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ABSTRACT

Oxygen isotope thermometry based on fractionations among quartz, garnet, kyanite, silliman-
ite, and potassium feldspar in amphibolite to granulite facies schists and gneisses was compared to
thermometry based on mineral equilibria (“conventional thermometry”). The former approach
takes advantage of the exchange between quartz and more refractory minerals such as garnet and
the aluminosilicates, and their potential for preserving peak oxygen isotopic fractionations. Al-
though isotopic thermometry using these phases is potentially an approach for circumventing the
problem in slowly cooled rocks of retrograde oxygen isotopic exchange with micas and feldspars,
and of Fe and Mg exchange between garnet and biotite, the results are accurate or geologically
meaningful in only certain settings. In most cases, the results of isotopic thermometry must be
evaluated with the aid of quantitative forward models for calculating the amount of retrograde
diffusive exchange among micas, feldspars, and quartz. Two models used here predict quartz iso-
topic compositions that differ by only 0.1 per mil and, in most cases, reproduce to within 0.2 per
mil the measured isotopic composition of quartz. Excellent agreement between isotopic and con-
ventional thermometry is obtained for mid-to-upper amphibolite facies rocks that have experi-
enced one period of recrystallization and mineral growth, and if they are coarse-grained or cooled
in the absence of a hydrous fluid phase. Isotopic temperatures 6C8&4@ in excellent agree-
ment with conventional thermometry in migmatitic granulite facies metapelites if cooling oc-
curred under anhydrous conditions. In other cases, isotopic temperatures in granulite facies rocks
are higher than conventional temperatures, a reasonable result in view of the tendency for retro-
grade cation exchange between garnet and biotite. In samples that have undergone multiple peri-
ods of recrystallization or metamorphism, isotopic temperatures from coexisting quartz, garnet,
and aluminosilicates may be modified by diffusional exchange of quartz with micas and feldspars
aided by recrystallization, by retrograde reactions involving the latter phases, or by open-system
interaction with externally derived fluids. External fluid infiltration, combined with recrystalliza-
tion of quartz and aluminosilicate, may result in isotopic reversals between garnet and matrix
phases. Conventional thermobarometry in such complex rocks, based in large part on mineral
equilibria involving garnet, may be erroneously assigned geological significance in the absence of
insights provided by oxygen isotope analysis.

INTRODUCTION compositions and thermodynamic properties, presumably en-

The evolution of mountain belts is commonly viewed bpancing the accuracy of geothermobarometric calculations
petrologists in terms of changes in pressure and temperatif@lland and Powell 1990; Berman 1991). Although the pre-
experienced by rocks as they are loaded, heated, exnumed,&$an of many pressure and temperature determinations is prob-
cooled during an orogenic cycle (i.e., the pressure-tempef&lY Very good (£50°C), few methods exist for assessing the
ture-time path; e.g., England and Thompson 1984). Estim&gcuracy of these determina_tior_ls because sources of error are
ing the pressure and temperature attending peak metamorphffariant and not normally distributed (Hodges and Mckenna
and changes in these parameters with time, is a fundameffff7: Berman 1991; Kohn and Spear 1991). Phase equilib-
goal of petrology and principal constraint on models of evol(ium constraints and petrogenetic grids provide one way to
tion of the crust. Considerable progress has been made in3RgeSS accuracy, but these approaches are not independent con-
last decade in accurate calibration of mineral equilibria and$ff@ints as they are based on the same experimental and ther-

methods for accurate measurement of major element mindRgdynamic databases as thermobarometric calibrations.
Thermobarometric calculations in pelitic metamorphic rocks
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microanalysis. Oxygen isotope fractionations among metamor- Electron probe microanalysis of all phases was carried out
phic minerals—oxygen isotope thermometry—is a powerful abh an ARL SEMQ instrument at 15 kV and 10 (feldspar, mica)
ternative to conventional thermometry (Clayton and Epstein 196@it; 20 nA (garnet) at the University of Kentucky. Raw X-ray
O’Neil and Clayton 1964; Farquhar et al. 1993), and provides emunts were reduced using the ZAF option of the PRSUPR
independentmeans of assessing the accuracy of conventiomalcroprobe analytical package of Donovan et al. (1991). The
methods. Both approaches have drawbacks. The most seriolstier software permits use of various combinations of silicate
resetting or exchange of components or isotopes among mirgtandards during a single run to assess the accuracy of micro-
als during slow cooling following peak metamorphism (Bowprobe analysis as determined by oxide sums, mineral formu-
man and Ghent 1986; Giletti 1986; Sharp 1988; Spear and Hie, and reproduction of secondary standards. Compositional
rence 1992) or as a result of retrograde net-transfer mineralzening was assessed in all garnets by performing microprobe
actions (Chamberlain et al. 1990; Kohn 1993; Young 1993)averses in two directions across garnet porphyroblasts. Ana-
However, judicious selection of samples can circumvent sulgtiical precision and the degree of homogeneity among matrix
problems (Spear 1991, Eiler et al. 1993; Farquhar et al. 1993)hases was assessed by analyzing up to 10 grains of each phase
The development of the laser heating technique for extran-various textural relationships with other phases. The results
tion of oxygen from refractory minerals with very slow diffu-of the microanalyses are presented in Appendix A and in a com-
sion rates for oxygen (garnet, kyanite, sillimanite, staurolite, zpanion publication (Moecher 1999).
con) provides a means for retrieving peak oxygen isotope frac-Isotopic temperature estimates were determined from the
tionations and temperatures from metamorphic index mineréésnperature-dependent isotope fractionation factors among
(Sharp 1995; Valley et al. 1994). In addition, oxygen isotogpiartz (Qtz) (all mineral abbreviations after Kretz 1983), gar-
analysis provides a means for assessing which phases are ineb{Grt) and aluminosilicates (Als) derived by Sharp (1995)
topic equilibrium and thus may have equilibrated with regard trsing a value for 4,.c derived from various empirical, theo-
major chemical components as well. The fundamental assumgtical, and experimental studies. Temperatures were calculated
tion of chemical equilibrium in conventional thermobarometrfrom the relation
may be valid in rocks that have experienced a single period of _
metamorphic crystallization. It may not be valid for rocks that (1000lra.p = A1O7T?) 1
have undergone polymetamorphism or periods of deformatiffom the average isotopic composition of respective phases in
and recrystallization without new mineral growth. each exchange pair (Qtz-Als, Qtz-Grt, Als-Grt). Propagation
This study is a comparison of conventional and stable oxyt an analytical precision af 0.2 per mil through Equation 1
gen isotope thermometric methods applied to regional mon@o00Ir,.; approximated ad,s = 880, — 8'80; ) yields a
and polymetamorphic pelitic rocks from various localities ifemperature uncertainty 30 °C for the Qtz-Grt exchange,
the Appalachian Orogen of southern New England and wes#0 °C for the Qtz-Als exchange, ard00°C for the alumi-
ern North Carolina. In addition to providing an independenmipsilicate-garnet exchange.
assessment of conventional geothermometry, oxygen isotopein a closed system, temperature estimates derived from oxy-
analysis provides surprising insights into attainment of isotgen isotope fractionations involving quartz, even fractionations
pic and chemical equilibrium among minerals in rocks that hawgth slowly diffusing minerals such as aluminosilicates and gar-
undergone deformation and recrystallization following growthet, yield minimum estimates of peak temperature. This is due

of aluminosilicate and garnet porphyroblasts. to retrograde isotopic exchange of quartz with minerals possess-
ing lower closure temperatures for oxygen diffusion that are com-
METHODS mon in metapelites (plagioclase, muscovite, biotite, and potas-

Quartz, garnet, either kyanite or sillimanite, and in one casieim feldspar; Giletti 1986). Retrograde exchange with other
potassium feldspar were separated from medium- to high-gradimerals in any closed system will causedi® value of quartz
metapelitic schists and gneisses, and reacted by the laser ftodacrease because quartz fraction&@gelative to other min-
rination technique to extract oxygen for stable isotope analysisls. Thus, measured values/8fOq,.cx and A®Oq,.4s are
at the University of Lausanne following the methods of Sharpaximaand yield temperature estimates thatrameima It is
(1995). One to two milligrams of sample were analyzed in dimportant to assess the extent and conditions (hydrous vs. an-
plicate. All minerals from the same sample were analyzed dawydrous) of the retrograde exchange using available quantita-
ing the same session to minimize possible inter-ruive models that explicitly account for factors controlling ret-
experimental drift. Typical precisiond}, based on analytical rograde diffusional exchange (Giletti 1986; Eiler et al. 1992,
reproducibility, varied fromt 0.01 to 0.1 per mil for garnet 1994; Jenkin et al. 1994). This has been done using the pro-
and aluminosilicates, and from0.05 to 0.3 per mil for quartz gram “COOL” (Jenkin et al. 1991), which is essentially an en-
(Table 1). Repeated analysis of an internal laboratory quactzded version of the analytical approach of Giletti (1986) for
standard calibrated against NBS-28 quartz yielded #82 modeling retrograde diffusive isotopic exchange. We have also
(10) per mil [accepted value is 18.2 per mil vs. standard mearodeled the retrograde cooling and exchange history using the
ocean water (SMOW)]. No systematic correction of measuréigast Grain Boundary” model and computer program (“FGB”)
values was necessary. All isotope values are presented in teofrSiler et al. (1992, 1994).
of 8®0 notation in per mil differences relative to SMOW, where Due to extremely slow diffusion rates for oxygen in kyanite
the 6'%0 values of NBS-18 and NBS-19 are 9.65 and 2.2 pand garnet, and their tendency not to recrystallize during peri-
mil, respectively .5 c = 1.01025). ods of deformation following growth, these phases ideally could
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TABLE 1. Oxygen isotope compositions, fractionations, and temperatures*

