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ABSTRACT

Cordierite- and gedrite-bearing lithologies crop out along the base of the Central Metasedimentary Belt boundary thrust zon
(CMBbtz) in Ontario, the boundary between the Central Metasedimentary Belt and the Central Gneiss Belt. It has been propos
that these rocks represent metamorphosed and partially melted Al- and Mg-rich sedimentary rocks. Whole-rock oxygen isotop
values §80 in the range 6-8%o) from these rocks are not consistent with closed-system metamorphism of either soils or pelitic
sediments, and cannot be explained solely by extraction of partial melt from pelitic rocks. The whélé@amhkd chemical
composition of cordierite—gedrite rocks in the CMBDbtz indicate that these rocks represent volcanic rocks hydrothermally alterec
by seawater. After hydrothermal alteration, these rocks were metamorphosed to the upper amphibolite facies, stabilizing th
cordierite + gedrite assemblages. Diffusion modeling of quartz—garnet fractionations suggests intermineral exchange of oxyge
in a closed system at moderate fugacity gDHiuring slow cooling after regional metamorphism. We believe that cordierite—
gedrite lithologies in the CMBbtz mark the site of Mid-Proterozoic rifting at the margin of Laurentia.

Keywords cordierite, gedrite, hydrothermal alteration, oxygen isotopes, Grenville Province, Fishtail Lake, Ontario.
SOMMAIRE

On trouve des roches métamorphiques a cordierite et a gédrite a la base de la zone de chevauchement qui marque la limite
la Ceinture Métasédimentaire Centrale et son contact avec la Ceinture Gneissique Centrale en Ontario. La proposit®on a été fa
gue ces roches représentent des unités alumineuses et magnésiennes métamorphosées et partiellement fondues. Les rap
d'isotopes d’oxygéne déterminés sur roche to&fié( dans I'intervalle 6-8%o) montrent une incompatibilité avec I'hypothése
d’un métamorphisme en systéeme fermé, soit de sols ou de roches métasédimentaires pélitiques, et ne pourraient résulter d
seule extraction d'un liquide anatectique & partir de roches pélitiques. Ces ragf@resir roche totale et la composition
chimique des roches a cordierite—gédrite font penser qu'il s’agit de roches volcaniques altérées par voie hydrothererate en prés
de I'eau de mer. Aprés le stade d’altération, ces roches ont été métamorphosées jusqu’au faciés amphibolite supérieur, ce q
stabilisé 'assemblage cordierite + gédrite. Un modele de diffusion du fractionnement entre quartz et grenat nous inste a prop
un échange interminéral des isotopes d’oxygéne en systeme fermé a fugacité moye@nauweodrs d’'un lent refroidissement
suite au métamorphisme régional. A notre avis, les roches a cordierite—gédrite de cette transition entre socles maquent le <
d’'une zone extensionnelle d’age mésoprotérozoique en marge du socle de Laurentia.

(Traduit par la Rédaction)

Mots-clés cordierite, gédrite, altération hydrothermale, isotopes d’oxygene, Province du Grenville, lac Fishtail, Ontario.

