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Abstract

Near Mt. Moosilauke, New Hampshire, the distribution of aluminum silicate minerals in
pelitic schists constrains pressure and temperature conditions during the Acadian orogeny
to have been approximately those of the Al2SiO5 invariant point, thus providing an
excellent opportunity to evaluate the internal consistency of a variety of published
geothermometers and geobarometers with the Al2SiO5 invariant point of Holdaway (1971).
Four fluid-independent equilibria, garnet-biotite Fe-Mg exchange (Ferry and Spear, 1978),
garnet-plagioclase-A12SiO5-quartz (Ghent et al., 1979) and garnet-plagioclase-quartz-
biotite-muscovite (Fe and Mg end members, Ghent and Stout, l98l), yield P-Testimates
consistent with the experimental Al2SiO5 triple point of Holdaway (1971). Two fluid-
dependent equilibria, garnet-staurolite-quartz-Al2sio5-H2o (Hutcheon, 1979) and plagio-
clase-muscovite-Al2SiO5-quarLz-H2O (Cheney and Guidotti, 1979), applied assuming
P(H2O) near P.o61, yield internally consistent but unrealistically high temperatures,
suggesting P(H2O) ( Ptotur.

Despite good agreement with Holdaway's triple point, the Ferry-Spear garnet-biotite
geothermometer and the Ghent et al. garnet-plagioclase-aluminosilicate-quartz geobarom-
eter adopt conflicting garnet solution models. We present alternative calibrations that use a
consistent set of solution models. Activity coefficients and Margules parameters for
plagioclase and garnet solid solutions have been constrained by assuming triple point P-Z
conditions for the Moosilauke samples and solving for the values of interest. Our data are
consistent with the conclusions that: (l) only pyrope-grossular mixing in the quaternary
garnet system is significantly non-ideal; and (2) the activity coefficient for the anorthite
component in plagioclase is approximately 2 at triple point P-T conditions.
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across a map of New England such that all occur-
rences of andalusite produced during Acadian re-
gional metamorphism lie to its east (Fig. l). This
line was considered to be the trace of "a fossil
isobaric surface corresponding to the pressure of
the kyanite-andalusite-sillimanite triple point".
According to Thompson and Norton's (1968) meta-
morphic map of New England, the kyanite : silli-
manite and andalusite : sillimanite isograds should
intersect the "triple point isobar" in the vicinity of
Mt. Moosilauke, New Hampshire. Unfortunately,
outcrops of pelitic schists are discontinuous in this
area and do not allow the location of this intersec-
tion with precision. However, in an exhaustive
study of aluminum silicate distribution in this area,
Rumble (1973) reports the common coexistence of
andalusite and sillimanite in a septum of Lower
Devonian Littleton Formation pelites (the Moosi-
lauke septum) within Kinsman Quartz Monzonite-
Bethlehem Gneiss plutonic rocks, and the wide-
spread occurrence of kyanite in rocks of the Siluri-
an Clough Formation less than 5 km to the west in

the vicinity of Black Mountain (Fig. 2). The trace of
the Al2SiO5 isobar as defined by Thompson and
Norton (1968) is within the septum and passes near
Hurricane Mountain and Mt. Moosilauke.

The P-Z conditions of the Moosilauke septum
relative to the Al2SiO5 triple point can be ascer-
tained from the distribution of Al2SiO5 polymorphs
shown in Figure 2 and the topology of the Al2SiO5
phase diagram provided that: (l) all of the aluminum
silicates in this area crystallized during a single
metamorphic episode, and (2) the andalusite *
sillimanite assemblages were at stable rather than
metastable equilibrium. Rumble (1973) reports evi-
dence for multiple episodes of aluminosilicate crys-
tallization in the Moosilauke septum; specifically,
he describes the sequence andalusite -+ prismatic *
fibrolitic sillimanite + andalusite. Rumble con-
cludes that this occurred during a single metamor-
phic episode and that metamorphic conditions were
never far removed from the andalusite-sillimanite
univariant equilibrium.

Given the distribution of andalusite and silliman-
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Fig. l. Map of central New England showing the trace of the AlrSiOr isobar, the kyanite-sillimanite isograd and the andalusite-
sillimanite isograd (after Thompson and Norton, 1968). Box shows location of study area (Fig. 2).
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Fig. 2. Geologic map of the study area showing sample localities, distribution of rock units, and Al2SiO5 polymorphs. The large belt
of Silurian and Devonian metamorphic rocks on the right of the map (no pattern) is the Moosilauke septum and consists
predominant lyo fDevon ianL i t t le tonFormat ion .Abbrev ia t ionsareK=kyan i te ,S :pr ismat ics i l l iman i te , f : f ib ro l i teandA=
andalusite. The order of Al2SiO5 polymorphs listed on the map at any one locality indicates the sequence of progressive
crystallization (e.g., S, f, A means prismatic sillimanite was followed by growth of fibrolite and then andalusite). After Rumble (1973).
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ite in the Moosilauke septum shown in Figure 2 and
assuming that coexistence of these two phases
represents near univariant conditions, the Al2SiO5
isobar must pass through the septum as indicated by
Thompson and Norton (1968), orjust to the west of
the septum in the Bethlehem gneiss. The total
absence of any reported kyanite in the Moosilauke
septum argues for the latter interpretation. In this
case the andalusite + sillimanite coexistence within
the septum requires temperatures slightly above,
and pressures slightly below, those of the triple
point. Therefore, we conclude that peak metamor-
phic temperatures in the Moosilauke septum were
at, or slightly above, and pressures were at, or
slightly below, those of the Al2SiO5 triple point.

Sample selection and analytical techniques

We selected seven samples of pelitic schist from
the Moosilauke area, collected and generously con-
tributed by Douglas Rumble III, for detailed geo-
thermometric and geobarometric study. Our choice
of samples was based on the presence of aluminum
silicate minerals and plagioclase in order to maxi-
mize the number of applicable geothermometers
and geobarometers. The mineralogy of each sample
is given in Table 1, and sample locations are shown
in Figure 2.

Major element analyses were obtained for garnet,
biotite, muscovite, plagioclase, and staurolite using
the automated Materials Analysis Corporation elec-
tron microprobe at MIT. The following analytical
technique was used to increase the probability that
the analyzed compositions are representative of
equilibrium compositions at peak metamorphic con-
ditions. Two to three domains were identified in
each polished thin section such that, in each do-
main, all minerals to be analyzed were in contact or,
in exceptional cases, less than I mm apart. Mineral
rims were then analyzed at points of mutual con-
tact. For each mineral grain, two to four such
analyses were averaged to arrive at mean composi-
tions in each domain. Reproducibility for a given
grain was generally better than 3Vo for major ele-
ments. The mineral compositions reported in Ta-
bles 2-4 represent the means of the domain aver-
ages for each sample.

Spot checks revealed no significant zonation in
any of the analyzed minerals. In particular, compo-
sitional variations in garnet are limited to less than
0.05 mole fraction for each element; in most cases,
this is within the analytical uncertainty of the micro-
probe.

rt2l

Table L Pelitic schist assemblages from the Moosilauke septum
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Petrographic observations and phase equilibria

Petrography

Rumble (1973) provides an excellent general dis-
cussion of the textural relationships encountered in
rocks from this area; the following observations are
of specific importance to this study. In all but one of
the samples we studied, garnet occurs in equant,
euhedral to subhedral porphyroblasts that show
little sign of resorption or retrogradation. In con-
trast, garnets in one sample (146D) preserve no
euhedral faces and generally appear broken or
rounded in thin section.

Plagioclase occurs in all samples as subhedral
porphyroblasts up to 3 mm across. Sericitization
and sausseritization are minimal.

