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Abstract

The distr ibution of Fe, Mg, Ca, and Mn within individual zoned garnets of medium- to

high-grade metamorphosed pel i t ic rocks from west-central Massachusetts has been studied in

detai l  with an automated electron microprobe, and is consistent with variat ions predictdd for

the Fe-Mg-Mn continuous reactions taking place at each metamorphic grade. This regular

behavior al lows use of composit ions of garnet and coexist ing phases for geothermometry and

geobarometry t f  P-T-X relat ions of appropriate continuous reactions can be cal ibrated.

Prel iminary cal ibrat ions of garnet-biot i te and garnet-cordieri te Fe-Mg exchange reactions

and several Fe-Mg-Mn continuous reactions have been used to evaluate P-I condit ions of

metamorphism in central Massachusetts. Results indicate pressure in the range of 5 to 7 kbar

and a west to east temperature gradient from about 580-605"C for kyanite-staurol i te grade to

650-700.C for si l l imanite-orthoclase-cordieri te grade. Pressure and temperature estimates

are consistent with regional tectonic reconstructions indicating synmetamorphic upl i f t  in the

Bronson H i l l  an t ic l inor ium and downbuck l ing  in  the  Mer r imack  sync l inor ium.

Introduction

The Bronson Hi l l  ant ic l inor ium and Merr imack
synclinorium in west-central Massachusetts, east of
the Mesozoic border fault, are composed of late Pre-
cambrian and/or Cambro-Ordovician basement
gneisses mantled by metamorphosed Middle Ordovi-
cian, Silurian, and Lower Devonian sedimentary and
volcanic rocks, and various syntectonic plutons
(Robinson, 1967a, 1967b; J. B. Thompson et al.,
1968; Fiefd, 1975). Zones of Acadian (Devonian)
regional metamorphism have been mapped in pelit ic
schists of the Partridge, Litt leton, and Erving Forma-
t ions (Robinson,  1963,  1967a,  b;  Hess,  1969;  Hal l ,

1970;  F ie ld,  1975) which indicate increasing meta-
morphic grade from west to east over a distance of
about 50 km (Fig. I ). Assemblages characterizing the
zones and the probable reactions separating them are
summarized in Table 1. Locations and estimated

I Present address: Department of Geological Sciences, Harvard

Univers i ty ,  Cambridge,  Massachusetts 02138

modes of specimens studied in detail are l isted in

Table 2.
Various continuous (multivariant) reactions char-

acterizing these zones have been studied in detail
(Robinson,  1963;  Hal l ,  1970;  Tracy,  1975).  Recent

attempts to calibrate continuous reactions in terms of

pressure (P), temperature (I), and activity of HrO
(aHrO) (A. B. Thompson, 1976a, b) use experimen-

tally determined and calculated pure-Fe and pure-Mg

end-member reactions and Fe-Mg exchange poten-

tials calculated from distribution coefficient (Kp)

data. These calibrations are here applied to detailed
petrographic and microprobe information on pelit ic

rocks, in an attempt to understand the pressure-

temperature history of this portion of the Appala-

chian mounta in bel t .
The near ubiquity of garnet in assemblages in pe-

lit ic rocks over a wide range of metamorphic grade

and bulk compositions makes it a useful mineral for

continuous geothermometry and geobarometry' The

nature and origin of the compfex chemical zoning of
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GARNET COMPOSITION AND ZONING

Ftc.  l .  General ized geologic map of  west-centra l  Massachu-
set ts showing the dist r ibut ion of  metamorphic zones and locat ions
of  specimens.

garnet must be understood, however, before compo-
sitions may be used for pressure and temperature
determinations. The garnets from different metamor-
phic zones show element distribution patterns that
are complex functions of rock bulk composition, spe-
cif ic continuous reactions in which garnet is involved,
P-Z history of the rock, homogeneous diffusion rates
wi th in garnet ,  and possib ly  a lso the avai labi l i ty  of
metamorphic fluids at the various stages of garnet
development.

Assemblages, continuous reactions,
and garnet zoning

During microprobe investigation of the samples, it
was noted that garnets frorn different metamorphic
zones exhibit a variety of element zoning patterns. It
appears that slow homogeneous diffusion rates
within garnet, unlike other phases, permit pteserva-

tion of growth zoning at medium grades of meta-
morphism. This means that element distribution pat-
terns within garnets may yield information on the
nature of prograde and retrograde continuous reac-
tions involving garnet. Differing styles of garnet zon-
ing may be discussed conveniently in a framework of
increasing metamorphic grade, as reflected by the
various metamorphic zones observed in central Mas-
sachusetts.

Zones I and II

Metamorphic Zone I is characterized by assem-
blages of Kya-Mus-Sta-Gar-Bio with Qtz + Gph +
I lm t  Pla a Pyh (Table l ) ,  though kyani te is  re-
stricted to rocks with magnesian bulk compositions
(Robinson, 1963; Hall, 1970). Zone Il differs from
Zone I only in the presence of sil l imanite in place of
kyani te.  Si l l imani te is  much more abundant  in  th is
zone than kyanite inZone I. Garnets from both zones
are usually euhedral and generally contain inclusions
of quartz and ilmenite, in some cases showing evi-
dence of rotation during growth. These garnets ex-
h ib i t  "normal"  chemical  zoning (Hol l is ter ,  1966)
characterized by Ca- and Mn-richer cores and Fe-
and Mg-richer rims. Single garnets from these zones
have been examined in great detail with an automated
electron microprobe, and chemical contour maps of a
typical garnet in sample 908 from Zone I are pre-
sented in Figure 2. These represent the two-dimen-
s ional  d is t r ibut ion of  end-member components in  a
section cut approximately through the center of a
gra in.