Sample no. Lithol. 5" Osmow A0 T (°C) T °C/P kbar
(Als polymorph) Quartz Als Garnet Qtz-Grt  Qtz-Als  Als-Grt Qtz-Grt  Qtz-Als  Als-Grt  Conventional
Pelham
1: schist (Ky) 15.38 12.89 11.85
15.75 12.90 11.95
15.46
Avg 15.53 12.89 11.90 3.63 2.64 0.99 650 650 655 650/7
2: gneiss (Sil) 14.88 12.93 12.21
15.14 12.88 12.24
Avg 15.01 12.90 12.21 2.81 211 0.70 780 760 830 750/5
Waterbury
3: schist (Ky) 15.21 12.00 10.94
15.05 — 10.91
Avg 15.13 12.00 10.93 4.21 3.14 1.07 585 575 620 550/4
4: schist (Ky) 14.97 12.53 11.81
14.94 12.45 11.81
Avg 14.95 12.49 11.81 3.14 2.46 0.68 720 680 850 700/8
5: gneiss (Ky) 13.38 10.29 9.10
13.69 10.01 9.24
Avg 13.54 10.15 9.17 4.37 3.38 0.99 570 540 655 560/4
6: schist (Ky) 13.29 9.64 8.88
13.25 — 8.86
Avg 13.27 9.64 8.87 4.40 3.63 0.77 570 510 775 na
Willimantic
7: gneiss (Sil) 13.98 11.96 11.06
13.79 11.94 11.12
Avg 13.89 11.95 11.09 2.89 2.03 0.86 760 780 720 710/5.5
8: schist (Ky) 12.82 9.34 10.93
12.77 9.31 10.92
Avg 12.79 9.32 10.92 1.87 3.47 -1.60 1015 530 na 600/4
9: schist (Ky) 13.48 10.20 10.15
13.41 10.24 10.11
Avg 13.44 10.22 10.13 3.31 3.22 0.09 695 565 2845 560/3.5
W. Blue Ridge
Kfs Als Grt Kfs-Grt Kfs-Als Als-Grt Kfs-Grt  Kfs-Als Als-Grt
10: schist (Sil) 9.55 8.54 7.82 1.73 1.01 0.72 837 853 814 850/9
Saskatchewan
Qtz Ky Grt Qtz-Grt  Qtz-Als Als-Grt Qtz-Grt  Qtz-Als Als-Grt
11: gneiss (Ky) 10.05 7.52 11.45 -1.40 2.39 -3.80 na 700 na na
10.00 7.78
10.06
Avg 10.04 7.65 na

* Temperature-dependent fractionation factors: 1000Ina(Qtz-Als) = 2.25-10%/T?; 1000Ina(Qtz-Grt) = 3.1-10°/T2; 1000Ina (Als-Grt) = 0.85-10%/T?;
1000Ina(Kfs-Als) = 1.28-10%T2 ; 1000Ina(Kfs-Grt) = 2.13-10%T? (Sharp 1995; Bottinga and Javoy 1973).

be used to “see through” the effects on quartz isotopic com@able 3. In the following calculations, aluminosilicate or garnet
sitions of retrograde cooling and fabric recrystallization. Alwere used to calculate the peak isotopic composition of quartz at
though the relatively small Als-Grt fractionation makes thithe inferred peak temperature, using the Qtz-Als and/or Qtz-Grt
approach relatively imprecise, it will be seen that in some cadezctionation factors of Sharp (1995). Aluminosilicates and gar-
the Ky-Grt fractionation yields temperatures that are consiset were excluded from the calculation of isotopic exchange due
tent @50 °C) with fractionations involving quartz. to slow oxygen diffusion that renders these minerals closed to
Because not all minerals in each sample were analyzed ddfusional exchange upon cooling even at granulite facies tem-
their oxygen isotope composition, the extent of retrograde isofteratures (Fortier and Giletti 1989; Young 1993). Model quartz
pic exchange among minerals was monitored using the isotoisiatopic compositions derived from COOL and FGB agree to
composition of quartz. That is, quartz will reset by diffusionatithin 0.1 per mil (Table 3).
exchange with micas and feldspars to varying degrees dependNumerous studies have evaluated quantitatively the relative
ing on cooling rate, grain size, initial temperature, and whetheffects of mode, grain size, cooling rate, and diffusion param-
cooling occurred in the presence or absence of a hydrous flatdrs (pre-exponential factog;Rctivation energy Q) on the iso-
phase. A more accurate assessment of the retrograde exchéogie composition of minerals during cooling (Giletti 1986; Eiler
history of a rock would be obtained by measuring the isotopt al. 1993; Jenkin et al. 1994; Massey et al. 1994; Farquhar et
composition of all phases and comparing the measured valaesl996; Ghent and Valley 1998). It was found here that uncer-
with those obtained by modeling the process of retrograde diffainties in modes of 10% (absolute) and in grain size and cool-
sion and exchange (e.g., Farquhar et al. 1996). ing rate of a factor of 2 correspond to uncertainties in mineral
Diffusion parameters used in modeling are listed in Tableygen isotopic compositions of only 0.1 to 0.2 per mil. In
and 3, and modes, grain sizes, and cooling rates are compilecbintrast, the modeled isotopic composition of quartz and feld-
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TABLE 2. Data used in modeling retrograde exchange history

D, (cm?/s) Q (kJ/mol) Shape factor Ref. 100010 qtz-miny Ref.

a-Quartz 8.7

hydrous 190 284 1

anhydrous 2.1x10°8 159 2
B-Quartz 8.7

hydrous 4 %107 142 1

anhydrous 2.1x10°% 159 2
Plagioclase 55 1.3 x 10%/T? 7

hydrous 1.4 x 107 110 3

anhydrous 1x10° 236 4
Muscovite 7.7 x10° 163 27 5 1.0 x 10%/T? + 0.6 7
Biotite 9.1 x10° 142 27 5 2.2 x 10%/T? 8
Potassium feldspar 55 1.0 x 10%/T? 9

hydrous 4.5 x 10 107 3

anhydrous 1x10° 236 6

Note: (1) Giletti and Yund 1984; (2) Sharp et al. 1991; (3) Giletti et al. 1978; (4) Elphick et al. 1988; (5) Fortier and Giletti 1991; (6) assumed equal to
anhydrous diffusion in anorthite; (7) Bottinga and Javoy 1973; (8) Chacko et al. 1996; (9) Bottinga and Javoy 1973.

TABLE 3. Modal and grain size input data for modeled samples, and results of modeling

Grain Cooling Initial T 380 Qtz 380 Qtz 580 Qtz
Sample  Mineral Mode dia. (mm) rate (°/m.y.) (°C) calc. (wet) calc. (dry) measured (10)
COOL FGB
Pelham
l:ischist Qtz  0.39 2 20 650 16.4 15.6 15.6 15.5(0.2)
Pl 0.11 2
Ms  0.28 1
Bt 0.22 1
2:gneiss  Qtz  0.40 1 10 825 15.6 15.2 15.3 15.0 (0.1)
Pl 0.30 0.5 850 15.5 15.2
Bt 0.30 0.5
Waterbury
3:schist  Qtz  0.47 1 7.5 700 14.8 145 145 15.1 (0.1)
Pl 0.05 1
Ms  0.26 1
Bt 0.21 1
4:schist Qtz 0.31 5 7.5 700 15.7 15.0 15.0 15.0 (0.02)
Pl 0.06 5
Ms  0.27 3
Bt 0.27 3
5:gneiss Qtz 0.31 0.2 7.5 550 13.9 13.7 13.8 13.5(0.2)
Pl 0.06 0.2
Ms  0.06 0.5
Bt 0.32 0.5
Kfs  0.25 0.2
6:schist Qtz 0.33 0.5 7.5 550 13.8 135 134 13.3 (0.02)
Ms  0.27 0.5
Bt 0.40 0.5
Willimantic
7:gneiss  Qtz 0.61 1 10 825 14.6 14.1 14.1 13.9 (0.1)
Pl 0.22 0.5 850 145 14.0
Kfs  0.11 1
Bt 0.06 0.25
8:schist Qtz 0.38 1 10 550 13.0 12.6 12.7 12.8 (0.03)
Pl 0.06 0.5 600 12.8 12.8 12.4
Ms  0.12 0.5
Bt 0.44 1
9:schist Qtz 0.44 0.5 10 550 14.5 13.6 13.6 13.4 (0.04)
Pl 0.17 0.5 600 14.3 13.4 13.4
Ms 0.11 0.25
Bt 0.28 0.25
Blue Ridge
WSG93.1 Kfs 0.75 2 10 900 10.2 9.6 9.7 9.6 (na)
schist Bt 0.25 1

spars may change drastically (~1-2 per mil) or very little if atere carried out with both sets of data permitting assessment
all (~0.1 per mil), depending on whether one uses diffusiafthe presence or absence of a hydrous fluid phase during post-
data for quartz and feldspars measured under hydRyys{ peak metamorphic cooling and retrograde isotopic exchange
Piota) OF @anhydrousH,o = 0, Py = Peo, OF Po,) experimental  (e.g., Sharp and Moecher 1994).