Chlorite occurs as irregular, anhedral to subhe-
dral patches in a few of the samples, and is general-
ly associated with late-stage, cross-cutting shear
zones (-l mm wide), although some may be pri-
mary. These shear zones were religiously avoided
during the study, and chlorite will not be considered
further.

Sillimanite occurs in two forms in these samples.
Slightly subhedral prismatic grains up to 4 mm
across occur in samples 788, 80D, and 92D. Fibro-
lite, generally intergrown with muscovite, occurs in
78B, 90A, 92D, 1458,1468, and 146D.

Andalusite occurs as subhedral to anhedral por-
phyroblasts up to 5 mm across in samples 1468 and
D. In both cases, the grains are highly sieved with
numerous inclusions of quartz and biotite.

Staurolite forms tiny euhedra (<0.5 mm) in sam-
ples 78B, 92D and 1468, and slightly larger subhe-
dra (up to I mm) in samples 90A and 146D. In



l l 22 HODGES AND SPEAR: GEOTHERMOMETRY, GEOBAROMETRY AT MT. MOOSILAUKE

Table 2. Electron microprobe analyses of gamet and staurolite

GARNET STAUROLITE

788 80D

s t o 2  3 8 . 5 3  3 6 . 3 7
A 1 2 O 3  2 1 . 8 5  2 L . 3 9
T i o 2  -  0 . 0 I
M g O  2 . 3 O  2 . 2 0

F e O  3 3 . 7 7  3 3 . 5 I
l l n o  4 . 4 6  4 . O 2
Z n O  n . d .  n r d .
c a o  0 . 8 7  1 . 8 6

3 7 . 2 7  3 7 . 1 0  3 6 . 6 8
21.03  2 ] . .39  20 .95

0 . 1 0  0 . 0 1  0 . 1 0
2 . 4 6  2 . 3 A  2 . 0 0

3 2 . 4 4  3 4 . 0 7  3 4 . 3 0
6 . 0 8  4 . 9 2  5 . 4 7
n . d .  n . d .  n . d .
I . 0 3  0 . 7 2  0 . 5 4

3 6 . 6 2  3 7 . 9 5
2 L . L 7  2 L . 3 6

o . o 2  0 . 1 2
2 . 9 9  2 . 4 5

3 0 . 4 8  3 0 . 3 9
7 . O 9  7 . 4 4
n .  d .  n .  d .
r . 3 3  1 . 3 3

2 .96A  3 .024
2 .O23  2 .006
0 . 0 0 1  0 . 0 0 7
0 . 3 6 1  0 . 2 9 0

2 .066  2 .026
o . 4 a 7  0 . 5 0 2
n .  d .  n .  d .
0 . 1 1 5  0 .  r I 3

8 .02 I  7 .96A

27 .45  29 .L7
5 4 . 5 4  5 5 . 0 r
o . 6 2  0 . 5 4
1 . 5 2  L . 2 2

1 3 . 5 5  1 r . 9 9
0 . 2 5  0 . 2 6
0 . 2 0  0 . 1 6
0 . 0 1  0 . 0 r

2 A , 7 9  2 A . 4 2
5 3 . 8 4  5 4 . 5 7

0 . 5 5  0 . 5 7
L . 4 7  1 . 3 7

L 2 . 9 3  I 0 . 8 4
0 . 2 4  0 . 3 7
0 . 3 2  2 , 5 0
0 . 0 2  0 . 0 2

3 . 8 0 6  3 . 9 8 6  3 . 9 7 I  3 . 9 1 1
8 . 9 1 3  8 . S 6 1  8 . 7 5 3  8 . S 5 1
0 . 0 8 1  0 . 0 7 0  0 . 0 7 2  0 . 0 7 3
0 . 3 1 3  0 . 2 4 9  0 . 3 0 2  0 , 2 A 2

L . 5 7 2  r . 3 7 0  L . 4 9 2  L . 2 4 7
0 . 0 2 9  0 . 0 3 0  0 . 0 2 8  0 . 0 4 4
0 . 0 2 0  0 . 0 1 6  0 . o 3 2  0 . 2 5 4
0 . 0 0 2  0 . 0 0 2  0 . 0 0 3  0 . 0 0 3

1 4 . 7 3 6  1 4 . 5 8 4  1 4 . 6 5 3  1 4 . 6 6 5

0 . 8 3 4  0 . 8 4 6  0 . 8 3 2  0 . 8 1 6

90A 92D 145E 1468 t46D 788 9 0 A 92D I46B

I 0 2 . 1 8  9 9 . 3 6  I 0 0 . 4 1  1 0 0 . 5 9  1 0 0 . 0 4  9 9 . 7 0  I 0 1 . 0 4  9 8 . 1 3  9 8 . 3 6  9 8 . 1 6  9 8 . 6 5

FORMT'],A BASIS 12 OXYGENS FORMT'LA BASIS 23 OXYGENS

si
AT

Ti

Mg

FE

Mn

Ca

3 .034  2 .964
2 .O2A  2 .057

o .270  0 .267

2 .224  2 .2A2
0 . 3 2 4  0 . 2 7 7
n .  d .  n .  d .
o . o 7 4  0 . 1 6 3

7 .954  8 .009

3 .003  2 .9A9  2 .9a7
1 . 9 9 8  2 . 0 3 2  2 . 0 1 1
0 . 0 0 6  0 . 0 0 1  0 . 0 0 6
o .296  0 .2A6  0 .242

2 .LA7  2 .295  2 .336
0 . 4 1 5  0 . 3 3 6  0 . 3 7 7
n . d .  n . d .  n . d .
0 .089  0 .062  0 .o47

7 .994  7 .996  8 .006

F e  0 . 8 9 2  0 . 8 9 5  0 . 8 8 1  0 . 8 8 9  0 . 9 0 6  0 . 8 5 1  0 . 8 7 5
Fe+Mg

0 . 7 6 9  0 . 7 6 4  0 . 7 3 2  0 . 7 7 2  0 . 7 7 8  0 . 6 8 2  0 . 6 9 I
0 . 0 9 3  0 . 0 9 1  0 . 0 9 9  0 . 0 9 6  0 . 0 8 I  0 . I 1 9  0 . 0 9 9
0 . 0 2 6  0 . 0 5 5  0 . 0 3 0  0 . 0 2 1  0 . 0 1 6  0 . 0 3 8  0 . 0 3 9
0 . 1 1 2  0 . 0 9 0  0 . I 3 9  0 . r r r  0 . L 2 6  0 . 1 6 1  0 . 1 7 1

xll
xpy
Xcn
Xsp

sample 92D, staurolite and muscovite rim prismatic
sillimanite, suggesting the retrograde reaction:

sillimanite + biotite + H2O

-+ staurolite * muscovite + quartz

(Billings, 1937; Rumble, 1973).

