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Abstract-CO2 laser-heating in a fluorinating atmosphere was used to obtain ‘*O/ I60 analyses of coexisting 
garnet, staurolite, muscovite, chlorite, and quartz from a sample of the Gassetts schist, southeastern 
Vermont, USA. Garnet and quartz 6180v.sMow values vary on a millimeter scale while values for other 
minerals are uniform within analytical uncertainties. Garnets exhibit “01 I60 zoning with core 6 “0 
values of 10.9 + 0.3% and rim values of 10.1 + 0.2. The depletion of “0 in garnet rims correlates with 
reversals in cation zonation and intracrystalline textural unconformities. Quartz plucked from a garnet 
core yields a 6 “0 of 14.8%~ while vein quartz 6 “0 values vary from 14.3 f 0.2 in centers to 13.8 +- 0.1 
at margins. Staurolite, muscovite, and chlorite have mean 6”O values of 10.8, 11.9, and 10.3, respectively. 

Two parageneses are distinguished on the basis of the mineral 6”O and expected isotope partitioning 
and on the basis of textures. One consists of garnet cores, staurolite, muscovite, and quartz included in 
garnet. Garnet rims, chlorite, and vein quartz comprise the other. Quantitative models which explain 
the lower bulk 6”O of the garnet-rim assemblage show that garnet textural unconformities represent 
resorption during infiltration of externally derived aqueous fluid. Chlorite grew by this hydration reaction 
and was the principal storage site for low “O/ I60 oxygen. Low-b “0 garnet rims later grew at the expense 
of chlorite with little change in modal abundances of staurolite and muscovite. Retention of pre-infiltration 
6 “0 in muscovite precludes significant diffusion of oxygen in this phase and indicates that the total 
duration of external fluid flow was 5 lo5 years. 

INTRODUCI’ION 

OXYGEN COMPRISES ROUGHLY half of Earth’s crust by weight. 
Exchange of oxygen among crustal phases must therefore 
reflect the major processes by which matter and energy are 
transferred during evolution of the tectonosphere. Oxygen 
isotope ratios have been used to infer mechanisms of oxygen 
exchange among minerals and fluids during metamorphism 
(e.g., RUMBLE and SPEAR, 1983). With a few exceptions, 
however, indisputable evidence that observed heterogeneities 
in mineral ‘(‘01 I60 are the result of metamorphism has been 
lacking. RUMBLE et al. ( 199 la) found that ‘8O/‘6O values 
for marbles from southern Maine, USA, are consistent with 
both extensive fluid-rock interaction during metamorphism 
and premetamorphic diagenesis. MORRISON and VALLEY 
( 1988) concluded that “0 enrichments in the Marcy An- 
orthosite Massif of the Adirondack Mountains, USA, are 
likely to be premetamorphic, magmatic features while TAY- 
LOR ( 1969) attributed the same enrichments to fluid circu- 
lation synchronous with regional metamorphism. 

Development of techniques permitting measurement of 
intracrystalline ‘8O/‘6O variations in minerals has helped to 
resolve such ambiguities. By documenting the existence of 
oxygen isotope zoning in patently metamorphic garnet from 
southeastern Vermont, USA, CHAMBERLAIN and CONRAD 
( 199 1) showed unequivocally that externally derived fluid 
was present during regional metamorphism. VALLEY and 
GRAHAM ( 199 1) demonstrated that depletions in “0 within 
rims of magnetite grains from a marble from the Adirondack 
Mountains are best explained by exchange with fluid during 
the waning stages of granulite-grade metamorphism at tem- 
peratures well below the maximum. 

The utility of intracrystalline heterogeneities in mineral 
‘8O/‘6O can be extended to include the analysis of mineral 
parageneses in instances where they can be shown to be the 
result of metamorphism. Inexorable links between chemical 
concentrations and “O/ I60 in minerals participating in re- 
actions in which mineral proportions change during meta- 
morphism can be demonstrated mathematically (CHAMBER- 
LAIN et al., 1990; YOUNG, 199 1). Natural examples of such 
expected correlations would constitute clear evidence for 
contemporaneity of metamorphic reaction and shifts in “O/ 
160. Examples have, to date, not been documented in meta- 
morphic rocks, in part because the spatial resolution of an- 
alytical techniques used to measure isotope ratios and those 
used for determining elemental concentrations differed by 
orders of magnitude. Emergence of laser-heating fluorination 
methods for extracting oxygen from silicate and oxide min- 
erals for isotopic analysis (SHARP, 1990) has significantly 
reduced this disparity in spatial resolution, permitting precise 
measurement of ‘8O/‘6O on a millimeter scale. 

In this paper, we present an example of the usefulness of 
millimeter-scale analyses of “O/ t60 for elucidating the net- 
transfer reaction history of a pelitic schist. In particular, we 
present and interpret laser-fluorination “O/ I60 analyses of 
metamorphic garnet, staurolite, muscovite, chlorite, and 
quartz from a Late Proterozoic-Early Cambrian pelitic schist 
from southeastern Vermont. The sample examined is rep- 
resentative of a class of similar well-studied rocks exposed 
throughout the region ( ROSENFELD, 1968; THOMPSON et al., 
1977; KARABINOS, 1984; CHRISTENSEN et al., 1989) and was 
chosen because a previous study by CHAMBERLAIN and 
CONRAD ( 199 1) showed that a garnet from a broadly cor- 
relative rock is zoned with respect to ‘8O/‘6O. Results 
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demonstrate that marked discontinuities in cation concen- 

trations and textures in the garnets are attended by changes 

in S ‘*O values and resulted from an episode of garnet re- 
sorption involving significant flux of externally derived 
aqueous fluid. 

EXPERIMENTAL METHODS 

Oxygen Isotopes 

Oxygen was extracted by heating with a 20-watt COz laser in an 
atmosphere of either BrF, or Fz using a modification of the system 
described by SHARP ( 1990). Pressure throughout the extraction was 
monitored with a capacitance manometer mounted adjacent to the 
sample chamber. Typical fluorinating agent pressures were between 
26 and 133 millibars. Bromine pentafluoride was expanded to the 
sample chamber following cryogenic distillation. Fluorine gas was 
delivered by heating KZNiFs. KF powder from 290 to 320°C as de- 
scribed by ASPREY ( 1976) and RUMBLE et al. ( 199 1 b) followed by 
expansion of evolved Fz to the sample chamber through a liquid Nz 
cold trap. Disposal of excess F2 was accomplished by reaction with 
heated KBr. 

Whole-grain analyses were performed with a laser power of 5 to 
6 W and 0.1 kHz beam modulation. Samples for in-situ analyses 
consisted of 500 to 300 pm-thick doubly polished circular rock sec- 
tions 2.5 cm in diameter. In-situ analyses were performed by firing 
multiple 0.2 to 1 .O second pulses of the unmodulated 5 W laser beam 
into the sections until the bottom side of the section was completely 
breached. The Oz-liberating reactions are mediated in all cases by 
formation of a fluoride melt phase. 