INTRODUCTION attributed these chemical characteristics to a number of
disparate processes including metasomatism during re-
The low-variance mineral assemblages of cordieriggional or contact metamorphism, depletion of alkalis
— orthoamphibole (anthophyllite or gedrite) rocks havigom a pelite by melt extraction (leaving a restite en-
made this relatively rare rock-type the focus of numeriched in Mg and Al), and metamorphism of a soil hori-
ous petrological studies (Robinseial. 1982). The rar- zon or Mg-rich evaporitic sediments (Robinsemnal.
ity of this lithology is caused by its unusually Mg- andL982).
Al-rich and low-Ca bulk composition, which does not It was recognized by Vallance (1967) that cordierite
have equivalents in common sedimentary, igneous, -erthoamphibole rocks from Yalwa (New South Wales,
metamorphic rocks (Seki 1957). Early investigator8ustralia) are stratigraphically equivalent to and have
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the same bulk composition as lower-grade quartz — chighibolite- and granulite-facies orthogneiss with minor
rite lithologies, which are interpreted to be hydrotheparagneiss (Easton 1992), and has been subdivided on
mally altered Devonian mafic volcanic rocks. Thighe basis of rock types, metamorphism, and structural
model explains the common association of cordieritestyle .g, Davidson 1984). In Ontario, the Central
orthoamphibole rocks with the extensively alteretetasedimentary Belt is divided into the Frontenac and
stockwork zones of amphibolite-facies volcanogeniElzevir terranes, and is bounded on the northwest by
massive sulfide (VMS) deposits.¢, Bachinski 1978). the CMBbtz. The Frontenac terrane is made up of granu-
Detailed field, geochemical, and isotopic studielte-facies marble, quartzite, pelites, and quartzofelds-
have documented a hydrothermally altered volcanpathic gneiss, and is intruded by granitic plutons. The
protolith in the case of many early Archean to Phaner&izevir terrane contains greenschist- to amphibolite-
zoic cordierite — orthoamphibole rocks worldwigey,, facies metasedimentary aed. 1.29-1.24 Ga meta-
Bachinski 1978, Schumacher 1988, Dymek & Smitkolcanic rocks, intruded by suites of gabbroic, tonalitic,
1990, Smithet al. 1992a, b, Pan & Fleet 1995, Schandand granitic plutons (Easton 1992). Elements of the
et al. 1995, Zaleski & Peterson 1995, Arawgb al. Elzevir terrane have been interpreted as both juvenile
1996). This interpretation has been extended to someeanic island arcs accreted on the southeastern margin
sapphirine-bearing, granulite-facies equivalents aff Laurentia €.g, Brown et al. 1975, Windley 1989)
cordierite — orthoamphibole rocks (Warren 1979, Wiland as rifting and back-arc environments underlain by
son & Baksi 1983, Peck & Valley 1996). Reinhardtontinental cruste.g, Smith & Holm 1990a, b, Smith
(1987) proposed an alternative explanation for an o&Harris 1996, Pehrssaat al. 1996, Smittet al. 1997).
currence of cordierite — orthoamphibole rocks in The CMBbtz is characterized by gneissic thrust
Queensland (Australia); he assigned a Mg-rich pelitgheets of varying composition separated by anastomos-
protolith to them. That occurrence is characterized bgg mylonitic and marblenélangetectonites (Hanmer
lower Fe and markedly different trace-element aburi988, Hanmer & McEachern 1992, McEachern & van
dances than most other cordierite — orthoamphiboBreemen 1993; see Fig. 2). Deformation in the thrust
rocks. zone is first recorded ab. 1.19 Ga and was renewed in
The low variance of mineral assemblages in cordiethe period 1.08-1.06 Ga (McEachern & van Breemen
ite — orthoamphibole rocks make these rock types ideE93). It is uncertain whether imbrication of the Central
candidates for petrological determination of metamoMetasedimentary Belt occurred at ~1.19 Ga (McEachern
phic pressures and temperatures (Robiesa@h 1982). & van Breemen 1993) or at ~1.08 Ga (Timmermann
However, the abundance of cordierite and biotite ial. 1997). Pehrssoet al.(1996) proposed that the Rag-
cordierite — orthoamphibole rocks allows diffusion ofan gabbro belt (Fig. 2) could have provided a rheologi-
oxygen at low temperatures and make these rocks paatly stiff layer that determined the location of the top
prospects for oxygen isotope thermometry; slow coobf the thrust zone. The lower boundary of the thrust zone
ing will cause retrograde intermineral exchange of oxys considered to be controlled by the presence of a rela-
gen, such that peak-temperature isotope fractionatiaingely weak horizon of schistose aluminous gneisses
are unlikely to be preserveé.(, Eiler et al. 1993). (Hanmer 1988, Hanmer & McEachern 1992), including
Although thermometry using oxygen isotope fractionthe cordierite — gedrite gneisses that are the focus of this
ations is hampered by these properties, modeling of retudy.
rograde diffusion of oxygen can allow us to evaluate
whether these rocks acted as closed systems after @udierite — gedrite gneisses
peak of metamorphism, and can allow us to constrain
the thermal history of these rocks. Cordierite — gedrite rocks from Fishtail Lake
In this study, we use oxygen isotope ratios of minfLocality 1, Fig. 2) have been the subject of petrolo-
eral separates from cordierite — gedrite rocks from tlggcal studies by Lal & Moorhouse (1969) and by Lal
Central Metasedimentary Belt boundary thrust zone {1969a, b). These rocks contain the assemblages alman-
the Grenville Province of Ontario to constrain theline + cordierite + phlogopite + quartz + plagioclase +
protolith and thermal history of these lithologies, as wedlither gedrite or sillimanite. K-feldspar, zircon, and
as the nature of retrograde exchange of oxygen isotofies-Ti oxides are minor constituents, and staurolite