Phase equilibria

Figure 3 is an AFM projection (after Thompson,
1957) of mineral assemblages from the Moosilauke
septum. In general, there is a systematic distribu-
tion of Al, Fe, and Mg among coexisting phases,
with the exception of sample 80D. Most notable on
the figure, however, is the systematic displacement
of the seven garnet + biotite + Al2SiO5 assem-
blages with respect to Fe/Mg. Figure 4, which is a
projection from quartz, muscovite, Al2SiO5 and
H2O into the tetrahedron Fe-Mg-Ca-Na, shows
that there is a systematic increase in the Ca con-
tents of garnet and coexisting plagioclase with de-
creasing Fe/Mg. The one exception is sample 80D,

which has the highest Ca content, and relatively
high Fe/Mg. A similar projection into the tetrahe-
dron Fe-Mg-Ca-Mn (not shown) reveals that the
most manganiferous garnets are those with the
lowest Fe/Mg, again with the exception of sample
80D. Thus, the systematic displacement of the three
phase assemblages garnet-biotite-Al2SiO5 on the
AFM projection (Fig. 3) can be explained by con-
sideration of the additional components Ca and Mn.
The fact that sample 80D reveals crossing tie-line
relations indicates that this sample could not have
crystallized in equilibrium with the other assem-
blages, although there is no obvious textural evi-
dence for disequilibrium. Despite compositional
evidence for disequilibrium, geothermometry and
geobarometry on 80D (see below) yields tempera-
tures and pressures consistent with the other sam-
ples because of compensating factors in the calcula-
tion of the equilibrium constants. This reveals an
important point: consistency of calculated tempera-
tures and pressures cannot necessarily be taken as
evidence for equilibrium.
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Table 3. Electron microprobe analyses of biotite and muscovite

tl23

BIOTITE MUSCOVITE

I45E 1468 146D 788 80D

s io2  36 .31
AI2O3 L9.74
T io2  1 .43
I rgO 10.04

FeO 18.35
M n O  0 . I 2
c a o  0 . I 1
N a 2 o  O . 2 A
K 2 o  7 . 9 0

94.2A

3 5 . 1 S  3 5 . 6 5
1 9 . 5 2  L 9 . 7 6

L . 2 5  L . 2 9
9 . 7 7  1 0 . 4 0

20.L5  tA .24
0 . 1 1  0 . 1 3
0 . 0 1  0 . 0 1
0 . 1 9  0 . 2 A
a , 2 7  8 . 1 2

9 4 . 4 5  9 3 . 8 8

3 5 . 4 5  3 4 . 7 9
1 9 . 9 1  1 9 . 6 1

1 . 3 8  1 . 4 0
9 . 8 5  8 . 5 7

19.  19  20  .  53
0 .  l 0  0 . 1 7
0 .  0 5  0 .  0 6
0 . 4 5  0 . 4 2
? . a 7  8 .  1 5

9 4 . 2 5  9 3 . 7 0

36 .2A  36 .17
19 .90  t 9 .93

1 . 4 0  1 . 3 0
1 r . 14  1 I .  t 7

r 7 . 1 9  L 7 . 2 L
0 .  0 9  0  . 1 8
0 . 0 7  0 . 0 6
0 . 4 5  0  . 3 3
8 . 0 0  8 . 2 3

94 .52  94 .58

47.49  46 .77  46 .63
3 5 . 8 4  3 6 . 5 I  3 6 . 1 4

0 . 4 3  0 . 5 1  0 . 4 2
0 . 4 8  0 . 4 9  0 . 4 8

o . 7 4  0 . 9 4  0 . 7 3
-  o . 0 2  0 . 0 2

0 . 0 7  0 . 0 2  0 . 0 3
1 . 7 8  L . 2 6  I . 7 3
a . 2 9  9 . 2 2  8 . 4 3

9 s . L 2  9 5 . 7 4  9 4 . 6 1

6 . 2 4 L  6 , L 4 2
1 . 7 5 9  1 . 8 5 8

3 . 7 9 3  3 . 7 9 5
0 . 0 4 3  0 . 0 5 0
0 .  0 9 3  0 .  0 9 5
0 . 0 s 1  0 . 1 0 3

-  0 . 0 0 2
4 . 0 1 0  4 . 0 4 5

0 . 0 r 0  0 . 0 0 3
0 . 4 5 3  0 .  3 2 r
r . 3 8 9  L . 5 4 4
1 . 8 5 2  I . 8 6 8

o . 4 6 6  0 . 5 2 0

46.99  46 ,76
3 6 . 9 5  3 6 . 3 8

0 . 6 6  0 . 3 4
0 . 4 9  0 . 4 5

0 . 8 0  0 . 8 3
-  0 . 0 5

o , 0 2  0 . 0 3
r . 9 1  1 . 6 8
8 . 5 7  8 . 5 8

9 6 . 3 9  9 5 . 1 0

4 6 . 3 9  4 6 . 8 8
3 5 . 7 9  3 6 . 0 8

0 . 4 0  0 . 5 2
0 . 4 0  0 . 5 3

0 . 8 0  0 . 7 4
0 . 0 1  0 .  0 t
0 . 0 3  0 . 0 3
I . 3 4  1 . 3 8
8 . 7 0  A . 9 4

9 3 . 8 6  9 5 . 1 1

CATIONS PER 22 OXYGENS

si  5 .489 5 .385
Ar rv  2 .511  2 .6 r s

A Iv r  r . oog  0 .907
T i  0 .163  0 .145
M9 2.262 2.22A
Fe  2 .320  2 .580
r ' f t r  0.015 0.014
Ev r  5 .768  5 .A74

Ca  0 .018  0 .001
Na  0 .0S2  0 .057
K  1 .  s24  1 .616
xA  L .624  L .674

Fe  0 .506  0 .537
Fe+Mg

5 . 4 2 8  5 . 3 9 7  5 . 3 8 5  5 , 4 4 9  5 . 4 3 7
2 . 5 7 2  2 . 6 0 3  2 . 6 L 5  2 . 5 5 2  2 . 5 6 3

0 . 9 7 5  0 . 9 7 0  0 . 9 5 4  0 . 9 7 1  0 . 9 6 9
o . L 4 7  0 . 1 5 8  0 . 1 6 3  0 . 1 5 8  0 . t 4 7
2 . 3 6 0  2 , 2 3 s  L . 9 7 7  2 . 4 9 4  2 . 5 0 2
2 . 3 2 2  2 , 4 4 3  2 . 6 5 9  2 . I 5 9  2 . 1 6 3
0 . 0 1 6  0 . 0 1 3  0 . 0 2 3  0 . 0 1 2  0 . 0 2 3
5 . 8 2 0  5 . 8 1 9  5 . 7 8 4  5 . 7 9 4  5 . 8 0 4

0 . 0 0 2  0 . 0 0 8  0 . 0 0 9  0 . 0 1 2  0 . 0 1 0
0 . 0 8 3  0 .  I 3 3  0 . 1 2 s  0 .  1 3 0  0 . 0 9 6
L . 5 7 7  t . 5 2 a  1 . 5 1 0  1 . 5 3 3  L . 5 7 7
L . 6 6 2  1 . 6 7 0  L . 7 4 4  1 . 6 7 5  I . 6 8 3

0 . 4 9 6  0 . 5 2 2  0 . 5 7 4  0 . 4 6 4  0 . 4 6 4

6 . 1 7 1  6 . 1 1 5  6 . 1 6 5  6 . L 9 2  6 . 1 8 3
r . 8 2 9  1 . 8 8 5  1 . 8 3 5  1 . 8 0 8  1 . 8 1 7

3 . 8 1 r  3 . 7 A 4  3 . 8 r 9  3 . A 2 4  3 . 7 9 2
o . 0 4 2  0 . 0 6 5  0 . 0 3 3  0 . 0 4 0  0 . 0 5 2
0 .  0 9 5  0 .  0 9 5  0 .  0 8 9  0  .  0 8 0  0 .  1 0 4
0 . 0 8 r  0 . 0 8 7  0 . 0 9 1  0 . 0 8 9  0 . 0 8 2
0 . 0 0 2  -  0 . 0 0 5  0 . 0 0 1  0 . 0 0 1
4 . 0 3 1  4 . 0 3 1  4 . 0 3 7  4 . 0 3 4  4 . 0 3 1