Zone I  samples 908 and 4F5 show a roughly con-
centric and regular zoning with the notable exception
of a ridge of higher pyrope content near the edge,
caused by a considerable drop in MglFe at the edge.
Representative analyses of Zone I (908, 4F5) and
Zone ll (36Y, Q67) garnets have been plotted in
terms of atomic percent Fe, Mg, and Mn in Figures
3a and 3b. ln Zone I  samples (F ig.  3a)  in i t ia l  outward
zoning shows a decrease in Mn accompanied by a
slight increase in Mg/Fe, consistent with the pre-
dicted trend of garnet compositions involved in the
continuous Fe-Mg-Mn reaction

lT.%-4]l
F. . . : e l
t +  r  i + l

l* *l
t +  +  +  + l

t -  - ]
t l

TRIASSIC-JUMSSIC SEDI.},IENTAXY A]{D VOLCANIC ROC(S

SYNTECTONIC INTRUSIONS

ORDOVICIAN, SILURIA.}I, DEVONIAN PELITIC SCHISTS N MLATED ROCKS

CNEISSES ND OR.DOVICIA.}I VO1CANICS IN CORES OF DO}GS

Sta + Bio *  Qtz -  Mus *  Gar *  HrO ( l )
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Tnsls I Metamorphic zones,  mineral  assemblages,

and abbreviat ions

Z o n e  A s s e m b l a g e Discont inuous  React lon

Q t z-B io -Gar-S ta-Kya-Mus+P1a-Gph-I1m+Pyh

Qt z-Bio -Gar-S ta-MusaPla-Gph-I lm+Pyh

Q t z-B io -Gar-S ta-S i1-Mus+P1a-Gph-I1n+Pyh

Qtz-B io-Car -S i1 -Mus-P1a-Gph- I lm+Pyh

IV Qtz-B io-Gar -S i1 -Mus-Ksp-P1a-Gph- I lm-Pyh Mus *Pla +Qcz = Sil +Ksp +H2O

Q t z-B io -Gar-Si1-Ksp -P1a-Gph-I lm+Pyh

V T Qt z -B io -Gar  -Crd-S i1 -Ksp-P1a-Gph- I  ln+Pyh

Minera l  Abbrev ia t ions

B i o  -  B i o t i t e

C r d  -  C o r d i e r i t e

G a r  -  G a r n e t

G p h  -  c r a p h l t e

l 1 n  -  I l m e n i t e

K s p  -  K - f e l d s p a r

K y a  -  K y a n l t e

M u 6  -  M u s c o v i E e

P 1 a  -  P l a g i o c l a s e

D ! , h  -  D ! , r ' L ^ i i i 6

O r .  -  O t t ^ r F '

S i 1  -  S i l l i n a n i t e

S t a  -  S t a u r o l i t e

with increasing temperature (A. B. Thompson, 1976a).
From element  d is t r ibut ion in  the l imi t ing b inary
systems it is predicted that T*" ) 2"" > Zr.,
where ?ny* represents the temperature of the reaction
in the pure-Mg system at  constant  P and aHrO. The
Zone l l  garnets show a s imi lar  t rend toward lower
Mn, but  have very l i t t le ,  i f  any,  change in MglFe
from core to r im.  This cannot  be expla ined by a
cont inuous Fe-Mg react ion,  but  may represent  the
ef fect  of  Mn on the d iscont inuous Fe-Mg react ion

Sta + Mus *  Qtz :  S i l  *  Gar *  Bio *  HzO (2)

which can be thought  of  as a cont inuous Fe-Mg-Mn
reaction with I"" > Tru'e ) Zr,.

The abrupt  change in zoning toward lower Mg/Fe
observed near the margins of  Zone I  garnets (F igs.  2
and 3a) cannot be easily related to prograde contin-
uous Fe-Mg-Mn react ions,  and may be re lated to
cont inuous react ions involv ing other  types of  cat ion
exchange or to retrograde reactions, on the basis of
features observed in higher-grade garnets (see below).

Zones il[, IV, and V

Garnets f rom Zone I I I  (Mus-Si l ) ,  Zone IV
(Mus-Si l -Ksp) ,  and Zone Y (Si l -Ksp)  are d is t inct
f rom those of  Zones I  and I I  in  that  they are rare ly
euhedral  and conta in few inc lus ions.  As indicated in
Table l ,  Zones l l  and I l l  are separated by react ion

TnsI-r  2.  Est imated modes and locat ions of  specimens

Qcz P1a Mus Ksp Kya s1l Bio sta Gar Crd I ln GPh Pyh * i  q" i .n"r{

9 0 8  6 3  t ' # I  z o  l o  c r  5  r r

5 0 Y 5 0 r r 1 7 t r 2 6 4 r I

U 9 4 x 5 3 c r 1 9 1 5 7 2 1

4 F 5 L \ 4 5 8 r 2 5 3 1 6 2 1 1

3 6 Y 6 8 1 6 2 l 2 t r I t r

Q 6 7 X  5 0  2 1 6  6  2 3  t r  I  t r

892U 34 18 3 7 36 tr  t r

8 7 7 3 9 1 9 9 6 2 9 ! r t !