(i.e., closedversusopen system). inclusions can be found in garnet. Cordierite — gedrite
rocks also are found 5-20 km west of Fishtail Lake in
GEOLOGICAL SETTING association with the Redstone and Dysart thrust sheets

(Localities 2, 3, 4, Fig. 2). The cordierite — gedrite rocks

The Mid-Proterozoic Central Metasedimentary Belére in a unit that records a polymetamorphic history,
boundary thrust zone (CMBbtz) is the southeast-dippingith a syntectonic assemblage of sillimanite + garnet +
ductile shear zone that separates the Central Gneiss Beltdierite + two feldspars + quartz, and a post-tectonic

(CGB) from the Central Metasedimentary Belt (CMBRssemblage of gedrite + cordierite + kyanite + biotite +
in the Grenville Province of Ontario (Fig. 1). The Cengarnet (Hanmer 1988, 1989), as well as quartz + plagio-
tral Gneiss Belt is dominated by 1.7-1.4 Ga upper-aralase + garnet segregations (Culshaw 1986). Peak
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Fic. 1. A. Location map of the Grenville Province. B. The southern Grenville Province of Ontario, after Hanmer & McEachern
(1992). GFTZ: Grenville Front Tectonic Zone, CGB: Central Gneiss Belt, CMBbtz: Central Metasedimentary Belt boundary
thrust zone, ET: Elzevir terrane, FT: Frontenac terrane. The Elzevir terrane is subdivided into the Harvey — Cardiff (H),
Belmont (B), Grimsthorpe (G), Mazinaw (M), and Sharbot Lake (S) domains, after Easton (1992).

temperatures and pressures of metamorphism for the The protolith of these rocks is a subject of debate,

southwestern part of the CMBbtz average°@and 8 and any model must explain the over 100 km strike-

kbar, as determined by a variety of independent thdength of this unit along the base of the thrust zone. Pro-

mometers and barometers (Anovitz & Essene 1990).posed protoliths for these rocks include metamorphosed
In the central and northern portion of the CMBbtziestites after partial melting (Lal & Moorhouse 1969,

outcrops of the cordierite — gedrite map unit are sparBeeaks & Thivierge 1985), metamorphosed paleosols

(Hanmer & McEachern 1992), but are consistentlgCulshaw 1986), metamorphosed alkaline (phonolitic)

found at the base of the thrust zone. The samples conicanic rocks (perhaps including related sediments and

sidered here from this region are from enstatiteEn metasomatized country-rock; see Easton 1992), and

gedrite + cordierite + almandine gneisses from nearetamorphosed felsic volcanic rocks (Green & Smith

Hoare Lake (Locality 5, Fig. 2) associated with enstatitd-996).

bearing migmatites (Millar 1983, Breaks & Thivierge

1985). This is the easternmost locality in which ortho- STABLE |SOTOPEANALYSES

amphibole has been identified, but aluminous rocks to

the east have been correlated with this unit by lithologfnalytical methods

similarity and structural position (Hanmer & McEachern

1992). Anovitz & Essene (1990) reported peak meta- Mineral separates (~2 mg per analysis) were hand-

morphic temperatures and pressures of <Zxnhd ~9 picked from crushed samples of cordierite — gedrite

kbar from this area, similar to the ~8@and ~8.9 kbar gneiss and related rock-types. Oxygen was liberated

estimate of Carr & Berman (1997). while heating with a C@laser in the presence of BfF
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Fic. 2. A. Map of the Central Metasedimentary Belt boundary thrust zone after Hanmer & McEachern (1992). R: Redstone
thrust sheet, D: Dysart thrust sheet, GL: Glamorgan thrust sheet, G: Grace thrust sheet, P: Papineau thrust sheet, F: Foymou
thrust sheet, S: Stafford thrust sheet, F: Faraday Gabbro, C: Chenaux Gabbro. B. Distribution of orthoamphibole — cordierite
units around the Redstone and Dysart thrust sheets, after Hanmer (1988). Sample localities are shown and described in the te;
(Table 1).