0 . 0 0 4  0 . 0 0 3  0 . 0 0 4  0 . 0 0 4  0 . 0 0 4
0 . 4 4 2  0 . 4 8 2  0 . 4 3 4  0 . 3 4 7  0 . 3 5 3
t , 4 2 4  L . 4 2 3  1 . 4 4 2  1 . 4 8 0  I . 5 0 5
r . 8 7 0  1 . 9 0 8  t . 8 8 0  1 . 8 3 3  1 . 8 6 2

0 . 4 6 0  0 . 4 7 A  0 . 5 0 6  0 . 5 2 9  0 . 4 4 L

Staurolite is also present in four of the samples,
as shown in Figure 3. The presence of staurolite as
an "extra phase" on the AFM projection cannot be
explained by consideration of additional compo-
nents (for example, there is very little Zn present in
these staurolites). However, the presence of stauro-
lite is consistent with the notion that the chemical
potential of H2O is internally buffered by the miner-
al assemblages. As will be shown later, calculations
of fluid-dependent equilibria involving staurolite are
also consistent with P(H2O) ( P,o,ut in these assem-
blages. It should also be pointed out that presence
of Mn and Ca in the garnet allows reaction be[ween
staurolite, muscovite, sillimanite, biotite, and gar-
net to take place over a limited range of tempera-
tures.

Methods of pressure and temperature estimation

"Peak" metamorphic temperatures and pres-
sures at Mt. Moosilauke can be estimated in two
fundamental ways: (l) through comparison with
experimental determinations of the aluminosilicate

invariant point, and (2) through the application of
continuous equilibria that have been calibrated as
geothermometers and geobarometers.

Table 4. Electron microprobe analyses of plagioclase

?88 AoD 90A 92D l45E 1468 l46D

2 4 . t 4
0 , 4 r

5 . 7 3  2 . 9 r  2 . 2 4  1 . 9 0  5 . O 2  5 . 1 0
s . 0 9  9 . 3 7  1 0 . 5 0  r 0 . 6 s  s . 6 4  8 . 6 8
0 . 0 9  0 . 4 4  0 . 0 6  0 , 0 7  0 . 0 8  0 . 0 9

1 0 0 . 1 4  r 0 0 . 2 7  r 0 0 . 7 8  1 0 0 . 0 1  1 0 0 . 9 5  9 9 . 7 a  1 0 0 . 1 7

s i o 2  6 5 . 1 9  6 r . 3 2  6 4 . 9 3  6 5 . 2 5  6 6 . 2 4  6 2 ' 0 3
A I 2 o 3  2 1 . 2 L  2 4 . A 9  2 2 . 5 A  2 I . 7 3  2 1 . 6 6  2 3 . 6 0
F e o  0 . 0 3  0 . I 5  0 . 5 5  0 . 2 3  0 . 4 0  0 . 4 1

G O  2 . 6 5
N a 2 O  1 0 . 9 5
K 2 O  0 . l l

FORflULA BASIS A OXYGMS

st
AI
Fe

NA

K

Total

xtn
xns
xon

2 . A 7 L  2 . 7 1 4  2 . 8 4 3
1 . 1 0 2  1 . 2 9 9  1 . 1 5 6
0 . 0 1 0  0 . 0 0 6  0 . 0 2 0

0 . 1 2 5  0 . 2 7 2  0 . 1 3 6
0 . 9 3 5  0 . 6 9 4  0 . 7 9 5
0 . 0 0 5  0 . 0 0 6  0 . o 2 5

5 , 0 4 9  4 . 9 9 r  4 . 9 8 5

0 . 1 1 6  0 . 2 7 A  0 . 1 3 9
0 . 8 6 9  0 . ? 1 0  0 . 8 1 5
0 . 0 0 5  0 . 0 0 6  0 . 0 2 6

2.a7A 2 .AA7 2 .75A 2 .73A
1 . 1 2 5  r . t r 3  r . 2 3 7  t . 2 6 2
0 . 0 1 0  0 . 0 1 5  0 . 0 1 5  0 . 0 1 6

0 . 1 0 6  0 . 0 9 0  0 . 2 3 9
0 . a 7 3  0 . 9 0 3  0 . 7 4 5
0 . 0 0 3  0 . 0 0 4  0 . 0 0 5

o . 2 4 3
0 . 7  4 5
0 . 0 0 5

4 . 9 9 6  5 . 0 1 2  4 . 9 9 9  5 . 0 1 0

0 . 1 0 7  0 . 0 a 9  0 . 2 3 8  0 . 2 4 !
0 . a 8 0  0 . 8 9 2  0 . 7 4 2  0 . 7 3 9
0 , 0 0 3  0 . 0 0 4  0 . 0 0 5  0 . 0 0 5
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Fig. 3. AFM projection from quartz, muscovite, and H2O of
assemblages from the Moosilauke septum. Sample numbers are
indicated for each assemblage and staurolite is indicated by the
symbol X. Tie lines to staurolite have not been drawn for the
sake of clarity.

P-T coordinates of the Al2SiO5 triple point

The aluminosilicate invariant point is one of the
few in natural systems that involves only essentially
pure phases. As such, it offers the rare opportunity
to uniquely constrain pressure and temperature
conditions through petrographic observation alone.
Unfortunately, the position of the Al2SiO5 invariant

point in P-T space has been the subject of consider-
able debate (see Zen, 1969, and Anderson et al.,
1977 , for succinct reviews), and there is still contro-
versy over which value to accept. Anderson er a/.
(1977) point out that Holdaway's experiments are
the only ones consistent with all of the available
thermodynamic data, and Helgeson et al. (1978)
arrive at a similar conclusion. Consequently, we
will adopt Holdaway's estimates of 501-r20"C and
3760-F300 bars for the P-Zcoordinates of the alumi-
nosilicate triple point.

In assigning these conditions to the Mt. Moosi-
lauke area we ignore the possible complicating
effects of additional components in the aluminosili-
cate minerals. Strens (1968) and Althaus (1969),
among others, have expressed concern that ferric
iron content could have a significant effect on
Al2SiOs equilibrium. Rumble (1973) presents Fe2O3
analyses for eleven aluminosilicates from the Moo-
silauke area, which range from 0.12 to 0.42 wt.%.
These values fall well within the range of ferric iron
contents reported by Holdaway (1971).

Garne t-biotit e g e ot he rmo me t ry
The cation exchange reaction:

Mg3Al2Si3O12 * KFe3AlSi3Or0(OH)2
garnet biotite

: Fe3Al2Si3Or2 + KMg3AlSi3Or0(OH)2 (1)
garnet biotite

Fig. 4. Stereoscopic projection (Spear, 1980) from quartz, muscovite, Al2SiO5 and H2O into the tetrahedron Fe-Mg-Ca-Na
showing the distribution of tie lines among garnet (which plots closest to the Fe apex), biotite (which plots along the Fe-Mg join) and
pfagioclase (which plots along the Ca-Na join). Assemblages in order in increasing Ca content in plagioclase are;145E,92D,788,
90A, 1468, 146D, 80D.
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has been calibrated as a geothermometer by
Thompson (1976), Goldman and Albee (1977), and
Ferry and Spear (1978). Thompson's empirical cali-
bration is based largely on comparison of natural
assemblages with experimental phase equilibria.
Goldman and Albee based their calibration on tem-
peratures derived from quartz-magnetite oxygen
isotope exchange geothermometry. The Ferry and
Spear calibration is based on experiments in the
purely binary Fe-Mg system. Field application of
the Ferry-Spear calibration can be hampered by
significant deviations from the idealized system
(Ferry and Spear, 1978). The Thompson and Gold-
man-Albee calibrations probably minimize compo-
sitional effects since they are based on natural
assemblages, but neither corrects for the effects of
pressure on the equilibrium. Furthermore, both of
these calibrations may be affected by the propensity
of garnet and biotite to reequilibrate during cooling
at geologically reasonable rates, and may thus sig-
nificantly underestimate metamorphic tempera-
tures. This problem is strongly amplified in the
Goldman-Albee calibration inasmuch as both Fe-
Mg and ta6lo6 exchange may have occurred at
different rates during cooling. Reequilibration dur-
ing cooling should be more pronounced in higher
grade assemblages, and indeed, all three garnet-
biotite calibrations agree reasonably well at low
temperatures. At conditions comparable to those of
the Al2SiO5 triple point, the Thompson and Ferry-
Spear calibrations yield virtually indistinguishable
results.

