ga Xgr,ga XFe,bi XMg,bi XFe,ii XMn,il XFe,ca XMg,ca G-B” G-B* G-It C-Di
48-1 0758 0.082 0.113 0.047 0519 0.481 451 469
48-1A 0712  0.121 0.031 0.137 0459  0.541 0994 0.006 508 560 551
48-1B 0764 0115 0.023 0.099 0490 0.510 508 546
48-2A 0680 0102 0.082 0.135 0502 0.498 0968 0.032 522 573
48-34 0.671 0.082 0.044 0.204 0477 0523 0992 0.008 440 513 517
49-1A 0580 0.080 0100 0.240 0.500 0.500 495 583
49-1B 0.534  0.061 0.139 0.266 0.517 0.483 459 558
56-4A 0.541 0095 0126 0.238 0408 0592 0972 0.028 0.031 0.042 460 546 521 525
56-4B 0560 0.090 0.110 0240 0430 0570 0978 0.022 0.034 0.042 461 551 500 528
56-4C 0570 0.090 0.110 0240 0518 0.482 0.034  0.037 560 647 509
56-8A 0.609  0.081 0102 0.208 0470 0530 0974 0.026 454 529 598
56-11 0620 0070 0.090 0220 0555 0445 0984 0.016 501 582 492
57-4D 0.530 0.068 0.086 0.316 0984 0.016 466
57-4E 0.473 0.039 0.034 0.454 0988 0012 0.034 0.041 524
57-4F 0.010  0.040 496
57-4H 0.017 0.041 508
57-4] 0.005 0.050 531
57-13A 0.020 0.045 526
Average (°C) 478§ 546§ 521 518
Std. dev. (°C) 29§ 33§ 43 12

Note: The X, ,, = mole fraction component i in garnet (al = aimandine; py = pyrope; sp = spessartine; gr = grossular). X, = i(Fe + Mg) in biotite;
X, = i(Fe + Mg) in iimenite; X,., = i/(Ca + Fe + Mg + Mn) in calcite.
* Garnet-biotite thermometry, calibration of Ferry and Spear (1978).
** Garnet-biotite thermometry, calibration of Hodges and Spear (1982).
+ Garnet-itmenite thermometry, calibration of Pownceby et al. (1987).
} Calcite-dolomite thermometry, calibration of Anovitz and Essene (1987, Equation 26).
§ Average temperature and standard deviation (1 ) values exciude results for sample 56-4C.