8 6 9  2 5 I O  5  6  L 9 3 2  I  r r

L l 1 Y  2 5 2 5  5  5  3 4  5  t r

9 3 3 A  3 0 1 0  5  1 4  3 0  7  r

9 3 3 8  1 5  1 0  t r  1 0  4 3  2 0  t r

5 9 5 C 2 8 2 6 2 5 5 3 1 t r t r

5 0 7 8 2 9 L I 8 8 3 8 2 t r

T 1 0 B  2 5  8  1 0  l 8  3 4  3  t r

T 1 2 A  3 0  1 0  1 3  1 2  2 9  5  c r

0 6 7 D  3 7  1 0  5  1 0  2 7  7 0  c r

F w 2 8 3  2 5  r r  3 0  1 5  1 5  1 2  I  2

F9154 15 5 2 3 1 5 2 0 2 0 2

F W 1 2 2  t 1  L  2 0  2 0  3 5  1 0  2  t t

z u 4 0 7  3 0  1 3  7 2  1 2  1 5  8  2  L r

I L

1 E

3 i -

1 P

1 P

c r L

1 1 P

c r l P

T I P

t r  1  P

2 I P

1 1 P

1 2 P

3 1 P

1 1 P

1 P

1 L

t r  P

r r l

1 t

t r  8  P

N  ( 1 )

M  ( 1 )

M  ( I )

M  ( 1 )

o  ( 1 )

c  ( 1 )

a  ( 2 )

Q  ( 2 )

q  ( 2 )

a  (2 )

Q  ( 2 )

a  ( 2 )

wD (2)

nD (2)

P a  ( 2 )

P a  ( 2 )

P e  ( 3 )

Ha (4 )

w a  ( 4 )

w a  ( a )

wn (4 )

*Famation: P= Partr idge'  L= Li t t leton, E= E?t ing.

**Quadrfugle: N= Narthf ield,  w MiLLer '  FaLLs, o= j tanEe' G= Maunt Crace'

Q= Quabbin Resenail, vD- Wineor D@, Pa= Palmev, Pe= Petersh@'
wa= Il@e, \ln= wat?en.

l lReferences: ( ! )  Rabinsan (1963),  HaLZ (1970);  (2) T"aeY (1975);

(3) Robinson, unpubl ished data; G) Field (1975)

u l t r  - T r a c e ,  L e s g  h a a  1  p e n " o n t .
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FIc 2 Contours of  atomic percent  Fe,  Mg, Ca, and Mn in a garnet  f rom specimen 908, Zone I  Dots indicate microprobe analysis
spots,  and t r tangles indicate analyses of  i lmeni te inc lusions,  keyed by let ter  to Table 4.  Probe sect ion was specia l ly  prepared to pass as
close as possib le to the center  ofa subhedral  crvstal .

765

(2) ,  which marks the upper s tabi l i ty  of  s tauro l i te  in
these pel i t ic  rocks.  F igure 3b i l lust rates the zoning
t rend  fo r  aZone  I I I  ga rne t ,892U.  The  r im  has  l ower
Mn than the core,  but  a lso has considerably lower
Mg/Fe.  The only prograde cont inuous Fe-Mg-Mn
react ion which can operate in  Zone I I I ,

Mus *  Gar -  Si l  + Bio + Qtz,  (3)

cannot  be used to expla in garnet  growth in  th is  zone,

since garnet is consumed by this reaction, for which

nu. ) Tr" ) T*r. An alternative reaction producing
garnet involves i lmenite,
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Frc.  3.  Ternary p lots of  atomic percent  Fe,  Mg, and Mn in analyzed garnets.  Arrows indicate di rect ion of  zoning f rom core to r im

Mus * Ilm + Qtz - Gar + Ti-Bio (4)

or i lmenite and ruti le,

Mus * I lm * Qtz - Gar * Bio * Rutile (4a)

The limiting binary systems predict that Zr" ) ?"n )
Iy, for these reactions, which is consistent with the
zoning in  sample 892U (Fig.  3b) .

The contours of composition for sample 933B in
Zone lY (Fig. a) show that the compositional varia-
tion is greatest in the marginal region of the garnet, in
contrast to the more regular zoning across the lower-
grade garnets. With regard to the distribution of Mn
and Mg, the garnets from Zone IV may be considered
to have reverse zoning from those in Zone I. The core
to rim zoning trends for 9338 and sample Tl2 from
Zone Y are shown in Figure 3c. Zoning from Mg-
richer cores to Fe- and Mn-richer rims is strikingly
different from zoning in inner parts of lower-grade
garnets, though apparently similar to trends in outer
parts of Zone I garnets. It is also similar to the garnet
zoning observed by Grant  and Weib len (1971).

Garnet probably originated in Zones IV and V
through operation of lower-grade continuous Fe-
Mg-Mn reactions, as well as the continuous
Fe-Mg-Mn dehydration reaction

Bio + Sil * Qtz - Gar * Ksp + HrO. (5)

For reaction (5), the predicted relative end-member
temperatures ar€ 7n1ag ) Zr" ) fta,. Consequently,
the three-phase triangle Gar-Bio-Sil in the AKFM
projection from KAlSi3O8, SiOr, and HzO (J. B.

