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A comparative study of geothermometers arld geobarometers in pelitic schists
from south-central Maine

JosN M. FenRY

Department of Geology, Arizons State University
Tempe, Arizona 85281

Abstract

Pelitic schists from a Buchan-type metamorphic terrain contain eight lndependent geother-
mometer/geobarometers. Three pairs of fluid-independent geothermometer,/geobarometers
record lithostatic pressures consistent with 3500i200 bars. Fluid-independent geothermome-
ters are mutually consistent and record a N-S temperature gradient in the area ranging from
a mean of 460"C in the garnet zone to a mean of 550"C in the sillimanite zone. Fluid-depen-
dent geothermometers record temperatures that are systematically higher than those recorded
by fluid-independent geothermometers. The discrepancy is due to a combination of imprecise
laboratory calibration of mineral equilibria and to conditions of p6,6 ( P,o-r during meta-
morphism. The mole fraction of HrO in the metamorphic fluid was variable, and generally
ranged between values of -0.5 and l. Temperature and pressure estimates based on mineral
equilibria in pelitic schists are in good agreement with temperature and pfessure estimates
based on mineral equilibria in metamorphosed carbonate rocks from the same area.

Introduction tain one or more of the following geothermometet/

One goal of metamorphic petrology is to estimate ee1blo11ten: biotite-garnet; garnet-plagioclase-

the pressure-temperatuie conditiont d"ti";";;;;: quartz-aluminum silicate; garnet-cordierite-sillima-

morphic events and to estimate the composlti"".'"f nite, Or1,1lz; muscovite-quartz-plagioclase-alumi-

fluids in equilibrium with mineral 
"rr"-btog". 

iltf- num silicate; muscovite-quartz-microcline-sillima-

ferent rock types. Laboratory calibration 
"f;;; 

nite;. staurolite-quartz-garnet-aluminum silicate;

equilibria in the past two decades t u, p".-ii"?lJ- co. rdierite-garnet; and plagioclase-microcline' In ad-

terminations of pressure, temperature, 
""4 

n"iJioi- dition, metamorphosed carbonate rocks from the

position to become more numerous and t" ;;pt; samearea contain a variety of geothermometers: cal-

increasingly varied mineral associations; rp""if' r"- cite-dolomite; plagioclase-calcite-zoisite-quartz-

lected examples include studies fV Cn"o-"V-u"i 9u:""!. 
plagioclase-calcite-zoisite-quartz-amphi-

Guidotti (1979), Ghent (1975), Hot"ft"o" tfgigi 
bole.-diopside; plagioclase-calcite-Toisite-quartz-

Jones (1922), and Rice (r977a,b). 
\" ' ' 

" biotite-amphibole-microcline; and plagioclase-cal-

The purpose of this study is twofold. First, geo- cite-zoisite-quartz-muscovite-microcline' Calcu-

thermometer,/geobarometers were used to ;rH;;" tatej,lalu;s of pressure' temperature' and fluid com-

pressure-temperature conditions during -.t;;;;: rytl1i:li.9"rived 
from mineral assemblages in the

ism of pelitic schists in a Buchan-type t;;'; metacarbonates' have been previously reported

south-central Maine. Sample density ir r"ili;;i ;; (Ferrl" 1976b:-1978; 1980)'

contour a map of the terrain with isotherms based on , i- _,
the biotite-garnet geothermometer. Second, because Geological setting

pelitic schists in the study area contain eight different Samples were collected from the Silurian Water-

iaboratory-calibrated geothermometer/geobarome- ville Formation in south-central Maine (Fig. l). The

ters, inteicomparisons of independently-calculated Waterville Formation is composed of interbedded

pressures and temperatures can be made with the shale, argillaceous sandstone, and argillaceous car-

"i- 
of evaluating the merit of individual thermome- bonate rock and their metamorphic equivalents.

ters. Samples of pelitic schist selected for study con- Compositional layering is on a scale of l-8 cm. The
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FERRY: PELITIC SCfllSfS

Fig. l. Sketch map of study area in south-central Maine. DSv: Vassalboro Formation; Sw: Waterville Formation; stippled areas:
quartz monzonite stocks. Dash-dot line is the stratigraphic boundary between Waterville and Vassalboro Formations. Dashed lines are
isograds based on mineral assemblages in pelitic schists: st.-and. : staurolite * andalusite; st.-@r. = staurolite * cordierite (hachurcs on
high-grade side of isograd). The three features labeled "a" are isolated occurrences of rocks with staurolite + cordierite and are bounded
by a staurolite * cordierite isograd. Numbers identify sample locations. Data from Osberg (1968, lg7l, lgT4b,personal communication);
Barker (1964); Ferry (1976a, 1978).

age of the rocks, as well as the lack of reaction tex-
tures among minerals, suggests that the rocks were
subjected to one metamorphic episode (correspond-
ing to the Devonian Acadian Orogeny). Metasedi-
ments are folded into tight isoclinal folds with axes
trending NE-SW. Porphyroblasts crosscut schisto-

sity, which indicates that metamorphism followed all
61 4lmost all deformation. With reference to pelitic
schists, the grade of metamorphism varies from chlo-
rite through sillimanite zones. A single rock contain-
ing sillimanite and microcline was collected. In the
southern portion of the study area, metasediments
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are intruded by synmetamorphic quartz monzonite
stocks. The stratigraphy, structural geology, and
metamorphism of the pelitic schists have been dis-
cussed in more detai l  by Osberg (1968, l97l '
l974a,b); the metamorphism of the carbonate rocks
has been studied by Ferry (1916a,b; 1978; 1979b;
1980); the petrology ofthe granitic rocks has been in-
vestigated by Barker (1964) and Ferry Q978,1979a).
Is<igrads in Figure I in part represent unpublished
material kindly supplied by P. H. Osberg.

M etho ds of inv e stigat ion

Approximatety 200 samples of pelitic schist were
collected; locations of samples described in this re-
port are diagrammed in Figure 1. Mineral assem-
blages were identified by petrography. An assem-
blage of minerals was judged to be in equilibrium by
the same criteria listed by Ferry (1976a) with the fol-
lowing exception: if a 2.5cm-diameter circular thin
section contained aluminum silicate and/ot stauro-
lite, then all minerals within the section were as-
sumed to be in equilibrium with aluminum silicate
ai.d/or staurolite. Compositions of minerals were ob-
tarned at the following electron microprobe facilities:
(l) Geophysical Laboratory; data were collected with
an automated MAC microprobe, and were reduced
on-line by the method of Bence and Albee (1968)

with correction factors of Albee and Ray (1970); (2)

The Lunar and Planetary Laboratory, University of

Arizona; data were collected with an automated
ARL microprobe, and were reduced on-line with the

same procedures as at the Geophysical Laboratory;
(3) Department of Chemistry, Arizona State Univer-
sity; data were collected with a manual Cameca mi-

croprobe, and were reduced with the FRAME data re-

duction program (a ZAF correction scheme) at the
A.S.U. microprobe facility. Limited duplication of

analyses indicates that analytical results of identical
material obtained at different facilities are not signifi-
cantly different.