conditions, respectively (e.g., Elphick et al. 1988). Calculations Diffusion data for micas have only been measured under
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experimental conditions d?c = Pi- We have used thesenecessary condition from which to infer thatEhendT of inter-
values for model calculations simulating anhydrous cooling asction are a precise estimate of the equilibration conditions for
well. Ghent and Valley (1998) suggested that such an applithe assemblage. The lack of a consistent intersection, however,
tion is unwarranted. However, use of the mica data providéses not mean that all of the non-intersecting equilibria are not
upper limits on the degree of resetting because oxygen difaccurately recording or T. Certain equilibria are more robust
sion in silicates is slower under anhydrous conditions compamsith regard to preservation of peak mineral compositions be-
to hydrous conditions, assuming the diffusion mechanism @ause of kinetic barriers to diffusion during falling temperature.
micas is the same as in quartz and feldspar. For example, peak grossular content of garnet and anorthite con-
Oxygen isotope fractionation factors among minerals cortent of plagioclase, related by net transfer equilibrium 4, can
mon to metapelitic rocks have been determined empiricatiyly be modified by resorption and recrystallization of garnet or
(e.g., Bottinga and Javoy 1973; Sharp 1995), calculated frgagioclase (see also Spear et al. 1991). During static retrograde
theoretical principles (e.g., Kieffer 1982; Hoffbauer et al. 19943poling, resorption of garnet may in many cases be minimal and
and measured experimentally (e.g., Clayton et al. 1989; Chaekidd not affect the equilibrium mass balance of Ca between pla-
et al. 1996). The choice of fractionation factors affects tergioclase and garnet. However, resorption may be significant if
perature estimates and model calculations if a mineral is madtrograde cooling is accompanied by deformation. In contrast,
ally abundant. The Qtz-Bt fractionation factor of Bottinga anBquilibrium 1 involves Fe-Mg exchange between garnet and bi-
Javoy (1973) is much larger than that derived from the dataatite. The Fe and Mg diffuse more rapidly in garnet than does Ca
Chacko et al. (1996) on Bt-Cc exchange combined with ti€hakrabotty and Ganguly 1991, 1992), and much more rapidly
experimental Qtz-Cc fractionation factors of Clayton et ain biotite than garnet (Spear 1989). Equilibrium 1 is thus very
(1989) (4.25 vs. 2.83 per mil, respectively, at 80). How- susceptible to continued volume diffusion and resetting of peak
ever, the Qtz-Ms and Qtz-PI fractionation factors of Bottingeompositions during static cooling following peak conditions.
and Javoy (1973) yield fractionations in the temperature intdis resetting may be exacerbated by garnet resorption reactions
val of interest here (800 to 50AC) that are analytically that release Fe and Mg components that exchange rapidly with
unresolvable (Qtz-Ms = 1.91 vs. 1.80 per mil; Qtz-PkAr  matrix biotite, affecting the locus of reaction 1 (commonly re-
1.75 vs. 1.72 per mil at 60€) from the experimental data of sulting in anomalously high estimates: Robinson et al. 1982;
Chacko et al. (1996) and Clayton et al. (1989). Although theBpear 1991). Other equilibria are more sensitive to resetting due
is a large difference in Qtz-Bt fractionations, it was found th&t a greater dependence of the equilibrium constant for the reac-
empirical fractionation factors yield modeled quartz isotopiton on thermodynamic properties (generally a sédland/or
compositions that are only 0.1-0.2 per mil different than wheV of reaction). These reactions magnify errors in activity-com-
using the experimental values. This small difference is dueposition relations (Berman 1991) and errors associated with
the fact that biotite never dominates the mode in any of thleemical analysis, and tend to be equilibria not involving anor-
samples studied. thite component (reactions 5 and 6). Interpretation of the results
Conventional geothermometry and geobarometry calculaf conventional thermobarometry requires consideration of all
tions are based on the thermodynamic data base and gatimete factors in the context of the deformation and crystalliza-
activity-composition relations of Berman (1988, 1990). Thion history of a metamorphic rock. The various samples ana-
TWEEQU approach (Berman 1991) was used when an applyeed here illustrate the range of possible outcomes of re-equili-
priate number of phases were present to calculate-fhé- bration and resetting following a period of prograde metamor-
cus of all possible equilibria among selected phase compongstism.
(typically almandine, pyrope, grosssular, annite, phlogopite, The accuracy of geothermobarometric calculations in gen-
muscovite, kyanite/sillimanite, anorthite, quartz). The reactioesal has been assessed elsewhere by propagation of errors
used include: (Hodges and McKenna 1987; Kohn and Spear 1991). Uncer-
1. Almandine + Phlogopite = Annite + Pyrope tainties inP andT depend on several factors (microprobe ana-
2. Almandine + Muscovite + Grossular = Annite + 3 Anorthitéytical precision, thermodynamic data, activity models, preci-
3. Pyrope + Muscovite + Grossular = Phlogopite + 3 Anorthigon of experiments), and upon one another. Simple error propa-

4. 3 Anorthite = Grossular + 2 A8iO; + 3 Quartz gation for this study found that uncertainties in garnet activity
5. Almandine + Muscovite = Annite + 2 AiO; + Quartz models (mainly grossular component) and temperature were
6. Pyrope + Muscovite = Phlogopite + 28I0;+ Quartz most responsible for uncertainties in pressure. Microprobe ana-

7. Almandine + 3 Rutile = 3 limenite + AiO; + 2 Quartz lytical uncertainty £1 mol% Fe/(Fe + Mg) in biotite or garnet]
8. Grossular + 2 Almandine + 6 Rutile = 3 Anorthite +as the greatest effect on temperature. For this study, analyti-

6 limenite + 3 Quartz cal uncertainties fof andP are+ 50°C and+1.5 kbar.
9. 2 Grossular + Almandine + 3 Rutile + 33,8105 =
6 Anorthite + 3 limenite. SAMPLE CHARACTERIZATION

Reactions 1, 4, and 7 through 9 were used for high-gradeChemical and isotopic analyses were performed on
gneisses without muscovite; reactions 1 through 6 were usaétapelitic schists and gneisses with the assemblage Grt + Qtz
for muscovite-bearing gneisses and schists. + Bt + Ky/Sil + PI+ Ms + Kfs + IIm + Ru from several settings
The degree of consistency of the intersection among thésehe Appalachian orogen of eastern North America (Pelham
equilibria may be considered a measure of the approach to egdime, Massachusetts; Willimantic window and Waterbury
librium among the major components (Berman 1991). This isiame, Connecticut; southern Blue Ridge province, North Caro-
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TABLE 4. Summary of mineral assemblages and important textural features

Sample no.  Field sample no. Assemblage* Important textural features
Pelham Dome
1 PD947a-1 (schist) Ms-Qtz-Bt-PI-Grt-Ky-Str-llm Single foliation; Ky + Str define lineation
2 PD947a-2 (gneiss) PI-Qtz-Sil-Kfs-Grt-Bt-Ru Single (migmatitic) foliation
Waterbury Dome
3 C90-23(fine-grained schist Qtz-Ms-Bt-Grt-Ky-PI Truncated Grt poikiloblasts; S1 foliation of Grt inclusions
at angle to S2 matrix phases.
4 C90-23b (coarse-grained schist) Grt-Qtz-Bt-Ms-Ky-Str-Ru Grt porphyroblasts in weakly foliated Qtz-rich matrix
5 0sg92.9 (gneiss) Bt-Ky-Ms-Grt-Qtz-Mc-PI Migmatitic S1 layering overprinted by S2 axial planar schistosity
6 rs92.3 (schist) Bt-Ky-Grt-Qtz Poorly foliated schist with resorbed garnet porphyroblasts
Willimantic Window
7 C89-1 (gneiss) PI-Qtz-Sil-Kfs-Grt-Bt-Ru Single (migmatitic) foliation
8 89-115 (schist) Bt-Ky-Str-Grt-Ms-PI-Qtz-Sil Single foliation; Ky and Str include Grt; retro. Sil, Bt, and Ms
9 C90-14 (schist) Bt-Ky-Ms-Qtz-PI-Grt Single foliation (aligned Bt, Ms, Ky) wrapping resorbed Grt