Thompson, 1957) moves toward more Mg-rich com-
positions with increasing temperature. For Zone lY
and V garnets, chemical zoning is strongest near the
rims (Fig. 4), but is in the reverse sense from the trend
predicted by this reaction. One explanation for this
marginal zoning behavior, consistent with the shape

of the garnets and zoning profi les (Fig. 3c), would

involve late-stage operation of continuous reaction
(5) in a retrograde sense:

Gar * Ksp + HrO - Bio * Sil + Qtz. (5a)

For this case, reacting garnet rims are depleted in Mg

relative to Fe and Mn.
The differences in element distribution in cores of

garnets from Zones III, IV, and V compared to those

from Zones I and II might be explained in a variety of

ways. A first possibil i ty is that the garnet in the

higher-grade zones was not formed in these rocks at

lower grade, either because of systematic bulk com-
position differences from the rocks now found in

Zones I and II, or because they followed a different
P-T path during metamorphism. The bulk composi-

tion argument can be ruled out, however, because

bulk compositions in all zones, deduced from

amounts of analyzed phases, overlap extensively. If

the P-T path were the same and relict portions of

lower-grade garnets remained within garnets of

Zones III, IV, and V, then some internal mechanism,

such as increased self-diffusion rates, could have

caused elimination of the remnant internal-element
distribution. The observation that zoning patterns

.J, g92U

.-{

/ '

I
./:

FW407-*--r€-:]s#.FWt54
FWt22
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l m m

Frc.  4.  Contours of  atomic percent  Fe,  Mg, and M n in a garnet  f rom specimen 9338, Zone IV.  Ca var ies f rom 3 0 at  edge to 4.4 in core.

Dots indicate microprobe analvsis sDots

are consistent with continuous reactions operating
wholly within each zone may indicate that the higher-
grade assemblages did not pass through the whole
prograde sequence, but followed independent P-T
trajectories.

Table I shows that Zones III. IV. and V contain
the same AKFM assemblage (Gar-Bio-Sil) but are
distinguished through the operation of continu-
ous reactions involving Mus-Pla-Ksp-Sil-Qtz-HrO
(Evans and Guidot t i ,  1966;  Tracy,  1975).  Whi le as-
semblages imply existence of the discontinuous reac-
tion in a Ca-free system

Mus * Pla * Qtz = Ksp * Sil + H,O (6)

(A .  B .  Thompson ,  1974a ) ,  t he  assemb lage
Mus-Pla-Ksp-Sil-Qtz is stabil ized through contin-
uous reactions involving Ca-exchange. In addition to
continuous reactions due to Ca-Na-K exchange be-
tween Mus-Pla-Ksp, calcium is involved in a contin-
uous reaction between plagioclase and garnet:

Ca-Pla - Ca-Gar + Sil (or Kya) + Qtz (7)

Data of Tracy ( 1975) suggest an equil ibrium distribu-
tion of calcium between coexisting garnet and plagio-
clase in quartz-sil l imanite bearing rocks, probably
through operat ion of  a cont inuous react ion such as
(7)  (see Appendix 2) .

Zone VI

This zone is characterized by the occurrence of
cordierite in pelit ic rocks, possibly appearing by the
discontinuous Fe-Ms-Mn reaction

Bio + Si l  *  Qtz:  Gar *  Crd f  Ksp *  H,O (8)

ln general, garnets from Zone VI are similar in ap-
pearance to those of Zones IV and V but are com-
monly larger, up to 3 cm or more in diameter. They
are nearly homogeneous except where in contact with

a more magnesian phase, biotite or cordierite, where
a substantial decrease in Mg/Fe occurs. Similar ob-
servations have been made for garnets at equivalent
grade in northern Connecticut and central Massachu-
set ts  by Hess (1971) and Richardson (1975).  ZonelY,
V, and VI garnets are significantly more pyrope-rich

than those from lower grades, probably as a result of
significant progress of reaction (5), one of two contin-
uous Fe-Mg reactions which intersect to form the
discontinuous reaction (8). Because Zp" is only mod-
estly lower than Zy" for reaction (5), small temper-
ature increases (or dehydrations) result in relatively
large increases in pyrope content of garnet.

Figure 5 i l lustrates the compositional variation in a
Zone Yl garnet from sample FW407. In sample
FW407, the biotite imrnediately adjacent to the gar-
net shows a slight increase in Mg/Fe. Richardson
(1975) has suggested that  th is  phenomenon may be
due to a local cation-exchange process occurring in

the first 100-200"C of cooling from the maximum
metamorphic temperature. The Fe-Mg-Mn trends
for these garnets (Fig. 3d) resemble those for Zone lY
and V garnets and the near-rim trends for Zone I, and
it is therefore tempting to ascribe all these effects to
retrograde processes. Local retrograde cation ex-
change can only be demonstrated convincingly for
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Zone Yl garnets, while it is possible to explain the
other trends by continuous reactions, either prograde
or retrograde, involving participation of most of the
phases in the rock with the exception of garnet cores.
It is important, therefore, not only to document the
compositional variations in garnets, but to attempt to
relate the variations to the appropriate continuous or
exchange equil ibria.

Mineral composition and the estimation
of temperature and pressure

Temperature estimates from Ke( Fe-Mg) data

Temperatures may be estimated using two-phase
Fe-Mg cation thermometry if the distribution
coefficient, Kp(Fe-Mg), shows a definite temperature
dependence or, alternatively, from the compositions
of phases involved in continuous reactions, if they
can be calibrated. Values of In Kp(Fe-Mg) obtained
from analyzed coexisting Gar-Bio and Gar-Crd
pairs have been crudely calibrated as functions of Z
(A. B. Thompson, 1976b). Th€ formulation neces-
sarify assumes ideal solution of all components in the
crystall ine solution [Ko(Fe-Mg) is independent of
composition] and that ACp for the exchange reaction
is zero.