Laser irradiance proved to be the most important factor governing 
the outcome of measurements performed in situ. Laser-beam di- 
ameters near the minimum (ca. 100 pm) produced gases with frac- 
tionated 6i80 values. Accurate results were obtained when the incident 
irradiance was decreased by defocusing the beam. Conversely, low- 
ering the irradiance too far to the point where ablation rather than 
melting occurs during fluorination also results in fractionation. Holes 
yielding 6 “0 values in agreement with whole-grain analyses are ap 
proximately 800 pm in diameter. The annular melt zones measure 
approximately 100 wrn in width. Elemental composition maps made 
with a JEOL JXA-8900L electron microprobe confirm that signifi- 
cantly larger fractions of oxygen remain in melted zones surrounding 
smaller laser holes compared with those surrounding larger holes. 

Extracted oxygen was converted to CO2 by reaction with a resis- 
tance-heated graphite rod in the presence of platinum. Isotope ratios 
were measured on a Finn&an MAT 252 gas-ratio mass spectrometer. 
Values are reported in standard per mil deviations (6) from V-SMOW 
(Vienna Standard Mean Ocean Water). 

Accuracy and precision of the whole-grain laser-fluorination anal- 
yses is suggested by duplicate analyses of the McMaster University 
Oliver Quarry quartz standard (GQQ) . The OQQ standard was cho- 
sen for routine analysis because of its homogeneity. Typical aliquot 
sizes of the 120 to 180 mesh OQQ quartz grains ranged from 0.5 to 
2.0 mg. The mean 6180vsr.,ow obtained over a period of 6 months 
is 9.8 + 0.2 (lo)% (Fig. 1). The nominal 6’8GvsMow is 9.9 + 0.2 
as determined by three separate laboratories ( SHIEH and SCHWARCZ, 
1974). Duplicate conventional analyses of OQQ by one of us ( EDY) 
at Purdue University ( 199 1, unpubl. data) gave 10.0 f 0.2 concurrent 
with multiple analyses of NBS-28 averaging 9.7 + 0.2. 

The precision of in-situ analyses of garnet, staurolite, and quartz 
is no worse than kO.27~ judging from reproducibility of analyses of 
adjacent spots (e.g., data presented). Accuracy of the in-situ analyses 
is estimated to be near ?0.3%0 or better based on comparisons with 
whole-grain analyses. For example, four laser-fluorination analyses 
of chips of staurolite (NH-EY-001) collected from the Littleton 
Formation of western New Hampshire, USA, yielded a mean 
6 ‘80v_sMow of 10.5 + 0.2 ( 1 u) “/oo in-our laboratoj with manomet- 
rically measured yields of 100% to 103%. Nine in-situ analvses of the 
NH-EY-001 staurolite show a systematic variation from 9.6 at the 
rim to 11 .O at the core. The mean of the in-situ analyses is 10.2 + 0.6 
( 16) where the relatively high standard deviation reflects the core- 
to-rim zonation. Interlaboratory comparison was afforded by the 
laboratory at Royal Holloway and Bedford New College, University 
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FIG. 1. Summary of whole-grain CO2 laser-heating fluorination 
S “0 analyses of the GQQ quartz standard obtained at the Geophysical 
Laboratory. Sample sizes for these data ranged from 0.5 to 4.0 mg 
with oxygen yields averaging 96%. The relatively high scatter of data 
between samples 10 and 20 derives from problems in focusing the 
laser which were later corrected. Dashed line shows expected value. 
Solid line shows the mean value for these data. 

of London, UK, where a mean of 10.7 + 0.1 for chips from the same 
crystal of NH-EY-001 staurolite was obtained (D. Mattey, pers. 
commun.). 

Electron Microprobe 

Electron microprobe analyses of garnet were performed on the 
automated wave-length dispersive MAC microprobe housed at the 
Geophysical Laboratory. Operating conditions included a 15 kV ac- 
celerating voltage, 20 nA beam current, 15 micron spot size, and 30 
set counting times (or 30000 counts). Matrix corrections were ob- 
tained using the correction factors and methods of BENCE and ALBEE 
( I968 ) and ALBEE and RAY ( 1970). Standards consisted of natural 
minerals and synthetic glasses. Precision of reported elements is es- 
timated to be f 1%. 

SAMPLE DE!3CRIPTION 

The hand sample used in this study (VT-9 1 - 13) was collected from 
an outcrop of the Gassetts schist, a member of the Late Proterozoic- 
Early Cambrian Hoosac Formation (Fig. 2). Final development of 
metamorphic assemblages in these rocks is thought to have occurred 
during the Acadian orogeny (ca. 380 Ma, CHRISTENSEN et al., 1989). 
Major rock-forming minerals include quartz (Qtz) + white mica 
(MS) + chlorite (Chl) + garnet (Grt) + staurolite (St) + biotite (Bt ) 
+ graphite (Gr) + ilmenite (Ilm). The rock is characterized mac- 
roscopically by nearly monomineralic layers of Qtz and St intercalated 
with Grt + St + MS + Chl + Bt schistose layers. 

GARNET ZONING 

Description 

Garnets are characterized by cores rich in aligned inclusions 
of chloritoid (Cld), MS, and Ilm surrounded by asymmet- 
rically distributed rims containing sparse inclusions of Chl 
and Qtz and embayments containing abundant Qtz and Chl. 
Relic foliations defined by inclusions in the cores terminate 
abruptly at core-rim boundaries (Fig. 3). The boundaries 
can therefore be described as textural unconformities. De- 
tailed petrographic descriptions of analogous garnets from 
correlative rocks in the region were given by THOMPSON et 
al. (1977) and KARABINOS (1984). 
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FIG. 2. Simplified map of Acadian metamorphic zones in central 
and southern Vermont and New Hampshire showing the location of 
Gassetts schist sample VT-9 l- 13 described in the text. Metamorphic 
zones (patterns) are delineated on the basis of pelitic index minerals. 
Mineral abbreviations are those of KRETZ ( 1983). Bold solid lines 
are traces of postmetamorphic faults. Thin solid lines are geographic 
boundaries. Also shown are the Grenville massifs which delimit the 
western boundary of the Acadian metamorphic belts (black with 
white grid pattern) and the positions of the Chester and Athens domes 
(black). Exposures of Gassetts schist and similar rocks are found 
within the latter structures. Data from ARMSTRONG et al. ( 1992), 
CHAMBERLAIN and RUMBLE ( 1988 ), and THOMPSON and NORTON 
(1968). 

trating the progressive changes in amounts of phases produced 
or consumed by reaction. The polyhedra are constructed with 
reference to a reaction space (THOMPSON, 1982; THOMPSON, 
199 1) defined by orthogonal axes which mark the progress 
of a subset of linearly independent net-transfer reactions (re- 
actions which involve changes in rock mode). All other net- 
transfer reactions possible in the system of interest can be 
described by linear combinations of this subset. In the lan- 
guage of linear algebra, the reactions corresponding to the 
axes serve as basis vectors which span a reaction space. All 
other net-transfer reactions are vectors in the reaction space. 
Progress of any net-transfer reaction is limited by exhaustion 
of a reactant phase. The locus of points delimiting complete 
consumption of a phase by reaction is represented by a line 
(twodimensional space 1, a plane (three-dimensional space), 
or a hyperplane (>3 dimensions) in reaction space. In com- 
bination, these features delimit a closed form, or reaction 
polyhedron (see THOMPSON, 1982). Changes in mode re- 
sulting from metamorphic reactions are represented by a se- 
quence of points or paths in a reaction polyhedron. 