Mineralogy and mineral chemistrY

All samples contain biotite and quartz as well as
various combinations of muscovite, chlorite, garnet,
plagioclase, staurolite, cordierite, andalusite, sillima-
nite, microcline, calcite, epidote, calcic amphibole'
apatite, graphite, ilnenite, and pyrrhotite.

Andalusite- and sillinanite-bearing rocks contain
mineral assemblages with the richest variety of geo-

thermometer,/geobarometers' Compositional param-

eters of muscovite, biotite, garnet, plagioclase, and
staurolite in these rocks therefore are summarized in

relative completeness in Table l. Table 2 summarizes
the composition of biotite and garnet in rocks that
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Table l Compositional parameters of minerals in aluminum-silicate-bearing assemblages

Locat ion sanple Donain

Number Number Numbel

carne! Blot i te

F.7rrffier-fi=:--il---\b rr@+Mcr-\r--qi +f-ff Mtrtrf*; A12SiO5Stauro l i te
x_Te

A
- 4

5 6
5 6
246
388
663

666
674
675
675
905

- 1

953
960
969
980
100r

1006
I 0 r 0
r104

A

A

0 . 8 8 4
o.902
0 . 8 8 3
0 . 8 6 6
0 . 8 6 0

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

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

0 . 0 3 0 1  0 . 2 0 8  0 . 6 7 0
0 . 0 2 9 0  0 . 1 8 6  0 . 6 7 4
0.0497 0"147 0"694

0 . 0 3 5 7  0 . 1 1 9  0 . 7 6 1

0 . 0 1 9 0  0 . 1 1 1  0 . 7 8 5
0 . 0 s 7 9  0 . 1 2 3  0 . 7 3 r
0 .0524 0 .144 0 .695

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

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

0 . r 9 2  0 . 9 s r
0 .  845

0 . 1 6 6  0 . 9 4 8  0 . 8 2 6
0 . 0 6 0  0 . 9 4 3
0 . 1 1 2  0 . 9 3 6  0 . 8 2 1

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

0 . 8 8 7

0 . 8 8 0
0 . 8 5 8
0 . 8 6 3

0 . 9 0 0

0 . 9 0 1
0 . 8 9 3
0 . 8 6 5

0 . 8 3 0

0 . 7 6 4

o "799
o,694

0 . 8 2 8
0 . 8 3 1

0 . 8 3 5
o , 7 9 5

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

0 , 5 2 9  0 , 0 3 4  0 . 1 5 6
0,429 0 .o27 0 . r54

0 . 4 8 5  0 . 0 3 4  0 . 1 6 6
0 . 5 0 5  0 . 0 3 8  0 . 1 6 2

0 , 5 4 2  0 . 0 3 1  0 " 1 5 2
0 . 5 2 0  0 " 0 3 2  0 . 1 6 0
0 . 6 L 7  0 , 0 s 3  0 .  1 5 2
0 , 5 1 7  0 . 0 3 0  0 . r 7 3
0 . 4 8 4  0 . 0 2 8  0 . 1 5 1

o . 3 4 7  0 . 6 5 2
0 . 4 2 4  0 . 5 7 2
0 . 2 4 2  0 . 7 5 3
0 . 2 2 3  0 . 7 7 5
0 . 3 4 3  0 . 6 5 s

o.344 0 ,548
0 , 4 0 3  0 . 5 9 5
0 . 2 4 6  0 . 7 5 r

0 . 3 2 5  0 . 6 7 4

0 .  1 9 2  0 . 8 0 5
0 . 4 3 1  0 . 5 6 8
0 . 1 5 5  0 " 8 4 2
0 . 3 5 4  0 . 6 3 6
o.342 0 .65 '1

o .126 0 .929
0 . 1 5 0  0 . 9 1 6
0 , 0 8 5  0 . 9 2 6
0 . 0 8 5  0 . 9 2 4
0 . 1 1 4  0 . 9 4 3

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

0. t22  0 .932

0 . 2 5 1  0 . 9 5 4
0.  r35  0 .92L
0 . 1 3 0  0 , 9 3 r
o .726 0 .934
0 . 1 5  5  0 . 9 4 5

9r7
919
925
925

C
A

B

B
A

A
A
s
s
A

0 . a 7 7  0 . 0 5 5 2  0 " 1 5 1  0 . 5 9 6
0 . 8 8 1  0 . 0 4 8 8  0 . 1 8 3  0 . 5 7 7
0 . 8 9 6  0 . 0 1 8 9  0 . 0 7 5  0 . 8 1 1

0.486 0 .034 0"  170 0 .354 0"645
0 . 5 3 6  0 . 0 2 9  0 . ! 9 2  0 . 3 8 4  0 . 6 1 5
0 . 5 7 6  0 . 0 4 4  0 . 7 5 7  0 . 0 9 3  0 . 9 0 6

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

For gmet: x. = i./(Fe+Mg+l'4n+ca) ; for biotite od mseouite: xi = i/(Fe+ugm+7i+'tlvr ); for stauYoltte: xFe = Fe'/(Fe+Mg+l'Id '

SmpLe Location wbere refer to Figure 1. A = mda1'usite; S = sillinmite.
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Table 2. Compositional parameters of coexisting biotite and
garnet from pelitic schists and temperatures (in oC) calculated
from the Fe-Mg exchange equilibrium between biotite and garnet

Table 2. (continued)

Sanp le  Garnet  B io t i te
N w b e r  F e  X ^  K .  F e  X _ .  X

( r e + g )  r t e + v g l  
I r  A l

1000k0 T- ^ T^

5 Z 2 A 0 , 9 0 r  0 , 2 5 4  0 , 2 9 9  0 . 4 8 8  0 " 0 4 5  0 . 1 6 4  7 . 4 6 0  4 2 6

723

Sanp le  carne t  B io t iEe
Number  Fe X^ .  X , .  F .  X , ,  X^ ,

(Fe+Mgt  ua  mn 
( f " rYc)  

I  r  A f

1000Zno TF_S Tc_A

5 9 1

5 8 3 2  0 . 9 0 0  0 . 0 7 8  0 . 2 9 1
5 8 4 3  0 . 9 2 6  0 , 0 5 7  0 . 2 r r
1 6 A  0 . 8 7 5  0 . 0 3 9  0 , 2 1 2
1 8 A  0 . 8 8 2  0 . 0 8 4  0 . 2 7 1
2 3 4  0 . 8 7 2  0 " 0 6 2  O . I 4 7

0 . 5 2 1  0 . 0 3 4  0 . 1 5 4
0 . 6 1 9  0 . 0 3 5  0 . 1 2 1
o . 4 7 0  0 . 0 3 1  0 . 1 7 4
0 . 4 7 4  0 . O 2 A  0 , I 4 4
o . 4 7 7  0 . 0 2 9  0 . 7 6 9