Southern Blue Ridge
10 WSG93.1 (schist) Grt-Sil-Bt-Kfs Strong lineation (aligned Sil, Grt, Kfs)

*Mineral abbreviations after Kretz (1983).

lina). Details of the geology of these localities are presentedsm of the (001) planes of biotite (F3 fold stage of Dietsch
Robinson et al. (1992), Moecher and Wintsch (1994; also sE289). Very fine-grained garnet porphyroblasts are scattered
Getty and Gromet 1992a), Dietsch (1989), and Absher atidoughout biotite-rich and biotite-poor layers consistent with
McSween (1985, 1986), respectively. The important structuigdrnet nucleation and growth at the time of formation of axial
and petrological characteristics of each locality and its sampf#anar foliation.

are discussed below and summarized in Table 4. A fine-grained pelitic schist (Bt + Ky + Ms + Qtz + Grt;
sample 6) from the core of the Waterbury dome was also ana-
Pelham dome lyzed. The sample is biotite- and kyanite-rich, characterized

The Pelham dome is a low amplitude dome in central Masy a weak foliation and compositional layering, and contains
sachusetts cored by Late Precambrian quartzofeldspath&avily resorbed garnet porphyroblasts that are usually seen
gneisses, and structurally overlain by gneisses and schists mietaaking down to biotite kyanite (Fig. 1b).
morphosed during the Acadian (middle to late Devonian) orog- Two textural modes of monazite extracted from the gneiss
eny (Robinson et al. 1992). We analyzed a sample of coarard schist analyzed here yield U-Pb ages of ca. 435 and 380
grained, migmatitic Acadian gneiss with the assemblage Kfdva (Dietsch et al. 1998), consistent with the interpretation based
Pl + Sil + Bt + Grt + Qtz + Ru (sample 2). The gneisses ao@ textural evidence of a polymetamorphic history for the
inferred to be enclosed structurally within, and to have undemeiss. The younger age, interpreted to be the time of F3 fold-
gone reconstitution during the Alleghanian (Late Pennsylviarg and foliation development, is concordant wfifkr-3°Ar total
nian to Permian) orogeny to medium-grained Ms + Qtz + Btftision ages of 380-375 Ma for hornblende from amphibolite
Pl + Grt + Ky + Str + llm schist (sample 1; Robinson et aln the same outcrop as the sample of gneiss (Dietsch and Sutter
1992; Moecher 1999). Although reconstitution thoroughly reb987). This concordancy requires that the temperature attend-
worked the margins of gneiss enclosed by schist, samplesraf F3 folding (and garnet growth in gneiss) was at or below
gneiss unaffected by the reconstitution are preserved in otlte closure temperature for Ar diffusion in hornblende (500—
crop. The gneiss and schist (samples 1 and 2, Table 1) ea66°C; McDougall and Harrison 1988). This is an important
have undergone a single period of porphyroblast growth aodnstraint for assessing the results of conventional and oxygen
fabric formation, albeit at different times. isotope thermometry in this sample (discussed below).

Garnet in the gneiss and schist are compositionally homo- The cover rocks of the Waterbury dome consist in part of
geneous, except near the rim where retrograde diffusional &ke Straits Schist Formation, a graphitic schist containing the
change has resulted in a slight increase in Fe and decreassesgsemblage Ms + Qtz + Bt + Grt + Ky + Pl + Str + Ru + IIm.
Mg (Moecher 1999). All other phases are very homogeneolwo textural components of the schist were analyzed, both from
from grain to grain. the same hand sample. The coarse-grained component (sample
4; Fig. 1c) contains subidioblastic garnet porphyroblasts, 7-15
mm in diameter, with inclusions of rutile and ilmenite; kyanite

The Waterbury dome lies within the Connecticut Valley zongiades up to 2 cm in length with rutile inclusions in some cases;
of western New England (Dietsch 1989). The dome is cored Rdnoblastic, lobate plagioclase grains up to 1 cm in the longest
migmatitic pelitic gneisses and schists, and granitigimension; medium-grained, idioblastic, and inclusionless stau-
orthogneisses of probable Taconian age (Dietsch et al. 1998)ite; and medium-grained biotite and muscovite.

We analyzed a fine-grained Ky + Bt + Kfs (microcline) + Grt + Garnet in the coarse-grained component exhibits a prograde
Pl+Ms + Qtz + Ru pelitic gneiss (sample 5) having a migmatitigmpositional zoning pattern with a core to rim decrease in Mn,
compositional layering defined by biotite-rich and biotite-poqta, and Fe, and an increase in Mg. The outerm®@xhibits a
layers (Fig. 1a). These layers were folded into upright opesyersal of the zoning pattern, with a low-Mn “well” in which
folds with an axial planar foliation defined mainly by parallelimenite and rutile inclusions are concentrated (Fig. 1c). The

Waterbury dome
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FIGURE 1. Photomicrographs illustrating mineral assemblages and important textural features used for interpretation of geothermometry.
(a) Migmatitic pelitic gneiss from Waterbury dome (sample 5; horizontal field of view (fov) = 1.3 mm) with garnet (arrow kgamuisg,
potassium feldspar (clear) and biotite; orientation of (001) of biotite (upper left to lower right) defines F3 foliatiamanoditonal layering
(upper right to lower left) defines earlier migmatitic layerirt); §chist (sample 6; fov = 4.1 mm) from Waterbury dome with resorbed garnet,
kyanite (high relief granules), and biotite) Coarse-grained component of The Straits Schist (sample 4; fov = 9 mm) with large garnet (note
dark ilmenite and rutile inclusions near margin of porphyroblast), kyanite, quartz, and bijtftee{grained component of The Straits Schist
(sample 3c; fov = 4.1 mm) with resorbed garnet (note truncation of garnet by biotite), plagioclase, quartz, and kyahit@lpekéd during
sample preparation)g) inclusions of garnet in staurolite and kyanite in schist from Willimantic (sample 8; fov = 1.3 fhifime{grained
sillimanite schist from Winding Stair Gap (sample 10; fov = 1.3 mm) with garnet, sillimanite, biotite (dark flakes) andpdilgsipar.
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composition of garnet in the well was that used in conventiorattensive recrystallization of the pre-existing Alleghanian fab-
thermobarometric calculations. Plagioclase is compositionaliig with resorption of garnet and rotation of kyanite into the
variable and exhibits no consistent zoning pattern. The m@éane of the foliation defined by biotite and muscovite (sample
sodic plagioclase composition obtained in each sample was u8exhalyzed here; see Fig. 4 of Moecher, in subm.). Additional
in thermobarometric calculations. details of mineral chemistry and compositional zoning of gar-
In contrast, a finer-grained component of the schist (samplet in gneisses and schists from Willimantic are presented in
3; Fig. 1d) contains 2 mm, idio- to subidioblastic garnet witMoecher and Wintsch (1994).
inclusion-rich (mainly quartz, biotite, and muscovite) cores, )
the inclusions exhibiting a preferred orientation at an angle ¥9uthern Blue Ridge
the present foliation, and inclusion-free, 100 to @®wide Granulite facies pelitic rocks are exposed at Winding Stair
rims. These garnets may be truncated by micas in the mattgp in western North Carolina (Absher and McSween 1985).
consistent with at least one period of matrix recrystallizatidelitic lithologies include migmatitic gneisses and fine-grained,
following porphyroblast growth (Fig. 1d). Garnets are homatrongly lineated, sillimanite- and garnet-rich schists. Based
geneous with regard to major components, except for an on orientation of various structural elements, melting occurred
crease in Fe and decrease in Mg in the outerpt®®f the immediately following formation of the fabric in schist
porphyroblast consistent with retrograde exchange with biotiigloecher 1998). Determination of temperatures of equilibra-
(also see Miller et al. 1993; Lanzirotti 1995). The core comptien of the schist thus will provide an estimate of the melting
sition of the fine-grained garnets is identical to that of the corremperature in the migmatite.
position of the coarse-grained garnet “wells” in the same hand The schist (sample 10) is fine-grained and consists of idio-
sample, suggesting that both types of garnet equilibrated atthisubidioblastic garnet (0.5 mm in diameter) in a well-lineated
sameP-T conditions although they may have nucleated at difratrix of acicular sillimanite, biotite, and perthitic potassium
ferent times and grown at different rates. Plagioclase feddspar (Fig. 1f). Garnet is syn- to post-kinematic and homo-
xenoblastic and tends to be reversely zoned (calcic rims, sogimeous in composition, except for slight retrograde Fe-Mg
cores), which is the opposite pattern predicted by models fmming at garnet rims. Textural evidence is consistent with one
prograde metamorphism in metapelites (Spear et al. 1991). Peeiod of deformation having produced the present fabric in
pattern is possibly due to resorption and incongruent dissothe schist.
tion of plagioclase with loss of albite component to muscovite Numerous garnet porphyroblasts and biotite flakes in vari-
during retrograde recrystallization, or to truncation of garneus textural modes were analyzed in two samples of schist for
and incorporation of what little grossular component wake purposes of conventional geothermometry. Garnet and bi-
present in garnet. otite inclusions in Kfs were found to have the lowest and high-
Lanzirotti and Hanson (1995) carried out U-Pb geochrest Fe contents, respectively, for each phase. Presumably,
nology on porphyroblast and matrix phases in The Straits Sclasmoring of these phases by Kfs prevented retrograde Fe-Mg
in the vicinity of the Waterbury dome. The Ky + Str grade metaxchange between the two phases, thus preserving peak min-
morphism characteristic of The Straits Schist occurred at ~4€fxl compositions. The composition of included garnet and bi-
Ma. A later period of deformation and monazite growth o®tite was that used in conventional thermometry. Because the
curred at 380-375 Ma, which is coincident with the time &fample analyzed here lacks plagioclase and quartz, peak pres-
open folding in the dome core (Dietsch et al. 1998; Sevigsyre was calculated from mineral compositions in interlayered
and Hanson 1993). This two-stage history is supported by theeisses and schist that contain plagioclase. The Qtz-Kfs iso-
textural evidence for a period of matrix recrystallization aftéopic fractionation (Bottinga and Javoy 1973) was used, with