THOMPSON et al. ( 1977) concluded that a large garnet from 
the Gassetts schist recorded a reaction history controlled by 
a single diastrophic episode. This hypothesis holds that sig- 
nificant portions of the garnet core grew together with stau- 
rolite and chlorite by a reaction involving consumption of 
chloritoid, as illustrated in the reaction polyhedron in Fig. 5. 
Following consumption of chloritoid, staurolite and biotite 
grew at the expense of garnet and chlorite, as shown in a 
separate reaction polyhedron in Fig. 6. Resorption of garnet 
by this reaction is thought to be represented by the garnet 
textural unconformities. Garnet rims, in this scenario, rep- 
resent regrowth at the expense of staurolite, biotite, and pas- 
sibly chlorite (Fig. 6). 

Transections composed of between twenty and sixty single- 
spot electron microprobe. analyses were obtained for three 
garnets from sample VT-9 1- 13. Data for two typical traverses 
are shown in Fig. 4. In every traverse, the textural uncon- 
formity in the garnet is coincident with changes in cation 
concentrations marked by a characteristic peak in Mn (ex- 
pressed as the mole fraction of spessartine, &, , in Fig. 4). 
Chief among the changes at this Xs, anomaly is the shift 
from relatively constant and low Mg concentrations (ex- 
pressed as mole fractions of pyrope, X,) to increasing X,, 
toward the outer edge of the garnet. KARABINOS ( 1984) de- 
scribed analogous Mn anomalies as marking a reversal from 
“normal” elemental zoning to “reverse” zoning. 

Previous Work 

Two prevailing hypotheses have been put forth to explain 
the unconformities characteristic of garnets from the high- 
alumina schists belonging to the Hoosac Formation. The fea- 
tures of these proposed reaction histories are summarized 
succinctly with the aid of two reaction-space polyhedra (Figs. 
5 and 6). 

Reaction-space polyhedra are geometric constructions 
which permit portrayal of a rock’s reaction history by illus- 
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FIG. 3. Map of garnet from sample VT-9 1- 13 showing location of 
electron microprobe traverses (letters). Symbols: white = Grt; vertical 
hatch = Chl; black = Bt; crosses = St; stippling = Qtz; mottling 
= matrix MS; dotted lines = traces of inclusion trails in garnets; thin 
solid line = textural unconformity in garnet. Mineral abbreviations 
after KRETZ ( 1983). 
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FIG. 4. Electron microprobe analyses of the garnet shown in Fig. 3 along sections a-b and c-d (see Fig. 3) expressed 
as mole fractions of endmember comoonents. Note abrupt increases in X,, and &, and the change in X,, trend 
associated with the textural unconfor&ty (arrows). 

KARABINOS ( I985 ) found that textural unconformities in 
garnets similar to that studied by THOMPSON et al. ( 1977) 
were best explained by growth in response to two distinct 
diastrophic events (see also ROSENFELD, 1968). In this hy- 
pothesis, garnet cores grew principally at the expense of chlo- 
rite and chloritoid (Fig. 5). KARABINOS ( 1985) suggested 
that garnet resorption was the result of the core-producing 
reaction operating essentially in reverse. Garnet rims were 
attributed to a subsequent reaction involving simultaneous 
growth of garnet and staurolite at the expense of chloritoid 
and chlorite (Fig. 5 ) . 

The importance of the distinction between the two hy- 
potheses described above is underscored by their different 
geological implications. In the THOMPSON et al. ( 1977) 
model, the unconformities in garnets represent a retrograde 
(on the basis of qualitative arguments, Thompson et al. at- 
tributed the resorption to a prograde reaction, but quantitative 
calculations presented here suggest that their favored resorp- 
tion reaction is one driven by decreasing temperature) de- 
hydration reaction whereas the model of &RABINOS ( 1985 ) 
implies that the unconformities represent infiltration of 
aqueous fluid during decreasing temperature and pressure 
(Fig. 5). 

Relation of Oxygen Isotope Data to Previous Work 

Suggestions as to the origin of textural unconformities in 
garnets can be tested using oxygen isotopes. As one example 
of such a test, consider that an essential feature of the 
THOMPSON et al. ( 1977) model is simultaneous growth of 

garnet cores and staurolite (Fig. 5 ) . If this scenario is correct 
we should find identical 6 I80 values for garnet and staurolite 
within analytical uncertainties (the equilibrium oxygen iso- 
topic fractionation between garnet and staurolite at temper- 
atures appropriate for these rocks corresponds to a difference 
in their 6180 values of less than 0.2%0; e.g., RICHTER and 
HOERNES, 1988). Present-day 6 ‘*O values for garnet and 
staurolite can be used with confidence for this test because 
interiors of these phases are virtually impervious to post- 
growth I80 160_, exchange. This resistance to oxygen isotopic 
alteration stems from the slow rates of oxygen self-diffusion 
in these phases (e.g., FORTIER and GILETTI, 1989). Addi- 
tionally, since the THOMPSON et al. ( 1977) model does not 
involve incorporation of fluid during reaction (Figs. 5 and 
6), and because shifts in 6 ‘*O attending advancement of net- 
transfer reactions in the absence of an externally derived 
(disequilibrium) fluid are no greater than approximately 0.3%0 
(see the following calculations), there is no clear mechanism 
for affecting significant variations in garnet and staurolite 
6”O during reaction. Uniformity in the oxygen isotopic 
composition of garnet and staurolite is therefore also expected. 
Conversely, the model proposed by KARABINOS ( 1985 ) sug- 
gests that staurolite should be in isotopic equilibrium with 
garnet rims rather than garnet cores (Fig. 5). Moreover, there 
is the potential for large shifts in 6 “0 values during garnet 
resorption in the latter model because the resorption reaction 
is associated with uptake of aqueous fluid. Substantial progress 
of this reaction would soon deplete pores of their fluid in the 
rock system, requiring addition of externally derived fluid 
for continued reaction (Fig. 5 ). If sufficient amounts of such 
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FIG. 5. Modification of the reaction polyhedron used by KARA- 
BINOS ( 1985) to portray his postulate for the net-transfer reaction 
history and formation of garnet unconformities in the Hoosac For- 
mation, southern Vermont (hatched arrows). Also shown is the gar- 
net-core portion of the reaction history for similar rocks proposed 
by THOMPSON et al. ( 1977; grey arrow). Isopleths (dashed) which 
delimit paths of reactions occurring at constant temperature (AT, 
+ and - indicate directions of increasing and decreasing T, respec- 
tively) and pressure ( AP) were calculated for the system CaO-FeO- 
MgO-MnO-A1203-Si02-HI0 using differential thermodynamics and 
thermochemical data from SPEAR and CHENEY ( 1989) and KERRICK 
and JACOBS (1981). Reaction space axes correspond to forward 
progress of the reactions Cld + Chl + Qtz = 2Grt + 5Hz0 ([‘s”) 
and 41Cld + 6Qtz = 5Chl + 4St + 17HZ0 (&or,‘), Precise distances 
of bounding planes along axes, corresponding to complete con- 
sumption of the phase indicated in brackets, will depend upon bulk 
composition and are shown schematically. Mineral abbreviations are 
after KRETZ (1983). 

a fluid passed through the rock during reaction, and if the 
fluid 6’sO values were different from the rock-controlled 

value, then garnet rims and staurolite could exhibit 6 “0 val- 
ues significantly different from those of garnet cores. 