Temperatures estimated from the ln Kp(Fe-Mg)
values obtained from microprobe analyses in this
study, using the calibration of A. B. Thompson, are
presented in Table 3. In contrast to the garnets, where
core, intermediate, and rim compositions are avail-
able for Kp calculations, biotite was found to be
essentially homogeneous within individual speci-
mens, except in Zone VI where biotite immediately
adjacent to garnet is more magnesian than elsewhere
in the rock (Table 3), due to local retrograde ex-
change. It is reasonable to assume that Kp calculated
from garnet-rim and matrix-biotite compositions
gives an indication of the last continuous retrograde
metamorphic equil ibration. However, it is a serious
problem to estimate how much the matrix-biotite
composition might have been changed by retrograde
(and prograde) reactions from the composition it had
when it was in equil ibrium with intermediate or core
garnet compositions. It can be reasoned that the
amount of biotite composition change during a retro-
grade continuous reabtion would be proportional to
the extent that bulk garnet participated in the reac-
tion. In cases where the rock contains very l itt le gar-
net and,/or the retrograde outer rims are extremely
narrow (and there are no other abundant Fe-Mg-Mn
phases), the matrix biotite may have been close to

0 O.5 mm

Frc.  5.  Contours of  atomic percent  Fe and Mg in a garnet  f rom

specimen FW407, Zone Yl .  Ca and Mn are v i r tual ly  homo-
geneous, 3.2-3.7 and 2 3-2.8 atomic percent respectively. Note the

s'.rong compositiorial change near adjacent magnesian biotite.

being an irif irt i te reservoir, and there is no way that
the biotite Fe/Mg ratio could have increased sub-
stantially from what it was earlier. Here, Kp deter-
mined from garnet interior and matrix biotite should
give a substantially correct estimate of prograde tem-
perature. On the other hand, when the rock contains
very abundant garnet and/or shows very extensive
retrograde rims as exemplif ied by specimen 9338
(Table 2,  F igs.  3c,4) ,  the FelMg rat io  of  the matr ix
biotite should have increased substantially from what
it was earlier. In this case, Kp calculated using inte-
rior-garnet and matrix-biotite compositions results in

( . \
Bio  )
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Zone Spec,  Mlners l

Teslr  3.  Mineral  composi t ions and est imates of

temperature and pressure
and highest for near-rim, maximum-Mg composi-

tions. This is consistent with the previously stated

model of interior zoning due to prograde continuous '

reactions and rim zoning due to retrograde contin-

uous reactions. For Gar-Bio pairs from Zones III,

IV. V. and VI, values of ln Kp(Fe-Mg) using garnet

interior compositions give temperatures 50 to 200'C

higher than using rim compositions. The maximum

temperatures appear to be about 580 to 605'C for

Zones I and II,600 to 6't5' for Zones III and IV, and

650 to 695' for Zones V and VI. As emphasized

earlier, the absolute values of temperature cannot be

estimated better than about A50oC by these meth-

ods, although relative temperatures wil l be as in-

dicated. These temperatures appear to be wholly con-

sistent with those estimated from appropriate

continuous reactions calibrated from experimental

data (A.  B.  ThomPson,  1976b).

Pressure estimates from continuous Fe-Mg reactions

The marked pressure dependence of some contin-

uous reactions means that the compositions of co-

existing phases may be used to predict pressure if the

temperature can be independently evaluated, cHzO is

known, and the continuous reactions have been cali-

brated. One such continuous Fe-Mg-Mn reaction

Cordierite - Garnet + AlrSiO5 * Quartz (9)

can be described by the equation of state for one end-

member reaction (either Fe, Mg, or Mn) and equa-

tions for two of the three'binary exchange reactions'

Fe-Mg, Fe-Mn, or Mn-Mg. The P-T curve for the

pure-Fe end-member reaction (9) with sil l imanite has

been investigated by Richardson (1968,./O, buffered

by QFM) and by Weisbrod (1973a,./O, buffered by

QFt). The P-Z curve for the pure-Mg end-member

reaction has been calculated using a formulation for

the pure-Fe data and the Fe-Mg exchange potential

(Apo""r, , for Gar-Crd (A.B. Thompson, 1976b'

The P-?ncurve for the pure-Mn end-member reaction

has been investigated ip synthesis experiments by

Dasgupta et al. (1974). The location of this latter

curve is in disagreement with the investigation of

Weisbrod (1973b) on the Fe-Mn continuous reac-

tion, but has been used in the present paper. P'X

loops for the Fe-Mg, Fe-Mn and Mn-Mg binaries

have been calculated using end-member molar vol-

ume data, experimental data on the P-T curves for

the pure-Fe and pure-Mn reactions, and a calculated

P-7 curve for the Mg reaction, assuming ideal solu-

tion on equivalent sites (A. B. Thompson' 1976b, Fig.

2). These data are presented on a ternary Fe-Mg-Mn

Pra !":I* ':d

\n **, r 'c Ah Pvr sPe Gro xca t. i 
tt i i ' i",

Car core .076
Ga! tnt .  . I18

Blo .410
car core .185

Gar core .120
Cer ht,  .150
car r tu .103
B t o  . 4 8 4
G a r  c o l e  . 1 4 6
car inE, .164
car r in ,L25
B i o  . 4 8 5
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a "false" high temperature estimate (Table 3, 933A,
9338,  T l2A) .

Gar-Bio pairs from Zones I and II yield temper-
atures which are lowest for cores and outermost rims,
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diagram (Fig. 6) showing the temperatures and pres-
sures at which garnets of the indicated composition
would be in  equi l ibr ium wi th Fe-Mg-Mn Crd,  Si l ,
and Qtz. Pressures determined from this Fe-Mg-Mn
data necessarily give lower pressure estimates than if
the experimental Fe-Mg data (corrected for Mn) of
Hensen and Green (1973) or  Curr ie  (1971) had been
used. The calculated Mg end-member reaction used
here is about 3 kbar below that of Hensen and Green.