porphyroblast growth. fractionations from Sharp (1995) to derive Kfs-Als and Kfs-
. o Grt fractionations for the purposes of isotopic thermometry
Willimantic window (Table 2).

The Willimantic window exposes Late Precambrian gneisses
beneath migmatitic rocks of Acadian age (400 Ma; Getty and RESULTS
Gromet 1992b) containing the assemblage Kfs + Pl + Qtz + Sil Calculated temperatures based on oxygen isotope fraction-
+ Bt + Grt + Ru (sample 7; see Fig. 3 in Moecher and Wintsaltions and conventional thermometry are presented in Table 1
1994). The gneisses have undergone reconstitution in shaad compared in a seriesP{T plots (Figs. 2 through 7). The
zones of inferred Alleghanian age (300-290 Ma; Getty ambtopic temperatures are depicted on each plot as vertical lines
Gromet 1992b; Moecher and Wintsch 1994) to fine-grained the calculated temperature or vertical bars spanning the tem-
schists containing the assemblage Bt+ Ms + Pl + Qtz + Kyperature range obtained from the Qtz-Als and Qtz-Grt oxygen
Grt + Str. In some of these samples, coarse-grained kyan#etope fractionations. Temperatures for the Als-Grt exchange
and staurolite enclose fine-grained (5080 in diameter) gar- are generally not plotted because of the temperature insensitiv-
net porphyroblasts, suggesting garnet predates the enclosingf the Als-Grt fractionation.
phases (sample 8; Fig. 1e). The latter assemblages in turn, hav&arnet-biotite temperature estimates for the Pelham gneiss
experienced metamorphic overprinting during post-Alleghanigeample 2) are approximately 780 at 5-6 kbar (Fig. 2a). The
deformation. This overprinting is manifested either as a sta@tz-Grt and Qtz-Sil oxygen isotope temperatures are within ana-
Bt + Sil+ Crd-grade overprint in some samples (sample 8 argtical error of one another and are ~Z5 higher than garnet-
lyzed here; see Fig. 3 of Moecher and Wintsch 1994), or laistite temperatures (Fig. 3). Isotopic temperatures for fraction-
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FIGURE 2.Examples of the results of conventional thermobarometry Sohist rims

employing the TWEEQU approach of Berman (1991) for gnejsad
schist b), Pelham dome. Numbered lines correspond td°tfidocus

of reactions listed in the text. The intersection of equilibria 1-6 for schist
is outlined by a small inverted triangle lindefined by independent

N 1 = 1
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Equilibria 1, 5, and 6. The shaded quadrilaterad iis an error box o 800
estimated from propogation of analytical uncertainty through T( C)
geothermarometric calculations (see text). FIGURE 4. Results of conventional (triangles defined as in Fig. 3)

and oxygen isotope thermometry (vertical bars) for fine- (dense stipple)

coarse-grained (light stipple) components of The Straits Schist.

. . . and
atlorls among Qtz, Ky, and Grtin th_e Pelham schist (Sz.ir_np.le#)e intersection of equilibria 1, 4, and 7 through 9 for the coarse-
are identical to the temperature of intersection of Equ'“b”agﬂ'ained component is the small inverted triangle coincident with the

through 6 (650C), the latter being a nearly perfect intersectiofipper right corner of the triangle for the fine-grained component (larger
for the mineral compositions used for geothermobarometry (Figensely stippled inverted triangle) using garnet and plagioclase core
2b and 3). compositions.
Mineral equilibria for the coarse-grained component of the
Straits Schist (sample 4) also define a very tight intersectiontla¢ Waterbury dome (sample 5) are rather surprising. The Water-
~700°C and 8-9 kbar; isotopic temperatures straddle this valery dome is the type locality for the Ky + Kfs + melt bathograd
(685 and 720C; Fig. 4). The temperature obtained using garnef Carmichael (1978), and phase equilibrium constraints re-
core, the most sodic plagioclase, and matrix mica compositiansre that kyanite + potassium feldspar be stable at high pres-
in the fine-grained phase of schist (sample 3) is constrained Issse and temperature relative to muscovite and quartz; the end-
precisely, as shown by the dispersion of the intersection amangmber reaction for pure phases occurs at approximately 800
equilibria 1 through 6 (Fig. 4). Temperature for the fine-grain€d at 8—-9 kbar. However, the conventional thermobarometry
schist component calculated using garnet rim, plagioclase fian the sample of migmatitic gneiss defines a poor intersection
and matrix mica compositions is considerably lower (<858t at ~560°C at 3-4 kbar (Fig. 5). Oxygen isotope thermometry is
4 kbar), as are the temperatures based on Qtz-Ky and Qtz<amilarly low relative to the phase equilibrium constraints (540
isotopic fractionations (574 and 585) (Fig. 4). and 570°C for Qtz-Ky and Qtz-Grt fractionations). Conven-
The results for migmatitic pelitic gneiss from the core dfonal thermometry was not performed for the sample of schist
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pelitic gneiss (sample 5; densely stippled triangle as in Fig. 3) aﬂ‘{&sing garnet and biotite inclusions in Kfs, dash-dot lines) thermometry
isotopic thermometry for gneiss and schist from the Waterbury domg; sjjlimanite-rich from the southern Blue Ridge, and barometry
(equilibrium 4) for migmatitic gneisses interlayered with schist (solid
lines) from Moecher (1998).
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peratures of 860 and 89C at 8-9 kbar, slightly higher than

Willimantic Window T the isotopic temperature®-T conditions based on mineral

: compositions in plagioclase-bearing samples of schist and
G S migmatite from Winding Stair Gap are 8-9 kbar at 850400

5t m (Fig. 7), based on Equilibria 1, 2, 4, and 7 through 9, and
- B hercynite-corundum-garnet-plagioclase-sillimanite equilibria in

associated migmatites (Moecher 1998). These conditions are

in good agreement with the isotopic temperatures and with peak

conditions for various rock types in the area (~850-875

Eckert et al. 1989; Tenthorey et al. 1996).
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T (OC) ISCUSSION AND IMPLICATIONS

. ) .. The results obtained in this study will be evaluated in the
FIGURE 6.Results of conventional thermobarometry for migmatitic text of th t hi d def tion hist f h
pelitic gneiss (light stipple) and schists (heavy stipple; samples 8 apyiexto ? metamorphic and detormation history of eac
9) from the Willimantic Window. sample, and in terms of hydrous vs. anhydrous retrograde oxy-
gen isotope exchange among minerals. Some samples can be
modeled in terms of a single period of metamorphism and pres-

(sample 6), in view of the extensive retrograde resorption ®fvation of peak temperatures. More complicated scenarios
garnet and lack of plagioclase. Isotopic temperatures are ®fperved in our samples include closed-system retrograde re-
(Qtz-Ky) and 570°C (Qtz-Grt) for the schist. crystallization, closed-system retrograde recrystallization with
Conventional temperatures for migmatitic gneiss from tH&-equilibration, and open-system recrystallization with retro-
Willimantic window (sample 7) are slightly in excess of 700 grade exchange (e.g., Hoffbauer et al. 1994).
at 5-6 kbar (Fig. 6), whereas isotopic temperatures are 760
and 780°C (Qtz-Sil and Qtz-Grt, respectively). Samples of kyalhe simplest case: A single period of metamorphism
nite-bearing schist from the Willimantic window (sample 9) Several samples (1-5, 10) yield conventional and isotopic
give the most unusual result for this study. Conventiongmperatures that agree within error. The agreement may be
geothermobarometry define a poor intersection for equilibrizakcounted for in terms of major element and oxygen isotopic
through 6 in the temperature range 550-85@t 3-5 kbar (Fig. equilibrium being attained during, and preserved following, a
6). Isotopic temperatures based on Qtz-Ky fractionations for bafingle period of prograde metamorphism. The best possible
samples are ~55. However, the kyanite-garnet fractionatioragreement is obtained for the sample of Pelham schist (sample
for sample 9 is essentially zero, and that for sample 8 is negarigs. 2 and 3), in which the relevant mineral equilibria inter-
tive, indicating a kyanite-garnet isotopic reversal (Table 1). sect at essentially a single point, and all isotopic fractionations
Isotopic temperatures from Kfs-Grt and Kfs-Sil fractionare concordant and agree with the temperature obtained from
ations for the sillimanite schist from the southern Blue Ridgsnventional equilibria. The common intersection indicates that
(sample 10) are 855 and 820, respectively, and the Sil-Grt the assumption of equilibrium phase compositions is valid. The
temperatures are 82€ (Fig. 7). In comparison, garnet-biotiteagreement with isotopic temperatures indicates retrograde oxy-
thermometry for two samples of sillimanite schist yield tengen isotope exchange among minerals has been minimal or of