ISOTOPE RESULTS 

A thick section of the garnet and its environs shown in 
Fig. 3 was cut for in-situ analysis of oxygen isotope ratios. A 
map of the thick section is shown in Fig. 7. The surfaces 

shown in Figs. 3 and 7 are separated by the material lost 
during polishing. Consequently, the section used for isotopic 
analysis lies closer to the center of the garnet than the mi- 
croprobe section. For comparison with in-situ analyses, ad- 
ditional laser-fluorination data were obtained for small grams 
(typical sample weights of 0.5 to 1.5 mg) of garnets and as- 
sociated minerals removed from sample VT-9 1- 13 with the 
aid of a binocular microscope (Fig. 8 ). Analysis of whole 
grains provides nearly 100% oxygen yields and so has the 
advantage that potential isotopic fractionations associated 

with incomplete yields necessarily associated with in-situ 
analyses (see Methods) are eliminated. Results show that 
mineral 6 “0 values vary on a millimeter scale in this sample. 

Garnet cores yield 6’*Ov.sMow values of 10.9 + 0.3%0 while 
garnet rims are characterized by 6 ‘80v_sMow values of 10.1 
+- 0.1 (Figs. 7 and 8). The map shown in Fig. 7 was made 
from the thin section of the original thick section used for 
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FIG. 6. Reaction polyhedron illustrating the post-garnet core re- 
action history proposed by THOMPSON et al. ( 1977) for a sample of 
the Gassetts schist (grey arrows). Also shown is the reaction history 
for sample VT-9 1- 13 of the Gassetts schist constrained by the laser- 
fluorination 6180 data of the present study (black arrows). Both 
models indicate that unconformities in garnet are the result of garnet 
resorption, but the resorption reactions are orthogonal to one another 
in net-transfer reaction space. Reaction space axes correspond to 
forward progress of the reactions 47Ms + 3Chl + 58Grt = 12% 
+ 47Bt + 87HzO (&,) and 38Ms + 45Chl = 6St + 29Grt + 38Bt 
+ 174HzO (,&) P-T isopleths calculated as for Fig. 4 with the ex- 
ception that the system includes the component KrO. 

isotope ratio determinations; the map represents the bottom 
30 pm of a 300 Mm thick section. As a result, one of the in- 
situ rim analyses ( 10.1 %O ) plots as a core. However, the ma- 
jority of this sample was obtained from overlying rim ma- 
terial. Quartz ribbons (veins) proximate to the garnets show 
small systematic variations in 6’*0 from values of 14.3 

0 10 

mm 

FIG. 7. d ‘80v_sMo~ values for Gassetts schist sample VT-9 1- 13 
obtained with in-situ laser-heating fluorination. The analyzed area is 
a section through the same garnet and environs shown in Fig. 3. 
Patterned mineral designations are the same as in Fig. 3. 
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FIG. 8. 6 ‘80v_sMoW values for Gassetts schist sample VT-9 I- 13 obtained with laser-heating fluorination of whole 
grains. Samples are represented by dark grey pattern. Area shown on the left and that shown in the middle are two 
separate but facing sections of the same garnet and its environs. Patterned mineral designations are the same as in Fig. 
3. 

k 0.2%0 in vein interiors to 13.8 + 0.1 along margins (Figs. 
7 and 8). A single quartz inclusion plucked from the margin 
of a garnet core exhibits a higher 6’*0 of 14.8%0 (Fig. 8). 
Staurolite yields uniform 6 ‘*O values of 10.8 k 0.2. Muscovite 
and chlorite also show uniform aI80 values, respectively, 
within the analytical and spatial resolution of the measure- 

ments (Fig. 8). 

Two separate parageneses can be distinguished on the basis 
of the mineral 6180 data for this sample. The distinction 
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between the assemblages is illustrated using isotope isotherm 
diagrams (Fig. 9; see JAVOY et al., 1970, for a discussion of 
isotherm diagrams). The first paragenesis consists of garnet 
cores, staurolite, muscovite, and the quartz inclusion in gar- 
net. These minerals apparently grew in isotopic equilibrium 
at a temperature near 590°C (Fig. 9a). Garnet rims, chlorite, 
and vein quartz comprise the second paragenesis (Fig. 9b). 
The temperature defined by the garnet rim assemblage is 
near that of the garnet core assemblage as indicated by the 
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FIG. 9. Oxygen isotope ratio isotherm plots (method of JAVOY et al., 1970) for garnet cores (a) and garnet rims (b) 
from sample VT-9 1 - 13. Each point represents the measured difference between garnet core and rim 6 “0 values and 
the mean values for the indicated mineral (the latter are constant within 1 (r of +0.2%). Star symbols correspond to 
extreme 6’*0 values found in quartz veins. The two parageneses plot along different but parallel lines (isotherms) 
owing to a shift in bulk 6 ‘*O composition at nearly constant temperature. The 500°C isotherm (right) is shown for 
comparison only. Equilibrium fractionation factors are those of RICHTER and HOERNES ( 1988). 
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parallel slopes of isotherms (lines passing through the data) 
in Fig. 9. The two parageneses plot on different (but parallel) 
isotherms owing to a lowering in bulk 6 “0 composition from 
the older, garnet-core assemblage to the younger, garnet-rim 
assemblage. 

Distinction between the two parageneses suggested by ox- 
ygen isotope ratios is supported by textural relations. Garnet 
cores, staurolite, and muscovite clearly predate garnet rims 
and chlorite, and garnet rims and chlorite are intergrown 
(Fig. 3). 

ORIGIN OF GARNET ZONING 

The origin of the garnet 1*O/16O zoning is central to the 
issue of how two parageneses with distinctive oxygen isotope 
signatures formed in this sample. Four potential causes for 
isotope zoning in metamorphic garnet are: 

1) Progress of a net-transfer reaction in the absence of infil- 
tration of an external fluid. 

2) Exchange of oxygen between a “O-depleted fluid and the 
interior of the garnets (self-diffusion-controlled ex- 
change ) . 

3) Solution and reprecipitation of garnet in the presence of 
a “O-depleted fluid. 

4) Progress of a net-transfer reaction in the presence of a 
“O-depleted fluid. 

Estimates for the rate of oxygen self-diffusion and mass- 
balance calculations indicate that ( 1) and (2) are not capable 
of producing the observed garnet rims. The rims measure 
several millimeters in width and exhibit 6”O depletions of 
ca. 1 %O relative to cores. In contrast, the characteristic length 
scale of oxygen self-diffusion in garnet at ca. 55O“C for a 
period of 30 Ma is estimated to be only 1 X 10m3 mm (FOR- 
TIER and GILETTI, 1989). The self-diffusion of oxygen could 
not have produced the observed rims in a reasonable time 
span under normal crustal conditions. Mass-balance calcu- 
lations (described in detail in the following text) show that 
the maximum shift in mineral 6 “0 resulting from progress 
of whole-rock net-transfer reactions alone is 10.3%0 for the 
Gassetts rocks. 