The assemblage Gar-Crd-Sil-Qtz-Ksp is known
only in Zone Yl, and yields estimates of pressure of
6.2-6.3 kbar  (Table 3,  co lumn a) .  In  the more com-
mon assemblage Gar-Bio-Sil-Qtz, the garnet is nec-
essarily more Fe-rich than garnet in the assemblage
Gar-Crd-Sil-Qtz at the same P and T. Con-
sequently, due to the orientation of the Gar-Crd P-X
loop, with garnet on the high-P side, Gar-Sil-Qtz
(+Bio) without cordierite must indicate higher pres-
sure than garnet of the same composition witft cor-
dierite. Garnet composition in the assemblage

oo t;

Gar-Bio-Sil-Qtz, applied to Figure 6, should then
yield an estimate of minimum pressure (Table 3, col-
umn a). Because reaction (9) is metastable in the
kyanite zone, P-X loops and an Fe-Mg-Mn triangle
were constructed for reaction (9) with kyanite (see
caption Fig. 6), and pressure estimates for Zone I
samples were obtained from these.

Other continuous reactions involving Gar-Bio-
Sil-Qtz can be used for thermometry and barometry.
If muscovite is present with Gar-Bio-Sil-Qtz, as
in Zones I I ,  I I I  and IV,  then cont inuous react ion (3) ,
which has values of dP/dT for end-members ap-
proaching zero, could be a useful barometer, but
not thermometer. This continuous Fe-Mg reaction
has been calibrated (neglecting Mn because of the
paucity of data) using the calculated dP/dT for
the pure-Fe reaction, the location of an invariant
point through which this curve must pass, and
Apor"rurg_, to calculate the Mg reaction (see Appen-
dix l). The pressures estimated from this method

30

Ftc.  6.  Ternary Fe-Mg-Mn diagram with isopleths showing composi t ions ( in atomic percent)  of
garnet  in equi l ibr ium wi th cordier i te and s i l l imani te at  g iven temperatures and pressures.  See text  for
detai ls  on construct ion of  th is d iagram. Arrows on edges indicate composi t ion isopleths i f  Al -s i l icate is
kyani te rather than s i l l imani te (4;600" indicates 4 kbar at  600"C)

20
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(Table 3, column b) are considered to represent
maximum values because the effect of Mn would

be to lower the pressure of the continuous Fe-Mg
reaction. This calibration is even less dependable
than Gar-Crd-Sil(Kya) because it is not t ied to ex-
perimentally investigated equil ibria.

A further attempt at quantitative geobarometry
uses the compositions of coexisting garnet and
plagioclase, with AlzSiOu and quartz (see Appendix
2). Calibrations of reaction (7) have been used to
obtain the pressure estimates shown in Table 3, col-
umn c.

Difficulties in use of zoned garnets for
geothermometry and geobarometry

While the data presented here are considered to
il lustrate the importance ol prograde continuous re-
actions in the formation of growth zoning in garnet,
diff icult ies in interpretation are apparent. First, mod-
ell ing of garnet growth zoning with such models as
Rayleigh fractionation (Holl ister, 1966) can be suc-
cessful only ifthe garnet is involved in a single contin-
uous reaction during its growth. Second, with avail-
able data, we are unable to discriminate fully between
garnet zoning due to continuous prograde reactions,
retrograde reactions either between adjacent phases

or within a larger volume around the garnet, homo-
geneous diffusion within garnet, exchange with Fe-
Mg-Mn inclusions, and reactions involving a pos-
sible melt phase at the highest grades.

The observed zoning of garnets from Zones IV, V,
and VI cannot be successfully explained by prograde
continuous reactions involving iron, magnesium, and
manganese. However, as discussed by J. B. Thomp-
son (1972, p. 32), simultaneous reactions involving
iron-titanium oxides, iron sulfides, or graphite can
displace projected bulk compositions in the AKFM
tetrahedron away from or towards (FeO) and con-
sequently affect the nature of the Fe-Mg continuous
reactions. Similarly, as discussed by A. B. Thompson
et al. (1976 and in preparation), simultaneous reac-
tions involving calcium and sodium phases such as
white micas, feldspars, epidote, and calcite can dis-
place projected bulk compositions away from or to-
wards Al2Os and consequently displace the Fe-Mg
continuous reactions. Reactions involving phases
that display Tschermak's exchange, for example,
Al rMg-,Si - ,  in  muscovi te,  b iot i te ,  ch lor i te ,  and pos-

sibly staurolite, wil l have the same effect. Such reac-
tions operating simultaneously with Fe-Mg-Mn ex-
change reactions could actually lead to garnet

consumption or a net change in zoning patterns con-

trary to those implied by continuous Fe-Mg-Mn

reactions.
The role of diffusion in producing the observed

zoning is difficult to assess. In fact, we have taken

definite advantage of the slow diffusion rates within

garnet that have led to the preservation of growth

zoning, at least for Zones I, lI, and III. This suggests

that the exchange reactions within these samples have

involved all the phases in the rock outside the garnet'