Because it expressly accounts for pressure ef-
fects, we will use the Ferry-Spear calibration:

0: 12454 - 4.6627('K) + 0.057P(bars)

+ RT("K)lnKr

where2

assuming ideal solution.

Gar ne t-p la gio c la s e-Al2S iO 5-qu ar t z g e o b aro me t ry
The equilibrium relation:

CarAlzSirOr2 + 2Al2SiO5 + SiO2
garnet Al-Si qtartz

: 3CaAl2Si2Os Q)
plagioclase

has been calibrated as a geobarometer by Ghent
(1976) using available thermochemical data. For
sillimanite-bearing assemblages, the expression is :

0 : 11675 - 32.8157("K) + 1.301[P(bars) - 1]

+ R("K)lnKz.

Whereas Ferry and Spear (1978) treated garnet solid
solution as ideal in their calibration of Equilibrium
1, Ghent (1976) and subsequent authors have em-
phasized the need to account for the non-ideality of
garnet as well as plagioclase solid solutions when
applying Equilibrium 2. The equilibrium constant
for this equation can be expressed as:

( X u n ) l ( " ' t 3
X" : -- %- : (KziXKzni)

(X*.)'(7*r)'

where K21 and K2niatfa the "ideal" and "non-ideal"
components of K2, respectively. Pointing out that
the necessary activity coefficients are rather poorly
known, Ghent et al. (1979) suggested an empirical
method for estimating the effects of non-ideal solu-
tion behavior on Equilbrium 2. It was assumed that
lines of constant Kp for the equilibrium grossular *
kyanite + quartz: anorthite were approximately
parallel to Holdaway's (1971) kyanite-sillimanite
curve. K2; was calculated for a number of samples
that straddled a kyanite-sillimanite isograd. K2.1
was then calculated such that the P-T curve for
Equilibrium 2 would coincide with the kyanite-
sillimanite boundary. This approach yields Kzni :

2.5, a value which we will adopt here.

G ar ne t-mu s c ov it e-p I a g io c las e-b io tit e
geobarometry

The equilibrium relation:

MgrAlzSirO t2 * Ca3Al2Si3O12 + KAl3Si3Oro(OH)z
garnet garnet muscovite

: 3CaAlzSizOs * KMg3AlSi3Or0(OH)2, (3)
plagioclase biotite

and its Fe counterpart:

Fe3Al2Si3Or2 * Ca3Al2Si3O12 * KAl3Si3Oro(OH)2
garnet garnet muscovite

: 3CaAlzSizOe * KFerAlSi:Oro(OH)z @)
plagioclase biotite

involve Ca partitioning between coexisting garnet
and plagioclase similar to Equilibrium 2 and should
also be pressure sensitive. Ghent and Stout (1981)
have presented an empirical calibration of these two2See Table 5 for component abbreviations.
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equilibria using natural samples from the Water-
ville-Vassalboro area, Maine (Ferry, 1980) and the
Mica Creek area, British Columbia, for whichP and
? have been estimated using Equilibria I and 2.
Their results are:

0 : - 8888.4 - 16.6757("K) + 1.738P(bars)

+ RT('K)lnK3

and

0: 4124.4 - 22.0617("K) + 1.802P(bars)

+ RZ("K)ln&

where

If one assumes 7.u : 1.0 (Orville, 1972) and an
asymmetric solution model for muscovite solid so-
lution,

- lnKs : ln(XpJ - ln(X"u) - lnlf(HzO)l

+ (x ̂ J2 I RTIW eu+ 2(X p)( Wo.,, - Wp")1.

Chatterjee and Froese (1975) estimate the necessary
Margules parameters as:

Wpu : 2923.1 + 0.1590P(bars) * 0.I698ZCK),

and
W^u : 4650.1 - 0.1090P(bars) + 0.39547("K).

G ar n e t- s t aur o li t e-Al 25 iO 5-qu ar t z- H 20
geothermometry

Iron partitioning between garnet and staurolite in
the presence of sillimanite and quarlz can be de-
scribed by:

3FesAl36Sil5OsoHa + 25SiO2 : 8Fe3Al2Si3O12
staurolite qvartz garnet

+ 6Al2SiO5 + t2H2O. (6)
AI-Si

Based on the experimental data of Richardson
(1968), Hutcheon (1979) suggests the calibration:

0: 1571113 - 1837.668TCK) - 0.897tP(bars)-ll
+ RfCK)lnK6

Using the ideal activity-composition formulation of
Hutcheon (1979), K6 is calculated as:

(v t24
Ku: #* . f lHzo)tz
" \XeJ'*

Results

Using data from Tables 2-4 and the formulae
given in Table 5 for calculating the mole fractions of
phase components, equilibrium constants were gen-
erated for the continuous reactions described in the
previous section. If a standard error (o) of 3Vo is
assumed for the microprobe data, then the standard
error for an equilibrium constant of the form K :

^A,B,C,D.  .  . )  i s :

&*: Gxlal)' (oi' + GKIaB)2 (6'r)2 + @KlaC)2
(oc)2 I @KlaD)z (cr)' . . .

(Smith, 1966, p. 174). For the Moosilauke septum
data, this formulation yields o61 - 0.16, oyi2 - 0.16,
crK3 - 0.21, and crK4 - 0. 18, or approximately *4-
5% of the value of K. Rigorous error analysis was

and

K a :
(x.J3(x",J3

(X-"XX.)3(Xe.)3

These formulations for K3 and Ka utilize ideal ionic
solution models for the various phases with the
effects of non-ideality being accounted for by the
numerical coefficients in the equilibrium constant
equations. It should be noted that these values,
which are based on P-T estimates from garnet-
biotite and garnet-plagioclase-Al2SiO5-quartz
equilibria, rely completely on the accuracy of these
calibations; consequently, they carry large uncer-
tainties.

P la gio c I a s e-m us c ov it e-Al2S iO 5-qu art z-H zO
geothermometry

The equilibrium:

NaAl3Si3Ols(OH), + SiO2 : NaAlSi3Os
muscovite quartz albite

+ Al2SiOs + H2O (5)
AI-Si

has been calibrated as a geothermometer by Cheney
and Guidotti (1979) based on the experimental re-
sults of Chatterjee (1972). The equilibrium expres-
sion is:

0 : 22057.11 - 40.677("K) + 0.1069[P(bars) - l]

+ RT('K)lnK5

and

",:ffi#..r(H,o)



Table 5. Formulae used to calculate mole fractions of phase
components

ll27

Figure 5 for each equilibrium represent one stan-
dard deviation in the equilibrium constant as calcu-
lated above, and do not reflect possible errors in
calibration. The overall uncertainties of the calcu-
lated pressures and temperatures will be larger than
these error brackets.