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

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

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

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

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

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

0 . 1 6 1
0 . 1 8 3
0 . r 6 4
0 .  1 3 0
o . L 4 2

0 . 1 3 6
0 .  1 0 6
0 . 1 8 8
o . r 5 2
o. 126

9.r28 460
1 0 . 6 0 9  4 1 9

8 . 8 9 8  4 7 2
8 . 8 9 6  4 6 0
9,228 4a7

1 . 9 1 6  5 2 0
t . r D 4  4 7 9
9 . 1 7 5  4 8 5
8 . 7 5 1  4 1 5
7 . 8 1 1  4 2 4

8 . 2 2 4  4 0 2
8 . 5  7 3  4 A 2

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

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

r \ . 7 9 2  4 t l
6 . 4 0 0  4 2 5

to.165 462

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

t 0 . 9 9 4
t o  , 4 3 2

8 . 0 1 8
8 . 0 0 5

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

9 . a 2 7
9  , 6 9 2
9 . 3 7 6
9 . 2 5 3

t  0 ,  1 9 6

5264 0.904
5 2 7 4  0 . 8 8 9
5 4 3 4  0 . 8 9 2
6 5 9 A  0 . 8 5 8

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

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

9 1 9 A  0 , 8 6 1
9234 0,884
9 2 4 4  0 . 8 6 9
9 2 l L  0 . 8 1 7
9 3 0 A  0 . 8 5 8

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

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

1004-a 0.859
1 0 0 7 A  0 . 8 6 8
1 0 0 8 A  0 . 8 8 8
1 0 0 9 A  0 , 8 1 7
1 0 1 0 B  0 . 9 2 8

1 0 1 3 A  O . a 6 2
1 0 1 3 8  0 . 8 9 8
1 0 1 4 4  0 . 8 9 0
1 1 1 4 A  0 . 8 8 1
11224 0,920

0 . 2 0 0  0 . 3 3 9
0 . 0 6 8  0 . 1 2 8
o . 2 r 1  0 . 2 6 2
0 , o 9 2  0 , 1 4 1

0 . o 2 a  o . 2 7 0
0 . 0 8 3  0 . 2  1  7
0 , 0 8 4  0 . 0 5 1
0 . 0 5 9  0 , 1 7 4
0 , 0 4 0  0 , 0 8 6

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

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

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

0 , 0 4 1  0 . 1 0 4
0 . 0 4 3  0 . 0 8 9
o . 1 3 2  0 . 2 1 9
0 . 0 5 1  0 . 1 3 4
0 . 0 4 0  0 . 2 6 1

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

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

0 . 5 1 1  0 . 0 3 8  0 . 1 7 7
0 . 4 9 4  0 . 0 3 0  0 . 1 8 6
0 . 4 7 9  0 . 0 3 9  0 . 1 3 5
0 . 4 9 1  0 , 0 3 3  0 . 1 3 4

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

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

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

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

0 . 5 5 7  0 , 0 3 0  0 . 1 6 8
o . 5 2 6  0 . O 2 7  0 , 1 9 a
0 . 5 2 1  0 . 0 3 6  0 . 1 4 9
0 . 5 6 5  0 . 0 4 2  0 .  1 5 6
0 , 4 8 4  0 . 0 5 1  0 . 1 3 0

0 . 4 5 2  0 . O 3 2  0 . 1 6 6
o . 4 5 6  0 . O 2 8  0 , r 7 4
o . 5 t 4  0 . 0 3 2  0 . t 7 7
0 , 4 9 6  0 . a 2 5  0 . 1 . 9 9
0 . 5 0 5  0 . 0 2 7  0 . 1 6 8

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

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

508
4 5 2
5 1 8
5 1 8
504

244
254
264
2 7 4

3 7 4
38A
39A

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

0 , 8 9 6  0 . 1 3 8  0 . 4 4 4
0 . 8 9 9  0 . 1 8 2  0 . 3 0 3
0 . 9 2 1  0 . 1 1 1  0 . 2 8 8
0 . 8 8 4  0 . 0 9 s  0 . 3 4 6
0 , a 5 2  0 , 0 9 5  0 . 2 2 4

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

0 . 8 8 3  0 , 0 7 3  0 . 2 8 5
0 . 8 7 I  0 . 1 2 5  0 . 3 0 4
0 . 8 8 8  0 . 0 7 0  0 . 3 1 1
o . 9 3 9  0 . 0 4 7  0 . 2 2 9
o . 9 1 4  0 , r 5 7  0 . 4 2 3

672
5 0 6
525
5 7 r

5 5 0
s 3 3
4 7 2
552

5 4 1
442
4L4
6 6 0
446

5 3 9
5 1 1
439
4 5 8

8 . 9 5  9
8 . 6 1 0
9 . 3 6 1
8 . 8 9 7

1 1 . 1 8 8

1 0 , 9 2 9
1 0 .  2  3 8

1 1 . 8 5 1
8 . 0 4 0

a , 9 2 0
7 . 9 7 2
8  . 6 2 8
8 . 1 2 7
8 . 3 9 2

9 . 6 \ 2
1 0 .  9 5  5
It .724
1 0 . 6 0 6
1 1  .  1 I 3

1 0 .  9 1 1
r o . 4 3 7

8 . 3 7 r
9 . 5 9 8
9 . 3 8 4

9 . O 7 4

9  . 4 5 )
9 . 1 1 3

1 0 . 1 0 2

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

1 0 . 4 s  8

465 515
489 531
495 498
498 518
463 433

466 44r
490 465
4 7 5  5 7 4
449 4r3
446 559

494 5r1
507 563
5 1 8  5 3 0
499 526
5 0 5  5 4 2

4 7 r  4 8 8
463 440
461 435
466 452

464 44r
465 458
49r 543
524 4A9
480 497

4 9 0  5 1 0
4 1 4  5 0 8
487 495
495 509
367 470

396 6t4
4r1 531
568 515
488 5r2
4 4 1  4 5 7

46A
47^
48A
524
53A

13 34
134A
141A
r 544
t60A

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

1 6 1 A  0 . 8 7 2  0 . 1 4 5  0 " 3 1 0
1 6 1 8  0 . 8 8 3  0 . 1 0 5  0 . 4 0 3
1 8 7 4  0 , 9 0 8  0 . 0 4 4  0 . 2 7 8
1 9 1 A  O , 8 8 7  0 , L 4 9  0 . 4 2 2
I 9 2 ^  0 . 9 0 9  0 . 1 3 7  0 . 3 1 5

0 .  3 3 1
0 . 2 4 8
0 . 2 7 5
o . 2 4 6
0 . 1 8 0

2 3 9 4  0 . 8 7 7  0 . 0 5 4  0 . 2 1 1  0 . 4 9 2  0 . 0 2 6
2 4 2 4  O . 9 0 2  0 . O 7 9  0 . t 7 7  0 , 5 3 5  0 . 0 2 5
2 5 0 A  0 " 8 8 9  0 . 0 6 5  0 , 1 7 4  0 . 5 0 7  0 . 0 3 1
2 6 0  0 . 8 9 7  0 . 0 9 5  0 . 3 5 0  0 . 5 0 5  0 . 0 3 0
2 6 1 4  0 . 8 8 8  0 . 1 6 0  0 . 3 6 8  0 . 4 2 a  O . O 2 9

5 6 0
5 6 1
4 6 1
5 b /
5L7

4 8 0
485
49A
5 0 3
466

5 1 5

49r
5 2 4
544

6 7 r

4 8 2
4 1 3
442

453
434
440
436
308

440

44r
4 0 5
435

428

4 5 4
4 7 3

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

lack aluminum silicate. Compositional parameters in
Tables I and,2, with only a few exceptions, represent
the average of2-6 individual analyses obtained from
mineral grains no further apart than 1.4 mm. Com-
positional parameters of garnets are with reference to
their rims. For samples 56,4, and 9254, Table l, min-
eral analyses are from two different l.4mm-diameter
circular domains in the same thin section.