400 500
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such a degree as to not affect the peak equilibrium isotopirium must lie (within error) on a straight line—an isotherm—
compositions. The agreement is also evidence that the tempéna-slope of which is proportional to temperature. This condi-
ture obtained is accurate and represents that of peak metartion is best exemplified by the Pelham schist, for which all
phism for this sample. isotopic fractionations yield concordant temperatures (Fig. 8).
Internal consistency between isotopic and conventional etewever, as will be shown below, all samples that lie along an
change thermometry is not the norm for the samples analyisotherm are not necessarily in isotopic equilibrium (cf. Sharp
here (discussed further below). It is possible that the exact cand Moecher 1994).
cordance of the two thermometric approaches may be fortu- Migmatitic Kfs+Sil gneiss from the Pelham dome (sample
itous and one of many random outcomes distributed about)aand Willimantic window (sample 7) yield isotopic tempera-
mean of possible degrees of concordance. However several faces that are similar (probably because metamorphic grade is
tors related to the history of the Pelham schist contribute ittentical at both localities), yet slightly higher than those ob-
producing such an outcome. These include (1) a single pertathed from the garnet-biotite Fe-Mg exchange equilibrium
of fabric development and porphyroblast growth without sigFigs. 2 and 5). These samples exhibit no evidence for retro-
nificant garnet resorption and fabric modification followinggrade mineral reactions such as the common hydration reac-
growth of porphyroblasts and crystallization of the matrix; (2)on resulting in resorption of garnet: almandine + potassium
peak temperature not being excessively high so that retrogréeldspar + water = sillimanite + biotite. The most likely expla-
garnet-biotite Fe-Mg exchange does not proceed to any sigtion for conventional temperatures being lower than isotopic
nificant extent; and (3) apparent cooling in the absence ofeanperatures is retrograde Fe-Mg exchange between modally
hydrous fluid phase (see below). abundant garnet and much less abundant matrix biotite. This
An inconsistency in the locus of the intersection for thexplanation is supported by the diffusional modification of
sample of schist is that it falls just inside the sillimanite fieldyarnet rims evident in microprobe traverses of garnet in gneiss
However, garnet in the schist is very low in grossular compfsem both localities (increase in Fe and decrease in Mg at con-
nent (X, = 0.02). An error of 0.01 mole percent grossular or istant Mn and Ca; Tracy 1982; Spear 1991).
calculated activities, not unreasonable for garnets with such Some degree of retrograde oxygen isotope exchange of
extreme compositions (Guiraud and Powell 1996), corresporgigartz with biotite and feldspar might be expected, even under
to an isothermal shift in equilibrium 4 af1.5 kbar. Based on anhydrous conditions The observed isotopic composition of
this effect, the imprecision in experimental location of the kyauartz (13.9), although yielding fractionations corresponding
nite-sillimanite boundary (Newton 1966; Bohlen et al. 19910 an apparent peak temperature of Z5may have been lower
also see Kerrick 1990), and the presence of abundant coaeethe peak of metamorphism. T&€O values of quartz, bi-
grained kyanite porphyroblasts, the sample is inferred to hasite, and feldspars were calculated at 825 °C and 850 °C based
equilibrated near the kyanite-sillimanite boundary but just ion the measuredt®O for sillimanite. The observed (13t®.1)
the kyanite field (7 kbar at 65C). and calculated (14.1 and 14.0) values for quartz in gneiss from
In order for quartz in the schist from Pelham to preserve Wgillimantic are within error for a peak temperature of 825—
peak (650C) oxygen isotopic composition, modeling indicate850 °C, respectively (anhydrous retrograde exchange), indi-
that cooling had to be extremely rapid (in excess of P@I0 cating quartz has undergone only slight resetting (Table 3).
m.y.) or occurred in the absence of a hydrous fluid phase. S&imilarly, the calculated isotopic composition of quartz in
an extreme cooling rate is completely unreasonable for a regioRalham gneiss, for anhydrous cooling from an inferred fpeak
metamorphic terrane. Rather, use of anhydrous diffusion dafa825—-850°C, is only slightly higher (0.1-0.2 per mil) than
for quartz and plagioclase in the model cooling calculations atite observed value (Table 3). In both cases, the models predict
a cooling rate of 10C/m.y. (a geologically reasonable rate for
post-Alleghanian metamorphism in New England; Wintsch et 5§ v Y v T
al. 1993; Moecher 1999) reproduces within error the isotopic |
composition of quartz in the Pelham schist (Table 3). This does4 |
not imply thatprograde metamorphism of the schist occurred’\
under fluid-absent conditions. It merely indicates that a per\glr
sive hydrous grain boundary fluid was not present during cogh 3
ing (i.e.,an0 < 1). The absence of a hydrous fluid phase duril@ s
cooling was inferred for granulite facies iron formation (Sharg %
et al. 1988 as discussed in Sharp 1991), pelitic schist (Massege
al. 1994), and ductilely deformed meta-anorthosite (Sharp &&d
Moecher 1994). The important implication of this condition 515
that near-peak oxygen isotope compositions are retained by é,
0

Pelham Dome

-

quartz, and that Qtz-Ky and Qtz-Grt fractionations may be used() 1 . R .

to retrieve peak metamorphic temperatures. 1 2 3 4
The degree of oxygen isotope equilibrium among phases in Temperature Coefficient of Fractionation a

arock is traditionally illustrated using a plot&#O(qu.wim VS. FIGURE 8. Isotherm plot (after Javoy et al. 1970) illustrating the

the temperature coefficient for fractionation ("A” in EQ. 1)55:6ach to oxygen isotope equilibrium among quartz, aluminosilicates,
(Javoy et al. 1970). In such a plot, all phases in isotopic ealiry garnet in gneiss and schist from the Pelham dome.
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greater degrees of retrograde exchange than is observed. Thisy v T v T
will be discussed further below. L
There is general agreement between conventional and isq- 4| The Straits Schist
topic thermometry for other samples. The coarse-grained ccﬁ-
ponent of the Straits Schist (sample 4) exhibits a tight inters
tion among Equilibria 1, 4, and 7 through 9, within the kyanit& 3r
field. The agreement between conventional and isotopic te
peratures is good, and there was apparently minimal resettigg 2
of quartz isotopic compositions. The observed quartz valugs
are consistent with anhydrous cooling from 7G0(Table 3). &
The lack of resetting is, in this case, likely due to the coarsé 1 :
grain size of all phases (Table 3). S
0

-

Garnet-biotite and oxygen isotope thermometry in silliman- () , 4 1 L .
ite-rich schist from the Western Blue Ridge (sample 10) agree 1 2 3 4
within error (875 and 848C, respectively). At such high tem- Temperature Coefficient of Fractionation a

peratures, and even in the absence of a hydrous fluid phaspf—'lGURE 9. Isotherm plot for The Straits Schist. The fine-grained

during cooling, one might expect some degree of retrograggnponent yields aapparentisotherm that is argued to be the result
oxygen isotopic exchange between pOtaSS'Um fgldspar anddpletrograde exchange of quartz with matrix micas and not equilibrium
otite. Thus, thé'¥Oy, s andA™®Oy, ¢ are upper limits on peak isotopic fractionation with kyanite and garnet.

values. Modeling the cooling history with an initial tempera-
ture of 900°C and anhydrous conditions results in potassiufite and staurolite growth in The Straits Schist at the type local-
feldspar compositions that are identical to the measured vajyey|_anzirotti and Hanson 1994). This Ky + Str-grade metamor-

(Table 3). phism was followed by a period of cooling (20 m.y.) from 700 to
o ) ) 550°C , the latter being the temperature at which matrix phases
Closed-system recrystallization without reaction in the fine-grained component recrystallized and re-equilibrated.