From Figures 5 and 6 it can be seen that tempera-
tures calculated from the garnet-biotite geother-
mometer as calibrated by Ferry and Spear (1978)
are entirely consistent with Holdaway's estimated
triple point temperature. Temperatures calculated
using this equilibrium are within analytical error of
501'C for all but two samples (78B and 146D), and
in these cases the analytical error brackets overlap
Holdaway's reported error for the triple point tem-
perature (*20').

Pressures estimated from simultaneous solutions
of Equilibria 1 and 2 (Fig. 6a) are generally in very
good agreement with Holdaway's estimate of
37601300 bars. The one notable exception is sam-
ple l46D for which a pressure of 2320-1500 bars is
calculated using Equilibria 1 and 2. It is perhaps not
coincidental that this is the sample that shows the
strongest signs of textural disequilibrium.

The error polygon produced by the intersection

HODGES AND SPEAR: GEOTHERMOMETRY. GEOBAROMETRY AT MT, MOOSILAUKE

X a I = F e / ( F e + t € + C a + M n )

Xpy - I€/(Fe + !18 + ca + lh)

Xgr = cal(Fe + ilg + ca + Itn)

Xpg = Fel(Fe + ltg + lh + zn)

Xann - Fel(Fe + lg + r .  + etvl l

xph = ! t / (Fe + lg + t t  + elvr;

X a n = C a l ( C a + N a + K )

x " 5 - N a / ( C a + N a + K )

2
xr" = (XX )(X61y1)

2
xoa = (xua)(xnvr)

x 1  = K / ( c a + N a + K )

x N a - N a / ( c a + N a + K )

xAlvr - Ntvr/(Fe + Irg + r'h + rr + Alvr)

aI -  al@ndlne, py -  pyrope, gr = grossular,  Fe = Fe end-

Eenber slaurol l te,  ann - annlEe, ph -  phlogoptte, an =

anorthl te,  ab -  albi le,  N = nuscovite,  pa = paragonite.

not attempted for fluid-dependent equilibria be-
cause uncertainties infiHzO) far outweight analyti-
cal uncertainties for these reactions.

Pressure-temperature curves for fluid-indepen-
dent reactions, calculated using the equilibrium
constants for each sample, are shown in Figure 5
and diagrams depicting the intersection of Equilibri-
um I (garnet-biotite) with Equilibria2,3 and 4 are
presented in Figure 6. The two lines shown in
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Fig. 5. P-I plots of fluid-independent equilibria l-4 for the studied samples. Dotted curves = equilibrium I, solid curves =

equilibrium 2, dashed curves = equilibrium 3, and dash-dot curves : equilibrium 4. The two curves shown for each equilibrium
represent +lo based on propagation of 3% standard error in microprobe analyses.
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300 500

Tfc)
Fig.6.SynopticP-Tdiagramsshowingsimultaneoussolut ionsofequil ibr ial+2(a),equi l ibr ial+4(b),andequil ibr ial+3(c)for

all samples.

o
J

a-

of Equilibria I and 4 (Fig. 6b) includes the triple
point for sample 145E, and overlaps the triple point
error brackets for all other samples except 788 and
90A. Note that, in every case, the Equilibria l-4
solution estimates higher pressures than the l-2
solution. This was an unexpected result, consider-
ing that Equilibrium 4 was calibrated using Equilib-
ria 1 and 2, and perhaps suggests a slight, but
consistent, error in the calibration.

Simultaneous solution of Equilibria I and 3 (Fig.
6c) results in pressure estimates for all samples that
are consistent with Holdaway's (1971) triple point
error brackets. However, propagation of 3Vo analyt-
ical errors yields very large standard errors for
calculated pressures (* -1000 bars), and severely
limits the usefulness of this equilibrium for geoba-
rometry in natural systems.

The two fluid dependent equilibria, Equilibria 5
and 6, can be used to estimate metamorphic tem-
peratures if an assumption is made about p(H2O).
All of the samples contain graphite; thus, the maxi-
mum P(H2O) in a C-O-H fluid at triple point
pressure-temperature conditions is approximately
0.92P61^1or 3460 bars (Ohmoto and Kerrick, 1977).
Assuming this value, temperatures calculated using
Equilibria 5 and 6 are 75-150"C higher than those
calculated from fluid independent equilibria (Table
6).

A number of workers (e.g., Ghent et al., 19791.
Hutcheon, 1979; and Ferry, 1980) have discussed
poor calibration as a source of error involving
staurolite equilibria, and this must account for at
least part of the discrepancy in temperature esti-
mates. Another possibility is crystallization under
conditions of P(HzO) ( Ptot r. Using the tempera-

tures and pressures calculated from the fluid inde-
pendent equilibria for each sample, the H2O fugaci-
ties shown in Table 6 are calculated. These values
range from approximately 200-600 bars for equilib-
rium 5 and l0-2 to l0-5 for equilibrium 6. The
fugacity values calculated from Equilibrium 6 are
considered to be too low to be geologically reason-
able, but the values of 200-600 bars obtained from
Equilibrium 5 appear to be quite reasonable and
correspond to P(HzO) : 0.1-0.3 of Ptot.r. Assuming
that P6rr;6 : Ptot.l, it is possible to calculate the
composition of a C-O-H fluid in equilibrium with
graphite at this specified value of J(HzO) (e.g.,
Ohmoto and Kerrick, 1977). Such a fluid will either
be moderately oxidizing (for> QFM), CO2-rich and
CHa-poor or moderately reducing (foz < QFM),
CO2-poor and CHa-rich. Both are geologically rea-
sonable fluid compositions; thus, the calculated low
values of P(HzO) are not inconsistent with Pfluid :
P1o61. The remarkable feature of these calculations
is the similarity of H2O fugacities over the entire
study, area. How water fugacity could be main-
tained at such consistently low values over such an
extensive, predominantly pelitic terrain is not at all
clear.

Other estimates of P-T conditions in the
Moosilauke septum

In a recent study of fluid flow during metamor-
phism at the Beaver Brook fossil locality on the
eastern margin of the Moosilauke septum, Rumble
et al. (1982) estimate metamorphic temperatures of
600i-40"C using a variety of fluid-dependent calc-
silicate equilibria and assuming Pn,ic : Ptot :
35001300 bars. This estimate is reasonablv consist-
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ent with the temperatures calculated in the present
study using fluid-dependent equilibria, but is about
100' higher than our fluid-independent estimates.
Temperatures calculated by Rumble et al. (1982)for
coexisting alkali feldspars from a pre- to syn-meta-
morphic quartz monzonite dike in the Littleton
Formation are 509 to 529"C, depending on the
calibration used for K-Na exchange between pla-
gioclase and microcline. These estimates are com-
parable to our garnet-biotite values for samples
145E and 1468, which are from the Beaver Brook
area. Considering the distribution of aluminosili-
cates in the Moosilauke septum and the good agree-
ment between garnet-biotite and plagioclase-mi-
crocline temperatures, we suggest that the fluid-
dependent calc-silicate equilibria may overestimate
metamorphic temperatures at Beaver Brook.

Toward a more consistent set of calibrations

Thus far we have used calibrations of geothermo-
meters and geobarometers exactly as they appeared
in the literature in order to test their internal con-
sistency. Unfortunately, different calibrations as-
sume different solution behavior for the same min-
eral systems. For example, the two calibrations that
yielded P-T estimates that were most consistent
with Holdaway's triple point were the Ferry and
Spear (1978) calibration of Equilibrium I and the
Ghent et al. (1979) calibration of Equilibrium 2. The
former treats garnet solid solution as ideal whereas
the latter assumes non-ideality. In this section we
present calibrations of these equilibria that adopt a
consistent set of solution models. Specifically, we
assume non-ideal solution behavior for garnet and
plagioclase, ideal Fe-Mg mixing for biotite, and
purity for all other phases. Unfortunately, the use
of non-ideal models requires the introduction of
activity coefficients, which are not always well
known for the temperatures and pressures of inter-
est. We can, however, place important constraints
on these values through the use of the Mt. Moosi-
lauke data.