Geobarometry

Pressure during metamorphism was estimated in
this study by four different mineral assemblages.

B i o t it e - garnet - andalu s i t e - sil limanit e

Four rock samples within 0.3 km of the mapped
sillirnanite isograd contain biotite and garnet (24A,

100aLnd fron equat ian (9) of Coldnan and Albee (1977);

!F_S !no, equat ioi l  (7) of  Feft"J and Spear (1978);

lG_A f?anl Galdndn md Albee, P. 756.

4y''A^, 6664, 905A). It was assumed that pressure-
temperature conditions at these four localities were
identical to conditions at the sillimanite isograd. The
assumption is necessary because no samples collected
from the study area (and these four samples, in par-
ticular) contain both sillimanite and andalusite. The
transition from andalusite- to sillimanite-bearing
schists is abrupt, and coexisting aluminum silicates
are found in rocks over a distance of only a few me-
ters precisely on the mapped sillimanite isograd (P.
H. Osberg, personal communication). Pressure was
calculated from expressions 3 and 7, Table 3, de-
scribing the andalusite-sillimanite equilibrium and
Fe-Mg exchange equilibrium between biotite and
garnet and from compositions of minerals in the
rocks (Tables I and 2). The calibration of biotite-
garnet Fe-Mg exchange equilibrium by Ferry and

2 6 3 4  0 , a 5 6  0 . 2 7 7  0 . 3 0 7
2 6 4  0 . a a l  0 . 2 2 6  0 . 2 7 2
2 6 7 4  0 . 8 9 0  0 . 0 5 9  0 . 1 2 3
5 2 t A  0 . 8 8 7  0 . 0 6 5  0 . 0 9 3
5 2 1 8  0 . 8 7 3  0 . 0 6 4  0 . 1 5 2

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

6 . 2 4 4
7 . 7 9 5
9 . 7 8 4

1 0 .  0 0 3
9 . 7 6 5

441
443
4 7 2
4a6
4 8 8
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Table 3. Thermodynamic parlmeters of various mineral equilibria pertinent to pelitic schists

/ l  Re la t ion AH (ca1) As (cal /dee) ^% (ca1lbar) source

I

2

3

5

6

7

8

9

muscov l te  quarEz K- fe ldspar  s i l l l nan ice  s team

K A 1 3 S 1 3 O 1 0 ( O H ) 2 +  S 1 O 2  =  K A l S i 3 0 8  +  A r 2 s l o 5  +  H 2 0

muscov i te  quar tz  p lag loc lase  anda lus i te  s team

N a A 1 3 S i 3 O I 0 ( O H ) 2 +  S i O 2  =  N a A I S 1 3 0 8  +  A 1 2 S 1 o 5  +  t 1 2 O

anda lus i te  s l l l iman l te

A 1 2 S i o 5  =  A t 2 5 1 0 5

garne!  s i l l i nan iEe quar tz  P lag ioc lase

C . 3 A 1 Z S t 3 0 1 Z +  2 A I 2 s i o 5  +  S i o 2  = 3 C a A 1 2 S i 2 o 8

garnet  anda lus i te  quar tz  P lag ioc lase

c " 3 A 1 2 S 1 3 O l Z +  2 A 1 2 S i O 5  +  S i O 2  = 3 C a A 1 2 S i 2 O 8

stauro l i te  quar tz  gahet  s i l l lMn i te  s team

3 
" .eo136Si t5o96H8 

+  25  S io2  =  8  Fe3AI2Si3o t2  +  46  A12Si05  +  12  H20

garnet  b io t i te  gamet  b io t i te

F .3 I12s i3o l2  +  io lcaA ls i3o tO(oH)  
2  

=  McaA12s i3o12 +  KFerA ls i ,o ro(o11) ,

s tauro l l te  quar tz  gamet  anda lus i le  s team

3 
" "8 [3OSl t5096E8 

+  25  S io2  =  8  Fe3A12Si30 l2  r  46  A12S105 +  12  H2o

muscov ice  qnax tz  p lag ioc lase  s i l l iman i te  s tem

NaAl rS iaorO(OH)r+  S iO2 =  NaA1Si308 +  A12Si05  +  1120

2 4 , 1 4 4

2 t  , 2 2 6

569

1 r , 6 7 5

t2,492

1 , 5 7 1 , 1 1 3

t 2 , 4 5 4

t , 5 4 4 , 9 3 9

2 I , 7 9 5

4 0 .  8 I 7

39.876

o . 5 4 6

3 2 . 8 1 5

34.023

r 8 3 7 . 6 6 8

4  . 6 6 2

rar2.552

40.422

-O, l l3 ChaEler jee and Johannes (1974)

-0,068 chatter jee and l toese (1975)

- 0 , 0 3 9  H o l d a w a y  ( 1 9 7 I )

+ I . 3 0 1  G h e n t  ( 1 9 7 6 )

+ 1 . 2 2 5  G h e n t  ( 1 9 7 6 )

_ 0 . 8 9 7  H u r c h e o n  ( 1 9 7 9 )

+0.057 lerry and SPear (1978)

+0.897 calculated fron /13 & /16

-O.IO7 calculaEed fron l l2 & t t '3

Spear (1978) was used because it is the only calibra-
tion that explicitly accounts for the effect of pressure
on the equilibrium. Calculated pressures are listed in
Table 4. Errors on calculated pressure correspond to
errors of i0.005 Fel(Fe+Mg) in garnet and of 10.01
Fel(Fe+Mg) in biotite (half the normal range in this
parameter for groups of analyzed biotite and garnet
in the same l.4mm-diameter domain of a thin sec-
tion) propagated through the pressure calculations.