The fine-grained component of The Straits Schist (sample®)is was followed by a period of cooling to the temperature of
preserves evidence of a period of matrix recrystallization aAd closure in muscovite (~35€, McDougall and Harrison 1988)
fabric modification following porphyroblast growth that in-at 350 Ma (Dietsch and Sutter 1987).
volved no apparent mineralogic reaction other than resorption Although there is structural, textural, and geochronologic
of garnet. Resorbed garnet components should have beergiidence for a period of recrystallization at 380 Ma and’€50
corporated into micas, quartz, and plagioclase. In the abseiftthe absence of mineral reactions there is no way to incorpo-
of reaction or recrystallization, garnet and kyanite are unliket@te explicitly a period of deformation into the thermal history.
to have undergone oxygen isotope re-equilibration with the nikis possible that such an episode has no bearing on retrograde
trix phases during recrystallization because of the extreméd$ptopic exchange, other than to provide a short-term kinetic
slow diffusion of oxygen in the former phases (Fortier arfgpost that aids in the exchange process. The thermal history
Giletti 1989; Young 1993). The minerals quartz-garnet-kyanitas simply modeled as cooling from 700 to the closure
appear to be in mutual isotopic equilibrium at a temperaturetefnperature for the most rapid diffusing species under hydrous
580 °C. This temperature is in good agreement with convegonditions.
tional estimates from the fine-grained rim compositions, but The measured isotopic composition of quartz in the fine-
the agreement is fortuitous—the isotherm (Fig. 9) has no megnained schist is 0.3 and 0.6 per mil higher than modeled val-
ing (Giletti 1986; Sharp and Moecher 1994). The garnet anés for hydrous and anhydrous cooling, respectively (Table 3);
kyanite preserve their origin&1?0 values from the peak meta-i.e., quartz has re-equilibrated to a greater extent than predicted
morphic event, while the quartz re-equilibrated with other réy simple diffusional exchange (assuming a closed system).
crystallizing phases—biotite, muscovite, and plagioclaseThis is the predicted effect for re-equilibration of quartz and
during the period of deformation and crenulation formation 20icas during matrix recrystallization after garnet and kyanite
m.y. later. The garnet-kyanite fractionations correspond to 6@mwth. If matrix recrystallization and exchange of quartz and
°C, in apparent agreement with Qtz-Grt and Qtz-Ky fractiomricas occurred, then Qtz-Ky and Qtz-Grt temperatures in this
ations, but an uncertainty of only 0.1 per mil in &0y, Sample are merely apparent temperatures that fortuitously agree
fractionations raises the temperature estimate t°@@9the  with thermochronologic constraints for the dome area. A test
temperature of the earlier event as inferred from sample 4. for recrystallization would be to analyze the micas as well, with

The possibility of quartz re-equilibration may be evaluatgaodeling of the cooling history that followed recrystallization
by modeling oxygen isotope exchange during cooling. The praxad exchange.
imity of the fine- and coarse-grained components (both from a The argument for retrograde exchange may also be made
10 cm scale hand sample), the latter defining the prior high-tef@r interpretation of conventional thermometry based on the
perature history for The Straits Schist (~7@at 8-9 kbar), composition of garnet rims in the fine-grained schist. Garnets
requires that both components experienced the same thermalWith diameters of 1-2 mm in this sample exhibit the typical
tory. It is assumed that garnet, kyanite, and staurolite in gfttern of constant Fe and Mg concentration through their cores
samples of The Straits Schist grew at ~400 Ma, the time of kyeith increasing Fe/(Fe+Mg) near the rim, interpreted as ho-
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mogenization by volume diffusion at high temperature followeth). In the absence of U-Pb ages on garnet and kyanite, or Sm-
by retrograde Fe-Mg exchange with biotite. Empirical evidendéd mineral isochrons, there is no compelling textural evidence
and modeling have shown (Spear 1991) that retrograde Fe-iddgliscount the assumption that garnet formed and kyanite re-
diffusion will tend to yield garnet rim-matrix biotite tempera<rystallized during the most recent period of crenulation de-
tures between 450 and 580, and that this temperature canvelopment. Quartz and microcline probably recrystallized, given
not be assigned to a specific geologic event. The time at whtbleir documented tendency to do so during deformation. Mi-
the closure temperature was attained for diffusion of Fe aoas defining the present foliation may have been partly rotated
Mg in garnet fortuitously coincided with a period of regionaihto parallelism, but based on the results of modeling discussed
deformation. Likewise, use of garnet core and matrix biotisbove they were probably open to exchange by volume diffu-
compositions in conventional thermometry is inappropriatdon of O, Mg, and Fe during recrystallization of other phases.
because of garnet resorption, unless the modal amount of reThe cooling history of the gneiss was simulated to deter-

sorption was insignificant compared to that of biotite. mine the isotopic composition of quartz given equilibration with
garnet and kyanite at 58€. Modeled quartz isotopic compo-
Closed-system recrystallization with re-equilibration sitions are slightly greater than, but within error of, the mea-

The sample of migmatitic Waterbury gneiss clearly hasSired value (Table 3). Quartz appears to have “closed” to oxy-
complex metamorphic history, which is supported by textur@n diffusion sooner than predicted by the models, similar to
observations and geochronology. An early high-grade (Kytt‘,le samples of gneiss des<_:r|k_)ed above. If these discrepancies
Kfs-grade) metamorphism was followed by folding and recry¥€ré due to random error in input parameters, we would ex-
tallization, manifested in formation of an axial planar foliatioR€Ct SOme modeled quartz isotopic compositions to be less than
along with nucleation of monazite and garnet. The tempe,%pserved values. For the samples we analyzed, this is the case
ture of this event is independently constrained fro@nly for_ the_fine-grained Straits Schist discussed above. The
thermochronology to be ~55, which agrees well with the OVerestimation Qf th_e extent of_ exc_hange may reflect use of
Qtz-Ky and Qtz-Grt isotopic temperatures and conventionBydrous mica dlffus_lc_m data. le'f_us_lon parameters for micas
geothermobarometry for this sample (Fig. 5). Isotopic COmp@nder hydrous conditions are of similar magmtgde as for'quart_z
sitions of quartz, kyanite, and garnet in this sample define apd feldspars. If these parameters are of similar magnitude in
isotherm (Fig. 10). Questions regarding the interpretation Biotite as in quartz and feldspars under anhydrous conditions,
the oxygen isotope systematics of this sample are similartign very little if any retrograde diffusive exchange would be
those for the fine-grained component of the Straits Schist: wigPected for quartz in mica-bearing rocks. _
is the timing of kyanite and garnet formation relative to matrix Modeling supports the interpretation that kyanite and garnet
phases; are the observed Qtz-Ky and Qtz-Grt fractionatic®&W in this sa_mplt_a during the younger, lower temperature phase
equilibrium values established via mineral reactions at 380 Mhmetamorphism in the Waterbury dome area. IfTS0as the
and 550°C; and, to what extent have the Qtz-Ky and QtZ_G];gmperature at which kyanite, garnet, and quartz last equilibrated
fractionations been reset by exchange of fine-grained quatg@nsistent with conditions needed for melting in the Waterbury
with other matrix phases (mainly biotite)? gneiss; Li 1994), and kyan_lte preserves |ts_peak isotopic compo-

Garnet occurs as very fine-grained equant inclusions in ifion, then the observed isotopic composition of quartz should
minerals in the migmatitic gneiss, and appears to have nud§-13-0 per mil. The measured value is 13.5 per mil.
ated randomly throughout the sample; fine-grained kyanite is o ) ]
concentrated in aggregates scattered throughout the sample (RREN-System recrystallization with retrograde reactions

A very unusual result was obtained for both samples of vari-

5 ably sheared and partly retrograded kyanite-grade schist from
the Willimantic dome: isotopic reversals and disequilibrium
involving garnet and kyanite (Fig. 11). Garnet was found to
possess an oxygen isotopic composition that was either greater
than or the same as kyanite. The effects are present in both
samples, which are texturally distinct and no less than 10 m
apart in outcrop; similar results were obtained on a sample of
ductilely deformed Grt-Ky-Kfs-Qtz-Ru gneiss from the Snow-
bird tectonic zone of northern Saskatchewan, Canada (Hanmer
et al. 1995; Snoeyenboss 1997; included here for the purposes

of comparison only) (Tables 1 and 4).
* Inclusions of fine-grained garnet in coarse-grained kyanite
0 * ” ' - * - ' and staurolite indicate that kyanite grew after garnet in sample
0 1 2 3 4 . , o ST :
8 (Fig. 1le). Kyanite grains in sample 9 occur in a fine-grained,
well-foliated matrix of biotite + muscovite + plagioclase +