The third potential mechanism for affecting mineral 6 “0, 
dissolution and reprecipitation of garnet in the absence of 
net-transfer reactions, can result from gradients in chemical 
potential imposed by differences in surface energy among 
large and small grains which are otherwise in thermochemical 
equilibrium (e.g., JOESTEN, 199 1; CASHMAN and FERRY, 
1988 ) . In principle, this process of grain coarsening, or Ost- 
wald ripening, could explain the ‘*O/ I60 zoning in garnet if 
it occurred in the presence of a fluid depleted in “0 relative 
to the equilibrium fluid composition. 

Estimates of the efficacy of grain coarsening were made 
using the radius-rate relations of JOESTEN ( 199 1). The cal- 
culations are based on the premise that the rate of growth or 
dissolution is controlled by the flux of the slowest diffusing 
constituent species through the matrix surrounding the garnet 
porphyroblasts. The matrix is treated as a continuum in which 
the transport medium is an interconnected fluid occupying 
the pore space of the rock. Results (Fig. 10) suggest that the 
rate of coarsening is too slow to account for the size of the 
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FIG. 10. Radial dissolution-growth curves for garnet porphyroblasts 
undergoing Ostwald ripening in a continuum matrix with an aqueous 
fluid-filled porosity of 5.0 X lo-’ at 550°C. Dashed line shows the 
evolution of the mean radius of the garnet population. Parameters 
were chosen to be appropriate for modeling the Gassetts schist sample 
discussed in the text. Calculations were made using the radius-rate 
relations of JOESTEN ( 1991), an interfacial energy of 2.0 X 10m4 J/ 
cm2 suggested by the data of BRACE and WALSH ( 1962), a rate- 
limiting cation diffusivity of 2.0 X 10m4 cm*/sec (OELKEW and 
HELGESON, 1988), and a solubility appropriate for SiOz (one of the 
most abundant species) given by FOURNIER and POTTER ( 1982). 

low-6 “0 garnet rims, although uncertainties in the input pa- 
rameters for the calculations (particularly surface energies) 
preclude definitive rejection of this process as a means for 
affecting intracrystalline variability in 6 “0. 

Rejection of mechanisms ( 1) through ( 3) as implausible 
leads to the conclusion that net-transfer reaction progress 
during infiltration of a low 6 “0 fluid (the fourth mechanism 
listed) was the cause of the 18O/‘6O zoning in the garnets. 
Changes in mineral 6 “0 values resulting from reaction and 
fluid advection operating in parallel can be described by a 
mass-balance equation for “0 in the interconnected fluid- 
filled interstices of mineral grains: 

where Crt is the concentration of “0 in a fluid-filled pore 
(an adequate app$zrximation for ‘8O/16O for the purpose at 
hand), t is time, JIS, is the advective flux of “0 into the pore 
attributable to fluid infiltration (mol 180/cmz/sec), uWTe is 
the bounding surface area of the pore, up,, is the volume of 
the pore, and R:g” is the overall production rate of “0 at 
pore surfaces (i.e., bounding mineral surfaces) by progress 
of net-transfer reactions (mol ‘80/cm2/sec). The latter refers 
to the rate of reaction, irrespective of whether it is controlled 
by kinetics or changes in ambient conditions which drive the 
reaction. It is assumed in this formulation that the rates of 
“0 160_, exchange at mineral surfaces are equal to or greater 
than the rate of net-transfer reaction (e.g., COLE and 

OHMOTO, 1986 ). 
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Two endmember processes affecting changes in mineral 
6 I80 are evident from Eqn. 1. One occurs when the net flux 
of ‘*O due to fluid flow through the pores (divJ$‘) keeps 
pace with the rate of I80 production or consumption by re- 
action at mineral surfaces (R:::“). In these instances, the 
concentration of ‘*O in the pore fluid is constant so that Eqn. 
1 reduces to 

(2) 

and newly grown or exposed mineral surfaces will have 6 “0 
values which are controlled exclusively by the fluid. This is 
because the vector portion of Eqn. 1 dominates in this case, 
and mineral surfaces equilibrate with an infinite reservoir of 
fluid. Conversely, if the velocity of the fluid cannot keep pace 
with the rate of reaction we have 

(3) 

such that the new mineral surfaces created during reaction 
will exhibit 6 ‘*O values reflecting mass balance among min- 
erals and a small integrated volume of pore fluid. The scalar 
portion of Eqn. 1 dominates in this case, and mineral surfaces 
equilibrate with a small volume of fluid before they are iso- 
lated from further exchange of oxygen by new growth. 

Where Eqn. 2 is obtained during mineral growth, the 6 I80 
values of the minerals which grew during fluid infiltration 
can be used to compute the oxygen isotopic composition of 
the fluid directly from equilibrium fractionation factors. 
However, in instances where condition (3) obtained during 
growth, a detailed knowledge of the reaction responsible for 
mineral growth is required if the ‘8O/‘6O of the fluid is to 
be ascertained. 

ISOTOPE CONSTRAINTS ON REACTION HISTORY 

The 6 “0 zoning in garnet and the 6 I80 values of associated 
minerals enable reconstruction of the reaction history of this 
sample of the Gassetts schist. Preservation of staurolite and 
muscovite 6 “0 values reflecting equilibrium with garnet cores 
(and not rims) requires that the reaction which attended fluid 
infiltration did not involve significant growth of either mineral 
(less than approximately 15% by volume for reasonable fluid 
6 IgO). The reaction therefore followed a path roughly parallel 
to the [MS] and [St] bounding faces in the reaction poly- 
hedron of Fig. 6. It is evident from Fig. 6 that such reactions 
involve either growth of garnet or growth of chlorite, but not 
both at the same time. The peak in Mn concentrations present 
at the textural unconformity separating the high-d “0 cores 
from low-6 “0 rims suggests that the reaction in the case of 
this sample was one of garnet resorption as Mn is partitioned 
most strongly to garnet (e.g., SYMMES and FERRY, 1992). 
Apparently, the oxygen of the infiltrated fluid was incorpo- 
rated into the rock by growth of chlorite, resulting in the low 
6 “0 of this mineral in comparison to garnet cores, staurolite, 
and muscovite. Subsequent regrowth of garnet at the expense 
of this low-6 I80 chlorite produced the low-6 “0 garnet rims. 
The qualitative reaction path which is consistent with the 
6 “0 data is shown in Fig 6 . . 

Infiltration of aqueous fluid during metamorphism of the 
schist required by the isotope data is consistent with the sug- 
gestion by SYMMES and FERRY ( 199 1) that high fluxes of 
HzO-rich fluid are characteristic of regional metamorphism 
of pelitic rocks. The results of this study are also compatible 
with the works of FERRY ( 1992) and STERN et al. ( 1991) 
which show that a large deep-seated hydrothermal system 
existed in the vicinity of the Gassetts schist during Acadian 
orogenesis. 