G arnet - p I a gio clas e - qu art z - andalu site - sillimanit e

Samples 666,4. and 905A contain plagioclase,
qvurtz, and sillirnanite in addition to biotite and
garnet. Pressure was calculated by simultaneously
solving expressions 3 and 4, Table 3, ds5srifing the
andalusite-sillimanite equilibrium and the garnet-
plagioclase-quartz-sillimanite equilibrium and from
compositions of minerals (Table l). Activity coeffi-
cients used for plagioclase components are those of
Orville (1972). Ganguly and Kennedy (1974) suggest'
from examination of mineral assemblages in rocks,
that the activity coefficient of the grossular com-
ponent in some garnets may be greater than one, and
their conclusion is substantiated by experimental
data on grossular-pyrope solid solutions (Hensen e/
at., 1975; Newton et al., 1977). The garnets whose
compositions are sufllmaized in Table l, however,
are poorly approximated by grossular-pyrope solid
solutions. They are grossular-almandine-spessartine

solid solutions with less than I I mole percent pyrope

component. If Fe and Mn mix in a similar fashion in

garnet, then the garnets in Table I can be better ap-
proximated by almandine-grossular solid solutions'
Experimental studies indicate that for alnandine-
grossular solid solutions with compositions sinilar to
garnets in Table I at temperatures in the range 850o-

I l00oc, there is no evidence for the activity coeffi'-
cient of the grossular component being different from

one (Cressey et al.,1978). Cressey et al- did not pre-

sent expressions to extrapolate their experirnentally-
determined activity coefficients to the lower temper-

atures of metamorphism in the study area (450o-

550"C). The activity of grossular was therefore esti-

mated as the cube of the mole fraction of the grossu-

lar component. Numerically, the treatment of activ-

ity-composition relations for plagioclase and garnet

used here is aknost identical to an empirical activity
coefficient product for the garnet-quartz-plagio-
clase-aluminum silicate equilibrium formulated by

Ghent et al. (1979).
Calculated pressures are listed in Table 4' Errors

on calculated pressure represent errors of t0.01 mole

fraction anorthite component in plagioclase and of
+0.005 mole fraction grossular componeht in garnet

propagated through the pressure calculations. For as-
semblages containing plagioclase of composition X-
< 0.1, errors in calculated pressure caused by +0.0t

error in X^ arc much greater than +250 bars. Con-



Table 4. Pressures (in bars) calculated from three geobarometers
in pelitic schists

725

G arnet - c o r die rit e - sil limanit e - qu art z

A single sample (666A) contains the assemblage
garnet-cordierite-sillimanite-quartz, in which cor-
dierite has the composition Fel(Fe+Mg) : 0.339.
Newton and Wood (1979) present diagrams from
which pressure can be estimated for occurrences of
garnet-cordierite-sillimanite-quartz providing that
the composition, Fe/(Fe*Mg), of cordierite and pr,o
are known. Becausepn,o is an unknown variable, the
mineral assemblage in sample 666A can be used only
to estinate a range of metamorphic pressures. The
range is 3300-4500 bars with lower and upper limits
corresponding to conditions of pn,o : 0 and p'"o :

Pr",",, respectively.

Discussion of calculated pressures

The assemblage biotite-garnet-andalusite-sillirna-
nite and garnet-plagioclase-quartz-andalusite-sil-
limanite are inherently more accurate geobarometers
than the assemblage biotite-garnet-plagioclase-
quartz-aluminum silicate. The error analysis is sub-
stantiated by the estimated standard deviations
(esds) of the three groups of calculated pressures. All
calculated pressures corroborate a pressure of
3500+300 bars previously calculated (Ferry, 1976b)
from the assemblage calcic amphibole-calcite-
quartz-diopside-biotite-microcline at pressure-tem-
perature conditions of the andalusite-sillimanite
equilibrium. Pressures calculated here are also con-
sistent with the presence of muscovite a1d sillimanite
in the quartz monzonite stocks (Ferry, 1978). In the
discussion of geothermometry that follows, the pres-
sure of metamorphism in the study area will be taken
as 3500 bars.

Geothermometry

Temperature during metamorphism was estimated
in this study by eight di-fferent geothermometers.

Biotite-garnet

Almost all samples contain biotite and garnet, and
their compositions are summarized in Tables I and2.
Tables 2 and 5list temperatures recorded by Fe-Mg
exchange between biotite and garnet as calibrated
both by Ferry and Spear (1978) and Goldman and
Albee (1977). Errors on calculated biotite-garnet
temperatures are roughly +25"C, corresponding to
errors propagated through the calibrations of !0.01
Fel(Fe+Mg) in biotite and t0.005 Fel(Fe+Me) in
garnet.

Temperatures reported in Table 5 are only for
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sampte I

Number (1350)

- 2

f + r S n l

p
J

( r9 s0)

24L 3494
44A 3182
)oA

246A
388A

6634
666A. 3474
61 4A
o t ) - q

67 5-5

905A 3263
9L7 A
q ,  5 a

9288
953A

9698
980A
100 1A
1006A
1010A

3s03
2r3

Mean

esd

3396

3550

J 4 T  J

109

3 1 1 9
296r
3685

3466
3299
283  I
3095
4084

39  15
3r7 4
257 3
3 7  2 5
) J O L

3219
2 7  3 r
3164
2 1  2 l
2 7  3 7

3270
432

P. from biotite-game1;-andalusite -

SL L LLMANLDC

P n fz'om garmet-plagt)oeLase-quortz-
' 

andaLusite - silLimanil; e

P 
" 

from bdotite-g az'net-pLagioeLas e-
" quartz-alwninun siLieate

sequently, only those rocks containing plagioclase of
composition X- > 0.1 were used in obtaining esti-
mates of pressure during metamorphism.

Bio tite - garnet - p lagio clase - quart z - aluminum silicat e

Eighteen samples from the study area contain the
assemblage biotite-garnet-plagioclase-quartz-
aluminum silicate. Pressure was calculated from ex-
pressions 4, 5, znd 7 (Table 3) describing the garnet-
plagioclase-quartz-aluminum silicate equilibrium
and Fe-Mg exchange equilibrium between biotite
and garnet and from compositions of minerals in the
rocks (Table l). Assumed mixing properties of min-
erals were as described above. Calculated pressures
are listed in Table 4. Errors on calculated pressure
correspond to errors in garnet, plagioclase, and bio-
tite composition (as described above) propagated
through the pressure calculations.
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Table 5.  Temperatures ( in 'C) calculated f rom var ious
geothermometers in pelitic schists and metacarbonate rocks

Sample Bio.-Gar. *
Nunber ' r^ 

^ T- -  
'c_p-A-Q 'M_Q_A_P ,c,oi  'c,c.  .nisc.

r A  I - 5

GARNET ZONE

Table 5. (continued)

S a m p l e  B i o . - G a r .  *

N w b e r  4 4 - - T ; ' c - r - e - q ' u - q - e - e ' c , o t ' c , c . ' m i s c ,