Valley et al. (1995) described the analytical proceduranalyses) is as follows: quartz: 0.08%. (n = 11), biotite:
in detail. Forty-three samples of garnet standard (UW@-09%. (n = 9), amphibole: 0.09%. (n = 11), garnet:
2; Valleyet al. 1995) were analyzed during ten days 00.05%. (n = 11). Analyses were adjusted by the amount
analysis spread over a period of fourteen months. Anatjre daily averagé'®Oywc-» deviated from 5.8%o, the
ses of UWG-2 yielded an averagedfO of 5.76+ accepted value of UWG-2 (Vallest al. 1995). The
0.12%0 (1 sd = 1 standard deviation about the mean mfagnitude of this correction averaged 0.06%. and was
the data). Uncertainty in the mears (£ 1sd/f®is invariably less than 0.18%o.
0.02%0. These results are statistically indistinguishable
from the long-term laboratory average for UWG-2 oResults
5.74+ 0.15%0 (n = 1081, @ = 0.005%.: Valleyet al.
1995). Daily standard deviations of UWG-2 averaged Stable isotope analyses of mineral separates are com-
0.09%0. NBS—28 African Glass Sand was analyzed guiled in Table 1. Two sample localities (1a and 1b) are
one analysis day and yielded>®#0 value of 9.45 from the two main lakeshore outcrops of cordierite —
0.04%0 (n = 3). The value d\gs2s-uws2Was 3.58%., gedrite gneiss on the north shore of Fishtail Lake.
within 2 sd of the laboratory average of 3.70%o. (Valleysamples 96FL1 to 96FL12 (locality 1a) are from the
et al. 1995). All oxygen isotope data are reported relaasternmost cordierite — gedrite outcrop mapped by Lal
tive to Vienna Standard Mean Ocean Water (VSMOW Morehouse (1969), and samples 96FI13 to 96FL33
Ninety-one mineral separates were analyzed for oxflocality 1b) are from the outcrop ~400 m to the west
gen isotope ratio, and 47% of these analyses were dsee Fig. 1 in Lal & Moorhouse 1969). Analyses of spa-
plicated or triplicated. Average reproducibility (half theially distinct hand-samples show little heterogeneity in
difference between duplicate analyses or 1 sd of thr&¥0 at each sample locality. Almandine from locality
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TABLE 1. OXYGEN ISOTOPE RATIOS FOR SAMPLES FROM 3780 8180 5180 8180 51°0 5150
CORDIERITE-GEDRITE GNEISSES AND RELATED ROCKS, CENTRAL Sample  Assemblage Qz  Crd Bt Am Grt WR
METASEDIMENTARY BELT BOUNDARY THRUST ZONE, ONTARIO Tocality 2
8180 8130 3§80 §180 B8O BI80 o YA
Sumple  Assemblage Q. Crd Bt Am Gri WR 96BZ1  Qtz+Bt+Hbl+Pl 352
Fishtail Lake (Localily 1) 96B7Z2  Qtz+Bt+Hbl+Pl 9.14 5.85
96FLl  Qtz+Crd+Bt+Ged+Grt 539 67 9.30
96FL2  Qtz+Crd+Bt+Ged+Grt+Pl 575 96BZ3  Qtz+Bt+Hbl+Pl 5.30
572 96824 Qtz+Bt+Hbl+Pl 5.30
96FL3  Qtz+Crd+Bt+Ged 586 5.21
96FL4  Qtz+Crd+Ged+Grt 6.10 Locality 3
96FL5  Qtz+Bt+Ged+Grt+Pl 579 71 96BZ8  Qtz+Bt+Hbl+PI 6.83
96F1.6  Quz4+Crd+Bt+Ged 6.75 5.83 96B7.10 Qtz+Bt+Pl 10.55 6.36
572 6.36
6.22 96BZ11 Qtz+Bt+Gri+Pl 6.07
90FL7  Qtz+Crd+Bt+Ged 6.75 5.84 96BZ12 Qtz+Bt+Grt+Pl 5.86
5.83 96BZ13 Qtz+Bt+Gri+P1+Sil 593
96FLY  Qtz+Bt+Ged+Grt+Pl 524 65 96BZ14 Qtz+Bt+Pl 10.13 5.84
96FL10 Qtz+But+Crd+GritSil 58 71 9.04
96KL11  Quz+Crd+Bt 676 500 35.78 96BZ1S Qtz+B+Grt+Pl+Kfs+Sil 6.16
641 451 651 96BZ17 Qtz+Grt+Pl 6.11
96FL12 Qtz+Crd+Ged 5.54 96BZ18 Qtz+Bt+Gri+Pl 6.60
96FL13  Qtz+Crd+Bt+Grt+Pl 7.54 4.65 6.0 96BZ20 Qtz+Ged+Gri+Pl 631 579 71
7.74 475 96BZ21 Qtz+Bt+Gri+Pl+Sil 596