FIGURE 10. Isotherm plot for migmatitic pelitic gneiss (circles)quartz + potassium feldspar, with the foliation being deflected
and schist (squares) from the core of the Waterbury dome. Isotogiund partly resorbed garnet porphyroclasts. Both textures
disequilibrium in schl_st is indicated by the nonlinearity of fractlonat|0n§upport the interpretation that kyanite and quartz nucleated and
among garet, kyanite, and quartz. recrystallized after formation of garnet. The most likely mecha-

w +

1000In @ (Qtz-Min)
[\
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5 v T v T v T — as it is for the Willimantic schists. Textural evidence for re-
L ) . 060 606 4  sorption of garnet and formation of biotite, kyanite, and quartz
4 Tatnic Hill Fm. @ is consistent with operation of the reaction Kfs + Grt,© i
= Ky + Bt + Qtz, which requires a source of hydrating fluid. It is
2. most likely that kyanite and quartz are in isotopic equilibrium,
N3 as they formed contemporaneously.
=2
=) SUMMARY
§ Careful consideration of the reaction history and textural
= 1L evolution of metamorphic rocks permit very precise and accu-
; rate constraints on their thermal evolution to be derived from
N oxygen isotope fractionations among refractory minerals such
00 1 2 3 4 as kyanite and garnet combined with conventional thermom-

etry. Stable isotope thermometry may in specific cases be in
excellent agreement with temperature constraints derived from
FIGURE 11. Isotherm plot for Willimantic gneiss and schistsconventional thermobarometry. This is most likely to occur in
(squares = sample 8; triangles = sample 9) illustrating isotopisetamorphic rocks with a simple prograde metamorphic his-
disequilibrium between quartz and garnet, and isotopic reversgdty, for which cooling occurred in the absence of a hydrous
between kyanite and garnet. fluid phase, or for sub-granulite facies settings. Stable isotope
fractionations, in the absence of a hydrous fluid, are likely to
nism for producing the observed pattern of isotopic valuesggovide more accurate constraints on peak temperature in granu-
open-system kyanite-grade metamorphism and garnet resaie-facies settings than are cation exchange equilibria (also see
tion, where newly formed kyanite, staurolite, and matrix phasparquhar et al. 1996). It is evident that application of stable
exchanged with an isotopically light fluid thus lowering thesotope thermometry is subject to the same caveats as conven-
bulk isotopic composition of the rock. Although garnet reactégbnal thermometry, particularly in high grade or polymeta-
(in the sense that garnet components released during res@iprphic metapelitic rocks (Spear 1991; Eiler et al. 1993;
tion were consumed by newly formed minerals), garnet did ne4rquhar et al. 1993). Considerations need to be made for isoto-
exchange via volume diffusion and equilibrate with the kyasic mass balance, diffusional effects, and reaction histories. Ther-
ite and matrix phases, but it preser®éD values of a higher- mometric constraints possessing geologic significance are in
temperature event. In contrast, kyanite and quartz crystallizedsome cases retrievable. In other cases, however, both isotopic
in equilibrium—at ~500-600 °C. and conventional temperatures are at best minimum estimates of
As growth of kyanite£ staurolite) was the most recent minpeak temperature and correspond to some stage in the cooling
eral-forming event, the thermal history of the Willimantic schistsistory that cannot be ascribed to a specific event or whose age
was modeled to reproduce the observed isotopic compositigihnot be constrained by thermochronology.
of quartz. It was found that hydrous cooling from 6@ex-
actly reproduces the quartz values for sample 8, although an- ACKNOWLEDGMENTS
hydrous cooling from 558C cannot be discounted. Anhydrous =~ We appreciate the constructive reviews of Jim Farquhar and John Eiler. Eiler
cooling from 600°C exactly reproduces values for sample & 1A0Let o ben g a<opy oGS, ke Vilane e oove Sesyericss
although the value for cooling starting at 380is within error 4 research Committee Grant from the University of Kentucky.
of the observed value (Table 3).
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APPENDIX TABLE 1. Electron microprobe analyses

Biotite Muscovite
C90-23a C90-23c rs92.3 9sg92.9 C91-14 WSG93.1 C90-23c rs92.3 9sg92.9 C91-14

SiO, 35.50 35.97 34.88 35.43 35.03 35.57 46.77 46.02 46.73 45.33
TiO, 1.98 1.97 2.97 18.40 2.75 5.14 0.88 1.10 1.42 0.85
Al,O4 18.69 19.20 18.44 3.59 18.20 16.20 35.58 33.75 34.82 35.80
FeO 19.88 20.29 18.61 19.25 20.52 16.86 1.05 1.44 1.19 2.15
MnO 0.04 0.04 0.09 0.12 0.14 0.06 0.01 0.01 0.02 0.01
MgO 9.70 9.79 9.52 9.56 9.52 11.13 0.86 0.97 1.09 0.59
CaO 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01
Na,O 0.29 0.27 0.16 0.11 0.26 0.13 1.28 0.60 0.39 0.70
K,O 8.35 8.39 9.93 10.13 9.77 10.10 9.34 11.03 11.87 10.84

Total 94.44 95.94 94.60 96.62 96.19 95.19 95.78 94.93 97.35 96.28

Formula proportions of cations based on 22 oxygen atoms

Si 5.43 5.42 5.36 5.34 5.34 5.40 6.16 6.19 6.13 6.02
Ti 0.23 0.22 0.34 3.27 0.31 0.59 0.09 0.11 0.14 0.08
Al 3.37 3.41 3.34 2.66 3.27 2.90 5.52 5.35 5.39 5.61
Al(IV) 2.57 2.58 2.64 0.49 2.66 2.60 1.84 2.65 1.87 1.98
Al(VI) 0.80 0.83 0.70 0.54 0.61 0.30 3.68 2.70 3.52 3.63
Fe 2.54 2.56 2.39 2.43 2.62 2.60 0.12 0.16 0.13 0.24
Mn 0.00 0.01 0.01 0.02 0.02 0.30 0.00 0.00 0.00 0.00
Mg 221 2.20 2.18 2.15 2.16 2.14 0.17 0.19 0.21 0.12
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.09 0.08 0.05 0.03 0.08 0.04 0.33 0.16 0.10 0.18
K 1.63 1.61 1.95 1.95 1.90 1.96 1.57 1.89 1.96 1.84
Fe/(Fe+Mg) 0.53 0.54 0.52 0.53 0.55 0.55 — — — —

APPENDIX TABLE 2. Electron microprobe analyses

Plagioclase
C90-23c  C90-23c 9sg92.9 C91-14
core rim plag Kfs

SiO, 64.57 62.87 63.36 63.82 62.29
Al,O4 22.80 23.90 23.36 18.61 23.27
FEO 0.05 0.06 0.03 0.14 0.10
CAO 3.39 4.81 3.66 0.02 4.99
NA,O 9.93 8.83 9.45 1.15 8.98
K,O 0.09 0.04 0.09 15.16 0.16

Total 100.84 100.50 99.94 98.89 99.80

Formula proporting of cations based on 8 oxygen atoms
Si 2.83 2.77 2.80 2.97 2.77
Al 1.18 1.24 1.22 1.02 1.22
Fe 0.00 0.00 0.00 0.00 0.00
Ca 0.16 0.23 0.17 0.00 0.24
Na 0.84 0.75 0.81 0.10 0.77
Mole fraction of end-members

K 0.01 0.00 0.01 0.90 0.01
Ab 0.18 0.24 0.79 0.10 0.77
An 0.82 0.76 0.20 0.00 0.22

Or 0.00 0.00 0.01 0.90 0.01
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APPENDIX TABLE 3. Electron microprobe analyses

Garnet
C9023a C9023a C9023c c9023c rs92.3 gsg92.9 C91-14 WSG93.1
core rim core rim rim core rim core

SiO, 37.57 38.08 38.08 37.37 36.80 36.58 36.95 38.29
TiO, 0.02 0.04 0.03 0.02 0.02 0.01 0.02 0.00
AlL,O, 20.35 20.64 19.90 19.87 20.97 20.61 20.65 21.24
FeO 34.05 36.82 34.67 36.61 34.09 32.00 32.19 30.40
MnO 1.67 1.87 2.03 1.94 5.34 6.83 6.35 2.06
MgO 4.67 2.93 3.55 2.74 2.40 2.60 2.84 7.53
CaO 1.69 1.22 1.65 1.08 0.87 0.88 1.57 1.08

Total 100.00 101.60 99.92 99.62 100.51 99.52 100.60 100.60

Formula proportions of cations based on 12 oxygen atoms
Si 3.01 3.03 3.06 3.04 2.97 2.99 2.98 2.99
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.92 1.94 1.89 1.91 2.00 1.98 1.96 1.95
Fe 2.28 2.45 2.33 2.49 2.30 2.19 2.17 1.99
Mn 0.11 0.13 0.14 0.13 0.37 0.47 0.43 0.14
Mg 0.56 0.35 0.43 0.33 0.29 0.32 0.34 0.88
Ca 0.14 0.10 0.14 0.09 0.08 0.08 0.14 0.09
Mole fraction of end-members

Gr 0.05 0.03 0.05 0.03 0.02 0.03 0.04 0.03
Py 0.18 0.12 0.14 0.11 0.10 0.10 0.11 0.28
Alm 0.74 0.81 0.77 0.82 0.76 0.72 0.70 0.64
Sp 0.04 0.04 0.05 0.04 0.12 0.15 0.14 0.04

Fe/(Fe+Mg) 0.80 0.88 0.85 0.88 0.89 0.87 0.86 0.44