STAUROLITE-CORDIERITE ZONE

5R43
534

2424
913A

9314
9324
11224

234 504
56A 497
2I5B 498
2183 503
2274 466

2394 515
246^ 492
250A 491
2674 482
52 IA 473

5218 482
527L 48r
906A 5I8
907A 433
9078 44r

9098
919A
919C
9254
93 0A

9504 452
9508 435
951A 447
9534 455
9538 458

264 506
904A 498
9r7A 490
9244 530
9274 526

9288 531
963A 489
10014 5 t r
t1r4A 5t2

244
659A
663A
6664
6744

675-4

905A
9698
1014A

Mean

esd

5 5 9  5 4 8

543

4 8 8

5 3 8
5 5 3  5 5 4
52L 533
5 s 0  5 9 4

4s2 479
446 462
439 436
492 469
413 449

488 47L
440 463
457 441

4s3 459
2 6  1 5

522 5 3 5

459:
4591

4 5 g r

485

5 0 6
5 1 8

5 5 9
8

523

5 3 1

5 3 0

4
Mean 510 508
e s d  1 6  1 9

Mean
esd

548** 508**

STAUROLITE-ANDALUSITE ZONE
SILLIMANITE ZONE

508
454
473
444

491

476
472
486

488
462
494
463

490
494

5 3 1
505

466
462
464
482
465

476
490
484
414

495
531

482
2 0

5 5 3
5 8 5
5 3 7
5 1 r

534

548
2 L

544

5 8 0

5 0 7
5 3 9
4 8 1

463

540

s80 602
s49 605
5t2 562 542
590 581

_ 564

-  515-525r1

5 6 1
5 6 r
520

++
527"x" :515-525 '

5

-  5 1 7
545
559
5 3 9  5 3 1

) ) r

499

546** 531**
12 20

5 5 9
3 1

570 543t*
2 4  2 3

53 r
542

474
5 1 0
496
508

IMANITE-KFELDSPAR ZONE

- 54r
584 5s1

- 542
516 5s4

526 562

575 541

534 546
3 3 8

6 2 7

960A
980A
i0044
1006A
1007A

t 009A
1010A

Me@
esd

biotite-garnet pairs in which the mole fractions of
the grossular component and grossular + spessartine
components are less than 0.1 and 0.3, respectively.
For these mineral pairs of restricted composition,
agreement between calculated temperatures is gener-
ally good. For biotite-garnet pairs with garnets con-
taining greater than 0.1 mole fraction grossular or
greater than 0.3 mole fraction grossular * spessartine
components, the Ferry-Spear calibration usually re-
sults in a lower calculated temperature, caused by the

TG_A f"o, bLatite-ganet, caLibration of GoL&nm and. Albee (197?)

,"_S foo, biat'ite-gamet, calibration of FerW qnd Spe@ (1978)

T 
"_r-o_o 

!ro^ ganet-plagiocLose-o Lmia m s Ll  icaLo-quorLz- - ' " ( C h e n t , 1 9 7 6 )

T, n n o from mscouite-qw?tz-alminm si ,Lzcate-plagioelase
" - ' - n - '  ( C h e n e !  o n d  C u i d o L t i ,  I 9 ? 9 )

T n r, fron @nphibaLe-caLcite-quarltz- zoi6;te-plagiocLase-di,opside
" '""  in netqcaybomte roeks fron s@e outc?ap (FerrA, 1978; 1950)

?. a- fpoa caLcit"-qua?La-zo:s ' te-plag locl  ase-game L I  a
" '"*  netacarbowte rocks fron sme outcrop (Fe?T!] ,  1978; 198A)

f ^.  "-  
ry;  seel lmeaul geothenore'  ers :' ' " - '  -  calci tc-doloniLe in qcbacq?bowte noeks fron sne

outcrap (Fen y, 1976b; 1979b)
++ gamet-cordierite (fhampson, 1976; Ho'dmag md

L e e , 1 9 7 7 )
E rus c ou Lt e - qudrt z - s i, Llinmi t e - Xf e L dspar
55 pLagioclase-KfeLdspar (Fem1, 197 I  )

r Sqnples are ineluded onLlJ if fa" gamet
X 

Ca<0. 
10 and x 

CarXMn<o. 
3A

&x Mean tefrperutwe' represent the nem of aLL caTbonate
6@nples colLected si thin the apppop?iate za4e

well-documented effect of garnet composition on the
biotite-garnet Fe-Mg exchange equilibrium. No re-
striction of samples was made on the basis of biotite
composition because the composition of biotite from
rocks of the study area is relatively constant. For ex-

s09
535

3 0
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ample, while for garnets X.. and X-^ are in the range
0.019-0.288 and 0.055-0.444, respectively, X,, and
Xo, for biotites are in the much narrower range
0.019-0.067 and 0. 106-0. 199, respectively. Although
the Goldman-Albee calibration qualitatively corrects
for these compositional effects in the proper manner,
quantitatively the calibration may over-correct for
them. For example, high-calcium garnets such as in
samples 52A and l0l3A appear to record anoma-
lously high temperatures, calculated from the Gold-
man-Albee calibration, for garnet-zone metamorphic
conditions.

Samples in Table 5 are arranged by zone, where a
zone corresponds to the area in Figure I between the
isograd bearing the zone's name and the next map-
ped isograd at higher grades. Sample 388,4, is a single
sample containing sillimanite and microcline. Al-
though no sillimanite + K-feldspar isogradwas map-
ped in the area, sample 388,4' would lie in a sillima-
ni te + K-feldspar zone. The biot i te-garnet
temperatures indicate a regular increase in temper-
ature with increasing metamorphic grade. Average
temperatures in each of the zones (Ferry-Spear cali-
bration) are: garnet zone, 459"C; staurolite-andalu-
site zone, 482"C; staurolite-cordierite zone, 508oC;
sillimanite zone, 548"C; sillimanite * K-feldspar
zone. 565oC.

Biotite-garnet temperatures in Table 5 (Ferry-
Spear calibration) were plotted on a map of the area
where each sample was collected (Fig. 2). The plotted
data were contoured with 475o, 500o, and 550oC iso-
therms. The sillimanite isograd at 3500 bars repre-
sents a 520"C isotherm (Holdaway, 1971). Only three
samples are inconsistent with the three isotherms
based on the biotite-garnet geothermometer. Al-
though the position of individual isotherms in Figure
2 is modestly uncertain due to the t25oC error asso-
ciated with each measured value of temperature, the
pattern of isotherms, if only considered as approxi-
mately correct, illustrates some general character-
istics of physical conditions in the area during meta-
morphism. First, the mapped isotherms indicate a
regional N-S temperature gradient that is perturbed
only slightly by the granitic stocks. Second, com-
parison of isograds in Figure I with isotherms in Fig-
ure 2 indicates that isograds, at least in a general
way, are isotherms. The northward deflection of iso-
grads in the central portion of the study area (espe-
cially well displayed by the garnet and staurolite-an-
dalusite isograds) indeed outlines a corridor of rocks
that were hotter than rocks immediately to the west

or east. Osberg (l97aa) has convincingly argued,
however, that small-scale irregularities in the map-
ped isograds are likely due to local variations in the
compositions of metamorphic fluids.