NUMERICAL SIMULATION OF REACTION HISTORY 

Method 

Covariations among ‘8O/‘6O and elemental concentrations 
in minerals are inevitable consequences of continuous net- 
transfer reactions in either closed or open systems and are 
powerful tools for deciphering metamorphic reaction histo- 
ries. The variations in 6 ‘*O and concentrations of Ca, Fe, 
Mg, and Mn across garnet unconformities in sample VT-9 l- 
13 comprise such a correlation. A numerical model was con- 
structed to investigate whether or not the reaction history 
summarized qualitatively in Fig. 6 is capable of explaining 
the observed covariations among garnet 6 “‘0 and cation 
concentrations. Differential thermodynamics was used for 
this purpose. 

The thermodynamic equations which relate the intensive 
variables to one another in the formalism of differential ther- 
modynamics are well known (RUMBLE, 1976; SPEAR et al., 
1982), as are the methods for numerical integration of the 
differential equations (SPEAR, 1989). Equations which depict 
mass-balance and oxygen isotope fractionation can be linked 
to the intensive-variable equations but are less familiar to 
many workers. 

Extensive variables, including molar quantities of phases 
Mk and molar amounts of system components rlyys, are in- 
cluded in thermodynamic calculations by adding to the linear 
equations relating intensive variables one mass balance 
equation for each of the independent system components, C 
in number, of the form (SPEAR, 1988; YOUNG, 1989) 

0 = C CC X,kCjkt)dMk f C C (Mkc,k/)dXjk - dqfYs, (4) 
k j k I 

where t,kl is the number of moles of system component 1 in 
phase component j, and x,k is the mole fraction of phase 
component j in phase k. The total variance of the resulting 
system of equations is C + 2, as prescribed by macroscopic 
thermodynamics (GIBBS, 1948 ). 

Variations in mineral isotope ratios can be included in the 
thermodynamic analysis described above by addition of 
equations for the total differentials of 6180 for each phase i: 

d6180i = (q)dT+ F (s)dM, 

dxf + d6 ‘*Osys, (5) 

where x/represents the mole-fraction of oxygen-bearing fluid 
species fin the fluid phase, da ‘*O, is the differential of the 
bulk system 6 180, and T is temperature. The isotope equa- 
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tions are linked to the thermodynamic and mass-balance 
equations by the variables dT, dMk, and in the general case 
of impure fluid, &. Equation 5 adds one degree of freedom 
to the system. The increase in variance derives from the dis- 
tinction between “0 and I60 manifest by the variable 6 ‘*Osys. 
Coefficients for Eqn. 5 are derived by differentiation of the 
expression 

where w, and uf are oxygens per mole of solid phase s and 
fluid speciesf, respectively; T is the total number of oxygens 
in the system; and AL (AC) is the temperature-dependent 
equilibrium difference in 6 I80 between phase i and phase s 
(fluid speciesf) expressed as 

(7) 

Equation 6 closely approximates a mass balance equation 
for “0 (CRAIG, 1953). 

For closed systems, dqsys = dvr” = . . . = dv? = d6180, 
= 0, resulting in a total variance of 2 for the complete system 
of equations. By preserving this total variance, numerical 
integration of the system of linear differential equations is 
straightforward (e.g., SPEAR, 1989). In order to model fluid 
infiltration, therefore, it is desirable to modify the closed- 
system set of equations to account for variations in njy” and 
6 “0, in such a way as to preserve the number of constraints 
on the resulting equations. One useful approach is to assume 
negligible porosity changes during fluid infiltration. For the 
present case, it is sufficient to consider the fluid to be essen- 
tially pure Hz0 ( SYMMES and FERRY, 199 1) . Defining the 
system as the rock and its pore volume, the closed-system 
condition dqgzo = 0 (constant moles of total system H20) 
is then replaced by dM,,, = 0 (constant moles of the HZ0 
phase), the tacit assumption being that the fluid occupies 
dominantly interconnected pores. The total MHZ0 at any in- 
stant includes both externally derived HZ0 and that produced 
internally by reaction. Note that the number of independent 
system parameters is not altered by this procedure. Rather, 
one extensive constraint has simply been replaced by another. 
Similarly, if the closed-system condition d6 ’80sys = 0 can be 
replaced by an equation relating d ‘*Osys to existing parameters 
of the system, there will be no change in the number of degrees 
of freedom. The precise form of the equation will depend on 
the specific circumstance. 

A simple example is the case in which ‘*O/ I60 of the in- 
filtrating Hz0 is constant. The equation for 6’80sy, in inte- 
grated form is then 

~‘So,, = 2 w,M, 
6’80 + 

3 T 

s !& ,3180exxo 

7 

where superscripts ext and int refer to externally derived Hz0 
and internally produced H20, respectively. The oxygen iso- 
topic composition of the internally produced Hz0 in Eqn. 

8 6180int 
Hz07 is taken to be the value dictated by equilibrium 

iith the solid phases such that only changes in ME:::, can 
affect changes in 6 ‘801ys. Incorporation of the resulting iden- 
tity 

dMK”:, = dr$zo, (9) 

followed by differentiation of Eqn. 8 yields the new condition 
for d6 ’80sy,: 

d6 ’80sys = 5 ( C w,M,( 6 ‘80$;o - ~‘80s))d~~~o 
s 

1 
+ 72 M~;o(6’80~;o - 6’80~;o)dv$;o. (10) 

Addition of Eqn. 10 to the closed-system equations and re- 
placement of dqzio = 0 with d&,0 = 0 produces a set of 
equations with a total variance of 2, permitting numerical 
integration by successive evaluations of the associated Ja- 
cobian matrix. This was the method used in the present case. 

Result 

Simulation calculations were performed for an initial bulk 
composition composed of Qtz ( 12%) + MS ( 33%) + Grt 
(5%) + Bt (12%) + St (21%) + Chl (12%) + Pl (4.8%) 
+ HZ0 (0.2%) (mineral abbreviations after KRETZ, 1983; 
abundances in oxygen percent) in the system K:60-Na:60- 
Ca ‘60-Fe’60-Mg 160-Mn ‘60-A1:603-Si ‘602-H:60- ‘*O. The 
initial pressure and temperature were taken to be 7000 bar 
and 590°C respectively, consistent with estimates for near- 
peak metamorphism of the Gassetts schist (e.g., KOHN and 
SPEAR, 1990). Thermochemical data used are given by SPEAR 
and CHENEY ( 1989) and YOUNG ( 1989). Solid activities were 
defined by mixing-on-sites formulations while the hard-sphere 
modified Redlich-Kwong equation of state of KERRICK and 
JACOBS ( 198 1) was used for H20. Isotope fractionation factors 
were taken from RICHTER and HOERNES ( 1988). Starting 
6 IgO were calculated from modal abundances, measured 6 “0 
for garnet-core assemblages (Fig. 9a), and equilibrium isotope 
fractionation factors. Initial mineral elemental compositions 
were obtained using a combination of measured garnet, bio- 
tite, chlorite, and staurolite compositions and published 
compositions from similar rocks (e.g., TH~MFS~N et al., 1977; 
KARABINOS, 1985 ) . 