Garne t-biotit e g eot hermome try

Mueller (1972) suggested that Fe-Mg solid solu-
tion in biotite is nearly ideal. Although this conclu-
sion has been questioned by other workers (e.g.,
Dallmeyer, 1975), we will assume ideality and sug-
gest caution in applying this geothermometer to
samples in which Ti is a major biotite component.
Accounting for non-ideality in garnet solid solu-

tions, the equilibrium constant for the garnet-bio-
tite geothermometer becomes:

yy : (orr)tlaunnlt - (xpi3lxuni3 . ?yo),
rL | 

1ao6)3(au)3 1xorJ3(x.J3 (y")'

(Kf refers to Equilibrium l, the * differentiates it as
the equilibrium constant formulation involving non-
ideal activity-composition relations.) Ganguly and
Kennedy (1974) suggest a symmetric, four-compo-
nent solution model for garnet such that:

RT('K)ln7o, : Wr"uc(Xur)2 ^ + WguMg(Xg,)2 +
lVrr,r*rurn(X"o)' * (Wr.ue - Wcup. *
Wc^u)Xu$* * (lVc"prg - V/cuv. *
WylgM)Xg$.p * (V/p.y, - WF"M'

* lTue1aJ&rX"p (7)

RT('K)lny"r : Wp"Mg(Xpy)2 + Wgup.(Xg,)2 +
V/r.u.(X.p)' * (l7r'"rvrg - Wcuue *
Wgup")XpyXs, * (lVc.r. - Wc.u. *
Wp"un)XcXro 4 (Wr.r"rg - lVr"rru. *
Wp.y)XoyX'p (8)

where Wi, are the free energy interaction or Mar-
gules parameters for the bounding binary solutions
in the quaternary system. Table 7 presents our pre-
ferred values for these parameters. Some of these
choices are rather universally agreed upon whereas
others are the subject of debate. We have attempted
to select values that are the most consistent with
current experimental data except where the labora-
tory results are in strong disagreement with geolog-
ic data. The most poorly known of these parameters
are those pertaining to manganese. We have fol-
lowed Ganguly and Kennedy (1974) in assuming
essentially ideal behavior for the almandine-spes-
sartine and grossular-spessartine binaries, but py-

Table 6. Calculated values for fluid-dependent equilibria

s98 328
590 595
594 209

788
80D
90A
92D

I45E
L46R
I46D

* * *
r (  "c )  f (H20)

595 I  94
596 400
59r  293
591 255

* * *
r ( ' c )  f ( H z o )

665 3xI0-5

664 3xl0-4
666 2x l0 -4

667 2xIO-2

*  T e m p e r a t u r e 6  c a l c u l a t e d  a s s @ i n g  P ( H 2 0 )  =  0 . 9 2 P t o t  =  3 4 6 0 b .

** f(H20) values calculated uslng T and P est lmates froo
f lu id- independenE equiLibr la.
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Table 7. Margules parameters for garnet solid solutions

MARGULES PARAMETER

wreug = o

wc"Mg = 3300-t .5T(oK)

wugun = o

wcaFe = o

wcaMn = o

wF.Mt = o

Newton and Hase l ton  (1981)

N e w t o n ,  e t  a l .  ( 1 9 7 7 )

Ttrls Study

C r e s s e y ,  e t .  a I .  ( I 9 7 8 )

canguly and Kennedy (1974)

Ganguly and Kennedy (1974)

rope-spessartine solutions seem more problematic.
We can use the Mt. Moosilauke data to constrain
the value of lVygy. zt P-T conditions near those of
the aluminum silicate triple point. Substituting Mar-
gules parameters from Table 7 into equations (7)
and (8), we find that:

(yo")

f f i :exP

(Blw - t.s(rx)l(Po + x^rxo + xox"o + xorx")
1 RffK)

* }7r,,r*r"(x2* + xox"o + x.,x"o + xnrx"o) \ 19;
RrcK) I

Table 8 shows temperatures obtained for the Mt.
Moosilauke samples assuming P : 3760 bar and
using the Ferry and Spear calibration with Kf
calculated for various values of l7yg15an. Ganguly
and Kennedy's (1974) suggestion of3500 caUmol for
this parameter leads to significant overestimates of
metamorphic conditions in the Moosilauke septum
as inferred from Holdaway's triple point. In fact,
only the assumption of W1agy1 - 0 yields reason-
able temperatures, suggesting that pyrope-spessar-
tine solutions are effectively ideal at these P-T
conditions. In addition, Wr,ruun - 0 gives the small-
est range of temperatures for rocks which presum-
ably formed at about the same temperature.

Garnet-p lagioclas e-Al2S iO 5-euartz g e o barome t ry
Newton and Haselton (1981) have recently pre-

sented a new calibration for Equilibrium 2 based on
Goldsmith's (1980) experimenial determination of
the end-member reaction. Since it is based on more
recent experimental data than that of Ghent (1976)
and Ghent et al. (1979), this calibration will be used

in the discussion to follow. The equilibrium coeffi-
cient equation becomes:

0 :9192 - 30.786rCK) + AVP(bars)
+ RT('K)lntr$

where sillimanite is the aluminum silicate of inter-
est. Although AV, the change in partial molar
volume for the reaction, is a constant for the end-
member reaction (1.3045; Helgeson et al., 1978),
Newton et al. (1977) and Cressey et al. (1978)found
that pyrope-grossular and almandine-grossular sol-
id solutions show significant excess partial molar
volumes when the grossular component constitutes
less than 40 mole percent of the solution. Thus, AV
for Equilibrium 2* will vary depending on the com-
position of the garnet in question. Newton and
Haselton (1981) presented an analytical expression
for calculating the partial molar volume of the
grossular component in pyrope-grossular and al-
mandine-grossular solutions, and we follow their
method here. It should be noted that the effect of
Mn on the partial molar volume of the grossular
component is not accounted for in these equations.
The equilibrium coefficient for reaction (2*) is given
by:

rc:9"1:(oo)t

Following Ganguly and Kennedy O974) and assum-
ing Margules parameters from Table 7, the activity
of the grossular component in garnet is computed as

ao: (X")exp

13300 - 1.5(n)(xev2 + x^txpv + xevx"p)
RT

(10)

Table 8. Temperatures calculated from Equilibrium l* for P =
3760 bars using various values of Wl,ao;a,

Values of I'114*yo

SAMPI,E/I t000

78B
80D
90A
92D

5440C
583
598
578

540
573
582
s66

584
649
583

518 497
554 536
552 524
543 521

4 7 7
5 1 8
498
500

507
538
4 8 r

l 45E
I468
l46D

598
670
503

5s7 531
609 572
546 512
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Obtaining a useful expression for the activity of
anorthite in plagioclase is more difficult. Orville
(1972) found 7.' : 1.276 at 700'C and 2 kbar for the
compositional range of interest, but is unclear how
to extrapolate this value to lower temperatures and
higher pressures. Based on high-temperature cal-
orimetry studies, Newton et al. (1980) suggest that:

R?1n7., : *uafWcu * 2Xun(Wyu - wc)l (11)

where Wcu:2025 caUmol and lVyu :6746 callmol.
Kerrick and Darken (1975) presented a variety of
simple models based on statistical mechanics that
could be used to account for the configurational
entropy of plagioclase mixing in activity calcula-
tions. Of these, Newton et al. (1980) suggest that
the "Al-avoidance" model is most consistent with
Orville's (1972) experimental data. That is:

x"" (l * xu)' (12)aan :  
fan '