Garnet -p lagio clase- quartz - aluminum ilicat e

Eighteen samples contain garnet, plagioclase,
quartz, and aluminum silicate. Table 5 lists temper-
atures recorded by this geothermometer/geobarome-
ter at 3500 bars pressure. Temperatures were calcu-
lated from expressions 4 and,5 in Table 3 (derived
from equations in Ghent, 1916) and from mineral
compositions in Table l. Assumed mixing properties
of minerals were identical to those discussed pre-
viously. Errors on calculated temperatures are
roughly !25"C, corresponding to an error of +0.01
mole fraction anorthite component in plagioclase
and an error of +0.005 mole fraction of grossular
component in garnet propagated through the temper-
ature calculations. For reasons discussed above, only
assenblages containing plagioclase of composition
X", > 0.1 were used in obtaining estimates of meta-
morphic conditions from the assemblage'garnet-
plagioclase-quartz-aluminum silicate.

Comparison of temperatures calculated from gar-
net-quartz-plagioclase-aluminum silicate with tem-
peratures calculated from biotite-garnet indicates
that garnet-plagioclase-quartz-aluminum silicate
temperatures are systematically higher than calcu-
lated biotite-garnet temperatures. The systematic
difference, however, with one exception, is well
within the +25oC error associated with each tenper-
ature estimate. Both geothermometers appear to rec-
ord temperatures that are in good agreement consid-
ering their estimated errors.

The garnet-plagioclase-quartz-aluminum silicate
geothermometer records that temperature during
metamorphism in the sillimanite and sillimanite *
K-feldspar zones was greater than temperature in the
staurolite-andalusite and staurolite-cordierite zones.
in harmony with calculated biotite-garnet temper-
atures. The garnet-plagioclase-quartz-aluminum sil-
icate geothermometer, however, detects no sig-
nificant difference in metamorphic temperatures
between the sillimanite and sillimanils + K-feldspar
zones and between the staurolite-andalusite and
staurolite--cordierite zones. The lack of detected dif-
ferences is not surprising, considering the error asso-
ciated with the garnet-plagioclase-quartz-aluminum
silicate geothermometer and the small temperature
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Fig.2. Paleotemperatures from Table 5 recorded by the biotite-garnet geothermometer (Ferry-Spear calibration). Isotherms at 475o,
500", and 550oC are drawn from plotted temp€ratures. Isotherm at 520"C is thc sillimanite isograd. Other featurcs same as in Fig. l.

differences between the two pairs of zones recorded
by the biotite-garnet geothermometer.

M us c ov it e - quart z - p I a gio cl ase - aluminum silic qt e

Twenty samples contain muscovite, qnurtz, plagio-
clase, and aluminum silicate. Table 5 lists temper-
atures recorded by this geothermometer calculated at
3500 bars pressure. Temperatures were calculated
from mineral composition data in Table I and from
expressions 2 and 9 (Table 3), following the scheme
of Cheney and Guidotti (1979). The activity of para-
gonite in muscovite solid solutions was estimated
from mixing parameters of Chatterjee and Froese
(1975), corrected for octahedral Fe, Mn, Mg, and Ti
in the manner of Ferry (1976b) and Cheney and

Guidotti (1979). Metamorphic temperatures calcu-
lated from the muscovite-quartz-plagioclase-alumi-
num silicate geothermometer represent maximum
possible temperatures, because the geothermometer
has been applied with the assumption pu,o : P*r.
Indeed, while muscovite-quartz-plagioclase-alt mi-
num silicate temperatures in Table 5 are generally
similar to both biotite-garnet and garnet-plagio-
clase-quartz-aluminum silicate temperatures, the
muscovite-quartz-plagioclase-aluminum silicate
geothermometer records temperatures systematically
higher than the other two.

Because it is uncertain whetherpn,o : Ptotnr during
metamorphism in the study area, temperatures re-
corded by the muscovite-quartz-plag;oclase-alumi-
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num silicate geothermometer are of uncertain signifi-
cance. Nevertheless, the geothermometer does record
an increase in metamorphic temperature from
staurolite-andalusite through sillimanite + K-feld-
spar zones, in harmony with the other geothennome-
ters. [n fact, the -80'C difference between mean
temperatures in the staurolite-andalusite and sillima-
nite + K-feldspar zones recorded by the assemblage
muscovite-quartz-plagioclase-aluminum silicate
matches a similar difference in mean temperatures
recorded by the assemblage biotite-garnet.

Mu s c ov i t e - quar t z - mic r o c line - sillim anit e

A single sample (388A) contains muscovite,
quartz, microcline, and sillimanite. Microcline has
composition OrorrnAbo,r, and compositional param-
eters of muscovite are listed in Table l. Table 5 lists a
temperature calculated from the observed assem-
blage with mineral composition data; expression I in
Table 3; mixing properties for muscovite of Chat-
te{ee and Froese (1975\, corrected for octahedral Fe,
Mg, Mn, and Ti in muscovite; mixing parameters of
Bachinsfti and Muller (1971); and the assumption

P.,o: P,o,., : 3500 bars. The calculated temperature
represents an upper bound on temperature and is ap-
proximately 100"C higher than temperatures calcu-
lated from geothermometers that are independent of
pn,o. Comparison of the temperature calculated from
the muscovite-quartz-microcline-sillimanite geo-
thermometer with other calculated temperatures in-
dicates that pr,o ( P,",",during metamorphism at lo-
cation 388.

P I agio c I ase - micr o c line

Sample 388'4. contains plagioclase and microcline.
Compositions of feldspars, when referred to equation
(9) of Ferry (1978), record a metamorphic temper-
ature of 505o+ 30"C (Table 5). The estimated error
corresponds to errors of +0.01 X"o in both feldspars
propagated through the calculation of temperature.
Considering the estimated errors associated with the
different geothermometers, the plagioclase-micro-
cline temperature is marginally consistent with tem-
peratures calculated from other ?",o-independent
geothermometers in the same rock. The K-feldspar in
sample 3884, however, probably did not initially
crystallize as a triclinic phase (microcline) but in-
verted from a monoclinic phase on cooling (Thomp-
son and Waldbaum, 1969). The 505"C temperature
recorded by plagioclase-microcline pairs is lower
than temperatures recorded by other geothermome-
ters in the rock, possibly because it represents a cool-

ing temperature related to the monoclinic-triclinic
inversion.

Garnet-cordierite

A single sample (666A) contains garnet (see Table
I for composition) and cordierite with Fel(Fe+Mg)
: 0.338. Although experimental work by Newton
and Wood (1979) indicates that Fe-Mg exchange be-
tween garnet and cordierite is not temperature-sensi-
tive, Thompson (1976) and Holdaway and Lee
(1977) have presented garnet-cordierite Fe-Mg ex-
change geothermometers. The temperature recorded
by Fe-Mg exchange between garnet and cordierite is
515"C from Thompson's calibration and 525oC from
the calibration of Holdaway and Lee. The two cali-
brations, judging from the data from which they
were derived, are probably accurate to only approxi-
mately +50oC. The garnet-cordierite Fe-Mg ex-
change temperatures, calculated for sample 6664,
therefore are in surprisingly good agreement with
temperatures calculated from other geothermometers
in the same sample. Because garnet and cordierite
were found in only one sample, this study, however,
does not provide any information bearing on
whether Fe-Mg exchange between garnet and cor-
dierite is temperature-dependent or not.