Reactions in the model Gassetts system are described by 
four linearly independent net-transfer reactions: 

55Ms + 63Fe-Grt + 13 Mg-Chl = 1OOQtz + 55Fe-Bt 

+ 14Mg-St + 6Fe-Chl (rl ) 

SOFe-Bt + lOMg-St + 3Fe-Chl * 15Ms + 33Fe-Grt 

+ 35Al-Bt + 9Mg-Chl (r2) 

MS + Fe-Grt + Ca-Grt c Fe-Bt + 3Ca-PI (r3) 

27Ms + 6Mg-Chl + 22Fe-Chl = 6Fe-Grt + 27Fe-Bt 

+ 7Mg-St + lOOH (r4) 

and six exchange reactions (excluding isotopic exchange): 

MnMg_, [ Bt] * MnMg-, [ Chl] (r5) 
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FeMg_, [Bt] + FeMg_, [ Chl] (r6) 

MnMg_, [St] e MnMg-, [ Chl] (r7) 

FeMg-, [St] Z FeMg_, [ Chl] (rg) 

MnMg-, [ Grt] ti MnMg_, [ Chl] (r!-J) 

FeMg_, [ Grt ] ti FeMg_,[Chl]. (r10) 

Al-Bt in (r2) is the alumina-rich annite component in Bt, 
KFe2AlA12Si~0i0( OH)?. Gibbs’ phase rule dictates that the 
system is characterized by three intensive degrees of freedom. 
The total variance, including both intensive and extensive 
independent parameters, is 12 ( C + 2, where C refers to nine 
oxide system components and “0) prior to addition of con- 
straints imposed by degree of mobility of components. 

For these calculations the system was considered to be 
closed to transfer of components other than Hz0 and “0, 
providing the eight extensive constraints d$&,o = 0. It was 
also assumed that externally derived Hz0 had a constant 
6”O so that addition of Eqn. 10 constitutes a ninth constraint. 
Assumption of a constant porosity imparted a tenth restric- 
tion, specifically dMHzo = 0. There are then two remaining 
linearly independent parameters which must be specified in 
order to calculate the isotopic and thermochemical evolution 
of the model system. 

Since the goal is to examine the system during infiltration 
of H20, one of the two independent arameters was taken sg 
as do&. The value assigned to dTHzO IS the incremental 
change in the amount of Hz0 used for numerical integration. 
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The magnitude of the increment is somewhat arbitrary, being 
limited only by the fact that d&lo must be sufficiently small 
for meaningful numerical integration. The role of Grt is of 
particular interest, so it proved convenient to choose as the 
final independent parameter d&,,. The sign and magnitude 
assigned to dA&, relative to dT$ dictates the precise re- 
action path followed by the rock system. The equations 
comprising the model Gassetts system were solved by nu- 
merical integration using a variety of relative values for dhf, 
and d&,. 

The low diffusivity of oxygen in both garnet and staurolite 
precludes isotopic equilibration of the interiors of these phases 
during reaction. The refractory nature of Grt and St was ac- 
counted for in the present calculations by simulating their 
fractional growth or resorption as a Rayleigh process accord- 
ing to methods described by SPEAR ( 1988). Invoking frac- 

tionation does not significantly aher the results, but is required 
by preservation of both 6 “0 and cation zoning in the garnet. 

Results of a simulation which accounts for the covariations 
in garnet 6 “0 and cation concentrations, unconformities in 

garnet, and 6 “0 for coexisting minerals in sample VT-9 l- 
13 are shown in Figs. 11 and 12. The model whole-rock re- 

action during garnet resorption is 

2.6Gi-t + 1.3Bt + 0.4St + 7.4H20 -+ 0.3Qtz 

+ 1.3Ms + 3.OChl + 0.4Pl. (rl 1) 

As suggested by the reaction space analysis (Fig. 6)) growth 

of chlorite at the expense of garnet occurs as a result of de- 

6000 

7500 

G 2 7000 

E 
t 6500 

E 
i 6000 

5500 

5000 

(b) 
I I 

B 

I/ 
A 

I I 

500 550 600 

Temperature (“C) 

650 

FIG. 11. Results of numerical simulation of the two-stage post-core gamet evolution proposed in the text to explain 
cation and 6’*0 zoning in garnet from Gassetts schist sample VT-91-1 3. (a) Lower panel shows calculated radius 
versus 6 ‘80v.sMow for the fictive spherical garnet, middle panel shows the resulting fictive garnet 6 ‘80v_sMow profile, 
and the upper panel compares the fictive profile with a radial cross-section through the gamet shown in Fig. 7. (b) 
pressure-temperature path for the model reaction history in which segments marked “A” and ‘3” correspond to garnet 
resorption and regrowth, respectively. 
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FIG. 12. Comparison between calculated radial profiles for mole 
fractions of pyrope, spesartine, almandine, and grossular components 
in fictive spherical garnet derived from the model reaction history 
shown in Fig. 1 I and the observed profiles from the garnet shown in 
Fig. 3. 

creasing temperature and pressure attending addition of Hz0 
in these calculations. 

The isotope data require that no significant changes in 
bulk 6 IgO occurred between growth of chlorite and growth 
of garnet rims (Fig. 9b). Trial calculations show that garnet 
growth is accompanied by small changes in 6 “0 (10.3%~‘) 
in the absence of significant quantities of external aqueous 
fluid. Consequently, regrowth could have occurred either 
during infiltration of a fluid similar to (or the same as) that 
present during chlorite growth or by a dehydration reaction 
in the absence of fluid flow. Closed-system reaction is pre- 
cluded by the isotopic evidence against significant partici- 
pation of hydrous phases other than chlorite (e.g., Fig. 6) 
and a finite pore volume. We chose to model rim growth as 
a dehydration reaction. The model reaction for garnet re- 
growth which is depicted in Figs. 11 and 12 and which re- 
produces the fundamental features of the garnet rims is 

2.1Qtz + 1.2Chl + 0.3Pl + 2.3G1-t 

+ 0.02St + 4.6H20. (r12) 

The model regrowth reaction produces negligible changes in 
garnet 6 IgO and reproduces the abrupt increases in Mn and 
Ca concentrations associated with unconformities, as well as 
the gradual increase in Mg concentration characteristic of 
garnet rims. A more precise fit to the garnet composition 
profiles could be derived by choosing the mole fractions of 
endmember garnet components as independent variables. 
This would result in slight variations in the calculated pres- 
sure-temperature path shown in Fig. 11 but would not change 
the salient features of the proposed reaction history. 