This implied mobil ity of exchangeable species may be

related to the presence of some transporting medium,

such as the unseen "intergranular f iIm." Further evi-

dence that garnets from the lower-grade zones pre-

serve continuous reaction zoning is the progressive

decrease from core to rim of the ratio Mn/Fe in both

host garnet and included ilmenite (see Fig. 2 and

Table 4). For these coexisting phases, the ratio

(Mn/Fef"' /(Mn/Fe)"- changes slightly from core

to rim. lf this Ko could be calibrated as a function of

temperature, then it might be possible to distinguish

prograde continuous Fe-Mg-Mn reactions from ret-

rograde two-phase cation exchange between garnet

and ilmenite.
If mass balance across mineral contacts in ex-

change equil ibrium can be evaluated, then the scale

of equil ibration can be determined' Moreover, the

sense of the Fe-Mg exchange may be related to the

change in the two-phase Kp(Fe-Mg) and the appro-

priate relative temperature change deduced' The

demonstration of total mass balance across gar-

net-cordierite and garnet-biotite junctions in Zone

Vl rocks (Richardson, 1975) and the absence ofhy-

drated minerals at grain boundaries (Hess, l97l) is

taken to indicate diffusional cation exchange between

adjacent mineral grains only' The observed change in

Kp(Fe-Mg) indicates diffusion in response to falling
temperature during a "dry" period of retrograde

Tenle 4.  Composi t ions of  i lmeni te inc lusions

and adjacent garnet in specimen 908
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metamorphism (Lasaga and Richardson, 1975).
Homogeneous inter ior  composi t ions of  Zone VI  gar-
nets could be taken to indicate that, during prograde
growth, diffusion rates within the garnet exceeded the
rate of growth on the exterior, or that increased
homogeneous diffusion rates at the inferred temper-
atures (650-695"C) were able to eliminate earlier
growth zoning.

If the near-rim zoning in garnets from Zone Vl
represents a retrograde exchange in response to cool-
ing, it could be suggested that the near-rim zoning in
garnets from Zone I and the core to rim zoning in
garnets from Zones IV and V are also due to retro-
grade processes. The more concentric patterns of
near-rim zoning in garnets of Zones I-V, however,
which occurs irrespective of the adjacent phase, in-
dicates a more complex mechanism than local two-
phase cation exchange. Moreover, other phases in the
assemblage appear to be internally homogeneous in
composition. The reequil ibration may have involved
other phases in the rock, thereby representing retro-
grade continuous reaction, operating in a reverse
sense from the prograde counterpart.

Speculations on significance of
temperature and pressure estimates

Al though the P and Z est imates of  th is  s tudy are
tentative and wil l, of course, be subject to major
correction on the basis of additional and improved
exper imenta l  work,  i t  is  usefu l  to  consider  some of
the geological implications. The estimates of temper-
ature and of  pressure (or  min imum pressure)  are
pfotted directly on a P-T diagram (Fig. 7) together
with three conflicting sets of experimental data on the
stabil ity of the AlrSiOu polymorphs (Newton, 1966;
Richardson et  a l . ,1969;  Holdaway,  l97 l ) .  Min imum
pressures for most zones l ie within I kbar below
estimated pressure for Zone VI and suggest that the
last prograde equil ibration may have been near 6
kbar over the entire area, well above any of the
conflicting experimental triple points. Only speci-
mens from Zone I have minimum pressures for esti-
mated temperatures that l ie on the kyanite side of a//
of  the exper imenta l  Kya-Si l  equi l ibr ia .  Al l  the Zonel
specimens studied actually occur close to the kya-
nite-sil l imanite isograd, and would be expected to
fall close to this equil ibrium in Figure 7.

Rel ic t  kyani te is  fa i r ly  common in some rocks of
Zone ll, particularly near the Keene gneiss dome, in
the nor th center  of  F igure l .  Deta i led work on ged-
rite-cordierite sneisses in this vicinitv (Robinson and

P
(Kbod

T (oc)
Ftc.  7 P-7 diagram summariz ing the pressure and temper-

ature est imates made for  samples in th is study:  Zone I  (squares),
Zones I I  and I I I  (open c i rc les) ,  Zones lV and V (c losed c i rc les)  and
Zone Yl  ( t r iangles) .  Symbols wi th arrows are minimum pressure
est imates.  Bars are used for  samples wi th minimum (f rom
Gar-Crd-Si l IKya]-Qtz)  and maximum (f rom Gar-Bio-Mus-

Sil-Qtz-see Appendix I ) pressure estimates. Alrsios triple
points shown for  compar ison are N(Newton,  1966),  RGB
(Richardson et  a l  ,  1969' '1 and 11 (Holdaway, l97l) .

Jaffe, 1969) suggests late-stage crossing of the pres-
sure-sensitive reactions

Gedrite * Sil l imanite * Quartz

: Cordierite + HrO (10)

and

Gedr i te  *  Si l l imani te

:  Cordier i te  *  Corundum + HrO ( l l )

to lower pressure, interpreted as the product of tec-
tonic unloading associated with the rise of the gneiss
domes.

Several  of  the rocks of  Zone VI ,  inc luding FW-283
and FW-122 (Fie ld,  1975),  conta in columnar aggre-
gates of sil l imanite crystals with textural features sim-
i lar  to  those at  Gap Mounta in,  New Hampshire
(Rosenfeld, 1969). These may be interpreted as sil-
l imanite pseudomorphs after andalusite. Inter-
estingly, the estimated temperature and pressure for



specimen FW-122 (Table 3) l ie close to the "iso-
meke" determined using quartz inclusion piezother-
mometry by Adams et  a l .  (1975,  F ig.  l0)  for  specimen

7612 from Gap Mountain. However, they suggest
temperatures between 500 and 600'C for their speci-
men. Regardless of precise temperatures, it appears
that the rocks forming much of this part of the Merri-
mack synclinorium followed a trajectory on the high-
temperature side of the AlzSiOu triple point and, at
least  in  the case of  Zone VI  in  Massachuset ts ,  suf-
fered rather severe late-stage compression to pres-
sures above any of the experimental triple points. The
overall impression of late-stage unloading, due to
upl i f t ,  in  the Bronson Hi l l  ant ic l inor ium, and s imul-
taneous late-stage compression due to downbuckling
in the adjacent  Merr imack syncl inor ium is  consistent
with the presently available picture of late-phase re-
gional tectonics and gravity in central Massachusetts
(J.  B.  Thompson et  a l . ,  1968;  Kick,  1975).