We have applied the above equations-the Gold-
smith (1980) experimental determination of the end
member reaction as discussed by Newton and Ha-
selton (1981) (Equation 2*), with corrections for as,
(Equation 11) and a., (Equation 12)-to the Mt.
Moosilauke samples, assuming T : 501'C. The
pressures calculated are generally inconsistent with
Holdaway's (1971) estimate of 3760 bar for the
triple point pressure (Table 9). Of all the possible
sources of error, it seems most likely that this
reflects problems in the activity-composition rela-
tionships assumed for plagioclase. As pointed out
by Newton and Haselton (1981), Equation (12) is
strictly valid only for the high structural state
plagioclase for which the laboratory data of Orville
(1972) and Newton et al., (1980) were obtained. Al-

Table 9. Calculated pressures from Equilibrium 2* for f: 501'C
using different activity models for plagioclase

Si ordering at lower temperatures may invalidate
this expression. Table 9 also shows pressures calcu-
lated for the Mt. Moosilauke samples using the
activity coefficient formulation of Newton et al.,
(1980) and Kerrick and Darken's (1975) Model 4,
which assumes complete local electrostatic neutral-
ity and complete Al-Si ordering(i.e., aun: yu$un).
In this case, pressures are unreasonably low and in
some cases negative.

Given these results, it seems useful to invert the
problem and attempt to constrain plagioclase activi-
ty-composition relationships using the Mt. Moosi-
lauke data. For simplicity, we adopt Kerrick and
Darken's Model 4 such that:

Qun: " lun Xun (  13)

Table 9 shows pressures calculated using values for
yunof |.276 (Orville's recommended value), l.8 and
2.0. Results that are most consistent with
Holdaway's triple point are obtained for 7.. : 2.0.
Thus, we suggest that the expression presented by
Newton et al., (1980) for 7., may overcorrect for
plagioclase non-ideality at -500"C by a factor of
two or more.

Discussion

Figure 7 illustrates P-Zestimates obtained for the
Mt. Moosilauke samples as a result of simultaneous
solution of Equilibria 1* and 2*.In generating this
diagram, we have used the Ferry and Spear (1978)
and Newton and Haselton (1981) equilibrium con-
stant equations, and we calculated activities using
Equations (9), (10), and (13) assuming Margules
parameters from Table 7 and y*,: 2.0. Estimates
for each sample are in reasonably good agreement
with those shown in Figure 6a, although there is
somewhat less scatter in Figure 7. It should be
stated explicitly that the tight cluster of points on
this figure around Holdaway's triple point does not
prove the "accuracy" of the calibrations used,
since triple point P-T conditions were assumed in
their derivation. However, Figure 7 does show that
calibrations of Equilibria I and 2 made using a
consistent set of solution models for garnet and
plagioclase can yield reasonable pressure and tem-
perature estimates for amphibolite facies assem-
blages. Because of uncertainties in Margules pa-
rameters for garnet solid solutions (especially those
involving manganese) and in activity-composition
relationships for plagioclase, the general applicabil-
ity of the calibrations presented here is unclear. We

7 8 B  5 0 5 8  8 9 5  5 5 3 3  4 2 9 7  3 9 1 8
80D 3654 451 5056 3A22 3444
90A 5148 . t  137 5399 4176 3801
92D 4750 52r  5 t47  3910 3493

l45E 4151 3I7 4786
1458 3153 -253 43 t9
t46D 3093 -290 4274

3546 3 t  67
3 0 9 6  2 7 2 2
3052 2677

A) . fan fron Nevton et aL (1980) with Al.-avoldance nodel.
B) yan fron NewEon et aL (1980) with Al-Si ordering and

local charge balance.
C) Yan = 1.276 with A-I-sl  ordering and local charge balance.
D) yan - 1.8 with A1-Si orderlng and Lcal charge balance.
E) lan = 2.0 wlth Al-Si older ing and local charge balance.
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P (kb)

ia5s',\rco
'.1460

rec)
Fig. 7. P-T diagram showing the results of simultaneous

solution of equilibria l* and 2* for all samples. Aluminosilicate
stability fields after Holdaway (1971) are shown for reference.

suggest discretion in their use for samples that
crystallized under granulite facies conditions
(where the Newton et al.,l98O,7an expression may
be more appropriate than our value of "lun : 2.0),
and for samples containing high-Ti biotites and/or
spessartine-rich garnets (X"o > O.Z).

Throughout this paper, we have estimated errors
in P-Testimates by propagation of assumed analyti-
cal errors through appropriate error magnification
equations. This is certainly overly optimistic. Un-
certainties in activity-composition relationships as
well as in experimental determinations of end-
member reactions compound the errors. Although it
is difficult to quantify these effects, it seems likely
that the maximum realistic precision of pressures
and temperatures calculated from Equilibria I and 2
are on the order of -11500 bar and +50oC although
the internal consistency of calculated p's and ?-s in
"well-behaved" samples is approximately one-half
to one-third this value (e.g., Fig.6,{). Because of
the empirical methods used for calibration of Equi-
libria 3 and,4, uncertainties involved in their use are
certainly larger than these values.

Finally, despite our conclusion that Equilibria I
and 2 accurately record peak metamorphic condi-
tions at Mt. Moosilauke, the reliability of their
doing so in rocks crystallized under all metamor-
phic conditions is suspect. Regardless of the quality
of calibration of a geothermometer or geobarome-
ter, retrograde reequilibration of a given petrologic

system during uplift and cooling of a metamorphic
terrain can lead to significant underestimates of
peak metamorphic conditions. In many cases, there
is petrographic evidence for such back-reactions.
However, operation of an exchange reaction such
as Equilibrium I in a retrograde sense leaves no
textural evidence, although it may be reflected in
the compositional profiles of reequilibrated garnets
(e.9., Lasaga et al., 1977). Since the retrograde
operation of simple exchange reactions is probably
a diffusional process and thus dependent on both
absolute temperature and cooling rate, any ex-
change geothermometer or geobarometer should be
used with caution in high-grade, slowly cooled,
regional metamorphic terrains.

Conclusions

Temperatures and pressures recorded by fluid-
independent geothermometers and geobarometers
in pelites from the Mt. Moosilauke area, New
Hampshire, are in very good agreement with P-T
conditions predicted by the aluminum silicate triple
point of Holdaway (1971).In particular, the calibra-
tions of Ferry and Spear (1978) and Ghent et al.
(1979) for garnet-biotite and garnet-plagioclase-
aluminum silicate-quartz, respectively, appear to
be fundamentally correct, at least for the composi-
tional ranges encountered. However, their applica-
tion to natural systems is complicated by inconsis-
tent assumptions of garnet solution behavior in the
calibrations as originally published. Recalibrations
of these equilibria using a consistent set of mixing
models is straightforward but hampered by uncer-
tainties in Margules parameters and activity coeffi-
cients for garnet and plagioclase solid solution. By
assuming that the Mt. Moosilauke samples equili-
brated at pressure and temperature conditions near
those of Holdaway's (1971) triple point, we have
used the data presented in this paper to constrain
these unknowns. Reasonable P-? estimates can be
obtained for the Mt. Moosilauke samples by assum-
ing: (1) that the only significant deviation from
ideality in garnet solid solutions occurs along the
pyrope-grossular binary; and (2) that there is com-
plete Al-Si ordering in plagioclase and t^n - 2.0.
The validity of these assumptions at P-? conditions
greatly removed from the aluminum silicate triple
point is presently unknown.
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