The precise external fluid 6 “0 required to produce the 
results in Fig. 11 depends upon the relative rates of fluid flow 
and net-transfer reaction as discussed previously with refer- 
ence to Eqn. I. The endmember circumstances described by 

Eqns. 2 and 3 define the limits for the external fluid 6 IgO. 
The limiting case for the rock-dominated environments em- 
bodied by Eqn. 3 occurs when each increment of mineral 
growth occurs in the presence of a single aliquot of pore fluid. 
The numerical model representing such a process is derived 
by setting the amount of fluid present in each numerical step 
equal to the porosity. Results show that a ca. 1%0 lowering 
of garnet 6 IgO (Fig. 11) requires an external fluid b IgO no 
greater than approximately 5%0 under these conditions. Al- 
ternatively, if the rate of fluid flow was sufficiently great that 
the steady state described by Eqn. 2 was obtained during 
mineral growth, the corresponding model would be computed 
by assigning a quantity of fluid large enough to be numerically 
infinite at each iteration. As described earlier, the isotope 
calculations for such fluid-dominated processes are in fact 
trivial since mineral 6”O values can be calculated directly 
from known mineral-fluid fractionations. Equilibrium frac- 
tionation between water, chlorite, and garnet suggests that 
the fluid 6 IgO value was 12.0%0 at the temperatures of interest 
(RICHTER and HOERNES, 1988 ) if the fluid flux during re- 
action was sufficient to keep pace with reaction (Eqn. 2). 
This latter fluid 6180 is precisely the value indicated by the 
vein quartz at the same conditions, suggesting that the veins 
may have been introduced during the same fluid infiltration 
episode which caused chlorite growth and garnet uncon- 
formities. We favor the 12.0%0 value for the fluid and the 
implied high rate of fluid advection relative to mineral growth 
because presence of quartz veins is consistent with significant 
fluid advection (e.g., FERRY, 1992). Additionally, the deep 
crustal level of metamorphism (KOHN and SPEAR, 1990) 
would seem to preclude infiltration of meteoric aqueous fluid, 
and there is no evidence of any other source of fluids which 
might have the ca. 5%, oxygen required if fluid velocities 
were small compared with reaction rates. 

DURATION OF FLUID FLOW 

An upper limit to the duration of fluid infiltration is in- 
dicated by the fact that muscovite has retained 6 “0 values 
approaching equilibrium with garnet cores. The temporal 
constraints result from knowledge of the rate of oxygen self- 
diffusion in muscovite ( FORTIER and GILETTI, 199 1). To 
illustrate these constraints, the equilibrium 6l8O of 12.0%0 
for aqueous fluid indicated by chlorite, garnet rims, and vein 
quartz was used to compute diffusion profiles of 6 IgO in 
muscovite assuming an infinite cylinder geometry for the 
grains. The cylinders of mica were considered to be charac- 
terized by a homogeneous initial 6 I80 value of 11.9%0 ( 6’80i) 
commensurate with observed values. The homogeneous mica 
cylinders were then envisioned to be completely surrounded 
by an infinite reservoir of the low-d IgO fluid at 550°C. Mica 
surfaces were held in isotopic equilibrium with the fluid 
throughout the calculations (6 IgO,). The solution to the dif- 
fusion equation for these boundary and initial conditions for 
a cylinder of maximum radius a is given by CRANK ( 1956): 

6 l8O, - 6 “Oi 

6 ‘80,q - 6 Igo1 
= l _ ; t exa(~~~~~~~(mJ 

(11) 
n-l Ill n 

where d IgO, represents values of 6 IgO at radius r. Jo( ra,) 
and J’ (a(~,,) are Bessel functions of the indicated order and 
(Y, denotes roots satisfying 
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Jo(aa,) = 0. (12) 

We sampled whole grains of muscovite with the laser. Dif- 
fusion profiles were accordingly integrated to yield apparent 
bulk mica 6 “0 values. Integration was accomplished by de- 
riving quadratic fits to the diffusion profiles calculated from 
Eqn. 11 (correlation coefficients for the fit equations exceed 
0.99) of form 

6’80,=ArZ+Br+C. (13) 

It follows from Eqn. 13 that the expression for bulk mica 
6 “0 values is 

1 s ,=a 
6180 

1 2 

;;i 
r d(r2) = -Au2 + -Ba + C 

2 3 . 
(14) 

r=O 

A plot of integrated 6 I80 against time and effective radius 
(Fig. 13) shows that preservation of the muscovite 6i80 re- 
quired a duration of flow of less than ca. 50,000 years. Longer 
times would have resulted in diffusive reconstitution of mus- 
covite 6 I80 toward values imparted by equilibration with the 
invaded fluid. The upper limit on the duration of fluid-rock 
interaction does not allow for episodic flow so the total time 
represented by growth of chlorite (path A in Fig. 11) may 
have been greater. Indeed, denudation of approximately 3 
km of crust implied by the decompression path which ap- 
parently caused chlorite growth (Fig. 11, path A) would be 
unlikely to be accomplished in less than lo6 years in view of 
average rates of tectonic motions. Nevertheless, it is note- 
worthy that AGUE ( 1992) has suggested that the duration of 
fracture-controlled fluid flow through rocks of similar grade 
from Connecticut was also on the order of lo4 years or less. 

CONCLUSIONS 

Millimeter-scale maps of ‘80/‘60 afforded by laser heating 
in a sample of high-alumina schist from southeastern Ver- 
mont, USA, establish that pronounced textural and com- 
positional intracrystalline garnet unconformities are the result 
of a short-lived fluid infiltration episode in the sample ex- 
amined. 

Identification of ‘80/‘60 zoning in garnet and comparisons 
with ‘80/‘60 data for coexisting minerals with varied oxygen 
transport characteristics permit reconstruction of the modes 
of oxygen transfer which attended amphibolite-grade meta- 
morphism of the schist sample. Results show that the principal 
mechanism for oxygen exchange during metamorphism was 
progress of a continuous net-transfer reaction concurrent with 
infiltration of aqueous fluid depleted in I80 relative to the 
schist. The reaction which enabled exchange of oxygen be- 
tween fluid and rock involved consumption of garnet and 
growth of chlorite. A maximum limit to the integrated du- 
ration of fluid-rock interaction of approximately lo4 to lo5 
years is provided by the lack of oxygen isotope exchange 
between fluid and white micas which did not participate in 
the hydration reaction. Initially, product chlorite served as 
the principal storage site for the fluid-derived oxygen. Re- 
action involving garnet regrowth at the expense of the low- 
“0 chlorite caused redistribution of oxygen and resulted in 
‘80/‘60 zoning in garnets. 

Results of this study portend the utility of millimeter-scale 
maps of ‘8O/‘6O for identifying reactions which occurred 
during metamorphism. If further study substantiates the 
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FIG. 13. Plot of effective radius of cylindrical muscovite vs. time 
illustrating expected shifts in integrated (bulk) muscovite d “0 as a 
result of self-diffusion of oxygen. For comparison, typical muscovite 
grain size in sample VT-91-1 3 is <2 mm. The muscovite surfaces 
were assumed to be in isotopic equilibrium with an ambient aqueous 
fluid with 6’*0 of 12.0%0 (dictated by equilibrium with VT-91-13 
garnet rims) while the grain interiors were initially set to the value 
observed in sample VT-9 I - 13. ORG = original 6 ‘80v_sMow of mus- 
covite. EQL = 6’80v_s~ow after complete equilibration with fluid. 
Diffusion coefficients were calculated from data of FORTIER and Gr- 
LETTI ( I99 I ). Infinite-cylinder solution to the diffusion equation for 
constant surface composition was taken from CRANK ( 1956). 

conclusion that garnet unconformities, which are character- 
istic of high-alumina schists correlative with the sample ex- 
amined here, are the result of punctuated fluid infiltration, 
an important and previously unrecognized aspect of the evo- 
lution of these rocks will have been identified. 
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