Summary

We have attempted to i l lustrate the importance of
cont inuous react ions involv ing the whole assemblage
in the format ion of  growth zoning wi th in garnets of
medium- to high-grade metamorphism, and to em-
phasize that adequate petrologic characterization of
natura l  samples is  mandatory.  Appropr iate cont in-
uous reactions controll ing the compositions of co-
existing minerals must be identif ied and scales of
equi l ibrat ion considered.

We are unable at this time to assess the total effect
of the amount of diffusional mass transfer (Black-
burn,  1968;  Anderson and Buckley,  1973,  1974),
which is  a funct ion of  addi t ional  unknown var iables,
inc luding re lat ive t ime of  anneal ing,  in i t ia l  magni tude
of concentration gradients between garnet and ma-
trix, and complex relations between chemical poten-
tials and diffusive fluxes. It appears that the minor
zoning of Zone VI garnets represents diffusional ca-
tion exchange in the absence of HrO. If the marginal
zoning of Zone IV and V garnets and the near-rim
zoning reversal of Zone I garnets are due to retro-
grade continuous reactions in the presence of an
aqueous fluid or f i lm and not the result of complex
prograde continuous reactions not represented by the
AKFM pel i te  pro ject ion (wi th Mn),  then a cont in-
uum of retrograde effects during cooling may be in-
dicated, and these assemblages may be used to de-
duce some aspects of the cooling history. It is not yet
known if this f luid requires an external source or
reflects prograde dehydration fluids unable to escape
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and hence available for partial rehydration during a
change in local temperature conditions.

Any attempt to refine the methods outl ined here
requires further calibrations from precise experimen-
ta l  s tudies,  par t icu lar ly  P-7 locat ion of  a l l  end-mem-
ber reactions and binary or ternary continuous
reactions, and additional data on the activity-
composi t ion re lat ions of  the crysta l l ine solut ions,
par t icu lar ly  cord ier i te .  Also important  are in for-
mation on the nature and rates of diffusion in

major metamorphic minerals and the mechanisms of
crystal growth and intergranular diffusion. If the
techniques described in this paper can be applied with
greater precision, it wil l provide a powerful tool for
better understanding the development of metamor-
phic rocks.

Appendix l. Calibration of a
Gar-Bio-Sil-Mus-Qtz Fe-Mg geobarometer

An attempt has been made to calibrate crudely the
divariant isothermal P-X(Fe-Mg) loops for the con-
t inuous Fe-Mg react ion,  involv ing ideal  garnet  and
biot i te  solut ions,

Gar *  Mus -  Bio *  Si l  + Qtz (3)

for use as a geobarometer. A value for dP/dI of *8
bars deg-' for the pure Fe-reaction was estimated
(Thompson, 1976b, Table 2). The P-T location of the
Fe and Mg end-member curves is constrained by Fe
and Mg invariant points generated by the inter-
sections of

Crd : Gar + Sil * Qtz (9)

and

Crd *  Mus -  Bio *  Si l  + Qtz (12)

in the end-member systems. This intersection is close
to that between (9) and the reaction

Mus *  Qtz :  Ksp + Si l  + H,O (13)

in end-member systems in P-T space. Thus, the pure-
Fe reaction (3) is assumed to pass through the points
500'C, 2.8 kbar and 700oC, 4.2 kbar, even though
metastable. By analogy with experimentally in-
vestigated and calculated reactions in the Mg-system,
reaction (3) is assumed to pass through 500'C, 17.4
kbar and 700'C, 19 kbar, even though metastable in
the pure Mg-system. Alternatively, the Mg-reaction
(3) can be calculated from the P-T location of the
Fe-reaction (3) and the (FeMg-') exchange potential
for Gar-Bio (Thompson, 1976b, Fig. l). Isothermal
P-X(Fe-Mg) sections were calculated from these P-?"
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locations of end-member reactions and their molar
volume changes. The values presented in Table 3
(column b) represent pressures calculated by these
procedures, by matching X7a, of garnet core and biot-
ite to the calculated P-X sections. Although crude,
they are considered to give maximum pressure esti-
mates, because the presence of Mn should displace
these equil ibria to lower pressures.

Appendix 2. Calibration of a
garnet-plagioclase-AlrSiOu-quartz geobarometer

The calculated breakdown reactions for plagio-
clase at high pressures (Thompson, 1974b, Fig. 8)
were used as a base for the calculation of isothermal
P-X sections for reaction (7). One-site ideal solution
was assumed for plagioclase, and solution of grossu-
lar was assumed ideal through Car-(Fe, Mg, Mn),
substitution. The Xg^ values of coexisting garnet and
pfagioclase with sil l imanite and quaftz were used to
estimate pressures for the temperatures shown in
Table. 3. The resulting pressures, shown in column c
in Table 3, were necessarily determined from the
asymptotic l imb of an exponential curve and as such
carry considerable uncertainty.
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