4.65 96BZ22 Qtz+Bt+Pl+Kfs 9.48 385
96FL14 Qtz+Crd+Bt+Ged+Grt 496 62 946
96I'L16  Qz+Bt+Grt+Pl 4.52 4.86 6.0 Locality 4

4.58 4.69 96BZ24 Qiz+Bt+Hbl+Pl 6.96 7.81
96FL17  Qtz+Crd+Bt+Ged+Grt 8.46 546 497 6.1 722 7.81
8.47 4.82 96BZ2S Quz+Bt+Hbl+P1+Kfs 709 5.6

4.77 7.05
96IL18  Qtz+Crd+Bt+Grt+Sil 4.56 5.8 96BZ26 Qtz+Bt+Pl 5.98
96FL19  Qtz+Crd+Bt+Grt+Sil 7.72 443 57 96BZ27 Qlz+Bt+Pl+Kfs 6.05

7.88 4.35 5.89
96FL20  Qtz+Crd+Bt+Grt+Sil 518 65 6.18
96121 Qtz+Bt+Grt+Pl 9.15 4.33 526 6.5 Hoare Lake (Locality S)
9.02 4.57 5.27 97CVI  Quz+Crd+Bt+Gri+Ged+Op 692 82
96FL22 Qtz+Bt+Ged 5.16 97CV2  Qtz+Crd+Bt+Grt+Sil+Op 701 83
5.04 97CV3  Qtz+Crd+Bt+Grt+Ged+Op 6.83 8.1
96I'L23  Qtz+Crd+Bt+Grt+Sil 4.38 5.7 97CV4  Que+Crd+Bt+Grt+Ged+Op 731 716 84
96FL.25  Qtz+Crd+Bt+Ged+Grt 7.39 458 503 493 6.1 7.39 7.6
7.67 4.83 510 478 97CV5  Qtz+Crd+Br+Gri+Ged+0p 709 676 8.0
7.50 97CV6  QuACrd+Bt+Gri+Ged+0p  9.66 592 6.55
96FL26  Qtz+Crd+Bt+Grt+Sil 7.63 443 57 97CV7  Qtz+Crd+Hbl+Cpx 6.55
7.41 4.41 97CV8  Qtz+Crd+Bt+Gri+Ged+Op 7.11 84
. 4.47 97CVY  Qtz+Crd+Bt+Grt+Ged+Op 631 76
96FL27 Bt4+Ged+Gri+Pl+Sil 8.13 535 446 58 Qtz, quarlz; Crd, cordierite; BL biotite; Am, amphibole (HbI, hornblende or Ged,
7.97 5.53 448 gedrite); Grt, garnel; PI, plagiocluse; Kfs, K-feldspar; Sil, sillimanite; Op,

4.54 orthopyroxenc; Cpx, clinopyroxene; WR, calculated whole rock oxygen isotope
96FL28 Crd+Bi+Ged+Grt 543 469 6.0 ratios (see text). Major mineralogy is given, many samplcs contain trace amounts
961129 Crd+Bt+Ged . 537 6.6 of zircon, rutile, Fe-T1 oxides, as well as staurolite inclusions. Sample localitics
961L30  Qtz+Crd+Bt+Grt+Sil 453 5.8 are from Figure 1. The number of analyses is in parentheses. Average
96FL31  Qtz+Crd+Bi+Ged+Grt 9.53 4.99 610 500 63 reproducibility is: quartz, £0.08%. (n=11); biotite, +0.09 (n=9); amphibole, +0.09

?-34 5.08 643 504 (n=11); garnet, 30.05%. (n=11). All oxygen isotopc data arc reported using
;:8 5.19 standard per mil (%) notation rclative to Vienna Standard Mean Occan Water
96FL32 Crd+Bt+Ged 5.25 (VSMOW).
96FL33  Qtz+Crd+Bi+Ged+Grt 460 59