St aurolit e - quart z - garnet - aluminum silic ate

Eleven samples contain staurolite, qtartz, garnet,
and aluminum silicate. Compositions of staurolite
and garnet in the assemblage in the eleven samples
are listed in Table l. The temperature of equilibrium
among the four minerals in each sample was calcu-
lated from mineral composition data, expressions 6
and 8 in Table 3 (derived from equations of Hut-
cheon, 1979), and the assumptionp",o: Ptoor: 3500
bars. Calculated temperatures ranged from 673o-
679oC, 140"-200o in excess of temperatures calcu-
lated from other geothermometers in the same rocks.
Such high calculated temperatures could be due to
conditions of pr,o ( P,o,.r during metamorphism.
Further calculations. however, demonstrate that if
the staurolite-quartz-garnet-aluminum silicate geo-
thermometer records temperatures similar to temper-
atures recorded by p",o-independent geothermome-
ters in the same specimens, then unlikely conditions
of p.,o - l0-o existed during the metamorphic event.
The equilibrium among staurolite, qvartz, garnet,
and aluminum silicate is only approxi-rrately located
in pressure-temperature space. The unreasonably
high temperatures recorded by the staurolite-quartz-
garnet aluminum silicate geothermometer, as cali-
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brated in Table 3, are most likely explained by the
imprecise experimental location of the equilibrium
among Fe-staurolite; etuutlz, almandine, x1d 5illimx-
nite as a function of temperature and pressure (see
Hutcheon, 1979 and Ghent et al., 1979 for further
discussion).

A n d alu sit e - sil lim a ni t e

The sillimanite isograd in Figures I and 2 corre-
sponds to the equilibrium between andalusite and sil-
lirranite, which occurs at 520"C at 3500 bars (Hold-
awly, l97l). The sillimanite isograd therefore
represents a 520"C isotherm. The con_figurations of
other isotherms in Figure 2 are consistent with the
sillimanite isograd as a 520oC isotherm. Considering
the +25oC uncertainty in temperatures plotted in
Figure 2, no individual temperature in the figure is in
conflict with this temperature.

Mineral assemblages in metamorphosed carbonate
rocks

Metamorphosed carbonate rocks contain numer-
ous geothermometers: zoisite-calcite-plagioclase-
quartz-garnet; zoisite-plagioclase-calcite-quartz-
amphibole-diopside; zoisite-calcite-plagioclase-
quartz-biotite-amphibole-microcline; and zoisite-
calcite -plagioclase- quartz-muscovite- microcline.
Temperatures recorded by these geothermometers
have been reported previously (Ferry, 1976b; 1978;
1980). The assemblages zoisite-calcite-plagioclase-
quartz-garnet and zoisite-calcite-plagioclase-
quartz-amphibole-diopside are the commonest, and
temperatures recorded by these two geothermometers
are listed in Table 5 when they occur in carbonate
rocks collected from the same sample localities as
were the pelitic schists. Agreement between temper-
atures calculated from geothermometers in meta-
carbonate rocks and geothermometers in pelitic
schists is good: usually within 20oC and in all cases
within 60"C. Table 5, in addition, lists the mean tem-
peratures recorded by all analyzed samples contain-
ing zoisite-calcite-plagioclase-quartz-garnet and
zoisite-calcite-plagioclase-quartz-amphibole-
diopside in the staurolite-andalusite, staurolite-cor-
dierite, and sillimanite zones. Considering errors in
measurement and considering that metacarbonate
and pelitic rocks were generally collected from differ-
ent sample locations, there are no significant ditrer-
ences between mean temperatures in the staurolite-
andalusite, staurolite-cordierite, and sillimanite
zones estimated from geothermometers in pelitic
schists and mean temperatures estimated from geo-

thermometers in metacarbonate rock in the same
zoae.

Calcite-dolomite

At location 5 (Fig. l) seven samples of carbonate
rock containing calcite and dolomite were collected.
The average temperature recorded by the calcite-
dolomite pairs is 459"! 20'C (Ferry, 1979b). Tem-
perature was also estimated from a single calcite-
dolomite pair in carbonate rock at location 53. Tem-
perature estimated from calcite-dolomite pairs is in
excellent agreement with temperature estimated from
rocks containing biotite and garnet from the same
outcrops (Table 5).

Discussion of calculated temperatures

Considering errors in values of temperature esti-
mated by each geothermometer, there is, with two
exceptions, good agreement among the various calcu-
lated temperatures. The first exception is muscovite-
quartz-microcline-sillimanite, which records too
high a temperature, probably because p.,o < P,o.^,
when this assemblage attained equilibrium. The sec-
ond exception is staurolite-quartz-garnet-aluminum
sitcate, which records temperatures that are too high,
probably because of imprecise laboratory calibration
of the geothermometer. Temperatures estimated
from the muscovite-quartz-plagioclase-aluminum
silicate-fluid equilibrium have a tendency to be
somewhat higher than temperatures recorded by
fluid-independent equilibria, probably because of
conditions of P",o ( P,oor at some sample locations
during metamorphism. The consistency in estimated
temperatures argues for a close approach towards
thermal and chemical equilibriun during meta-
morphism of pelitic schists in the study area.

Fluid composition

The mole fraction of HrO in the fluid phase during
metamorphism was estimated for 2l samples con-
taining muscovite, qvattz, plagioclase, and alumi-
num silicate (Table 6). Values of X,"o in Table 6
were calculated from expressions 2 and 9 in Table 3,
mineral composition data (Table l), and the assump-
tion of ideal mixing of H"O in the fluid. Pressure-
temperature conditions of the equilibrium were
taken as 3500 bars and the temperature recorded by
biotite-garnet pafus in each sample (Table 5). Be-
cause dX",o/dT is large for the muscovite-quartz-
plagioclase-aluminum silicate-fluid equilibrium at
high values of Xr,o, errors on calculated X",o are also
large. The temperatures recorded by the biotite-gar-
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Table 6. Mole fraction of H2O in the metamorphic fluid
calculated from the muscovite-quartz-plagioclase-aluminum
silicate-fluid equilibrium at 3500 bars pressure and at the
temperature recorded by the biotite-garnet geothermometer in ttre

same specimen (Ferry-Spear calibration)

morphism of the pelitic schists and (b) that p',o 1
P616,, &t least at some locations in the metamorphic
terrain.

Table 6 shows a positive correlation between cal-
culated temperature ar.d XH,o. Such a correlation is
not surprising, because dx^,o/dT is large and posi-
tive for the muscovite-quartz-plagioclase-aluminum
silicate-fluid equilibrium at high values of X",o. The
observed correlation between calculated temperature
and X.',o may be taken as evidence that mineral as-
semblages in pelitic schists (muscovite-qrrlrtz-
plagioclase-aluminum silicate, in particular) buffer
the composition of metamorphic fluids with which
they are in equilibrium. Buffering of the composition
of fluids by mineral assemblages in metamorphosed
carbonate rocks from the study area has already been
documented (Ferry, 1976a).
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