la has an avera@®O of 5.6+ 0.2%o (n = 4), whereas priate to assess the magnitude of resetting of oxygen
that from locality 1b averages 48.3%. (n = 17). Am- isotope ratios by modeling retrograde exchange of oxy-
phibolites from localities 2—4 (predominantly Qtz + Bgen. Modeling permits us to assess whether the rocks
+ Hbl + PI gneisses), which are mapped as part of theere infiltrated by significant quantities of externally
cordierite — gedrite unit (Hanmer 1989), have similaderived fluids during cooling. Information about the
oxygen isotope compositions [locality®®Ow,y = 5.3  thermal histories of these rocks can also be inferred by
+ 0.4%o (n = 4); locality 39 8O m = 6.1+ 0.3%. (N = comparing observed and predicted intermineral fraction-
8); locality 4,8*0py = 6.3+ 1.1%o (n = 3)). Aimand-  ations. The approach used here is the Fast Grain Bound-
ine 3180 values from Hoare Lake (locality 5) averagery (FGB) diffusion model of Eilest al.(1992); details
6.9+ 0.3%0 (n = 8). Intermineral fractionations (Fig. 3)and input parameters are discussed in the Appendix and
show pronounced (although consistent) deviations frofrable 3.

equilibrium, most notably large quartz — almandine and

reversed phlogopite — almandine fractionations (equiterpretations of diffusion modeling

librium at upper amphibolite faciedoy—am= 2.7%o

andAppi_am= 0.4%o). Results of FGB diffusion modeling are presented in
Table 2. Figure 4 shows schematically how calculated
MODELING oF RETROGRADE DIFFUSION 3180 values change during cooling using published dif-

fusion data [P(KO) = 1 kbar] for sample 96FL21. In
Disequilibrium intermineral fractionations of oxygenthe following discussion, almandine is used as a refer-
isotopes are pronounced in our dataset. It is thus appemce mineral because the cooling path is below the
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Fic. 3. Oxygen isotope ratios for mineral separates and calculated whole-rock values for localities 1-5. Mineral fractionations
calculated at 700 from data on equilibrium fractionation in Table 2 [and from Kohn & Valley (1998b) for hornblende] are
shown for reference.

closure temperature of oxygen diffusion in almandiniag interval where quartz was open to exchange, the
(Fig. 4), and almandine thus serves as an “inert markgressure ranged from 8 to 5 kbar. Even dry granulite-
for isotopic fractionations during cooling. facies rocks (KO activities of 0.1 to 0.3) at 8 kbar have
Fractionations between quartz and almandine arO fugacities of ~1 to 2 kbar, comparable to those in
well predicted by FGB diffusion modeling using “wet”“wet” oxygen diffusion experiments [P{B) = 1 kbar,
diffusion data [experimentally determined at FQhl=1  f(H,O =1 kbar). During metamorphism and cooling
kbar]; the average difference between modeled affdom 700 to ~550C), H,O activities in the cordierite —
measured\op-am iS 0.2%.. If diffusion data from an- gedrite rocks from Fishtail Lake need only have been
hydrous experiments are used, the model underestimategher than ~0.1 to correspond tg@Hfugacities in
the quartz — almandine fractionation by an average ‘bfiet” experiments.
0.7%o. It is interesting to note that if high fugacities of Reversed fractionations observed between phlogo-
H,0 in the “wet” experiments cause the faster diffusiopite and almandine (Table 2) are predicted by modeling
of oxygen, the better match using “wet” data does ndiffusive exchange using hydrothermal diffusion data,
require the presence ob@ as a free phase during metabut would also be expected if oxygen diffusion in phlo-
morphism or during cooling. Anovitz & Essene (1990yopite were somewhat slower. ValuesAgfg_am cal-
estimated a P-T path of ~12 B&/for a sample from culated using hydrothermal diffusion data are lower than
the CMBDbtz north of Bancroft; thus for the ~280cool- measured values, which are higher than equilibrium
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Mes
TABLE 2. MEASURED AND PREDICTED OXYGEN casured
ISOTOPE FRACTIONATIONS. PREDICTIONS ARE FROM
FAST GRAIN BOUNDARY MODELING OF OXYGEN B oY
DIFFUSION —~
Dillusion =
Rates used Hydrothermal (PH20~1kbar) Dry @) 8 =1
Fractionation | AQz- APl- ACrd AGed APhl- ASil- AQtz- 2
Grt Grt -Gt -Gt Grt Grt Grt v 7 -
Equilibium 15 76 ) 47 080 0.52 040 030270 >
@700°C S 6 ]
OGFLI3 = "A\
Model 3.24 0.1 -1.81 2.80 ~ 2\
Measured | 2.96 nd nd 2.96 o 5| L1
96FT.17 ke o)
Model 3.70 0.74 034 -0.90 2.74 w o, L d
Measured 3.60 nd  0.61 nd 3.60
Noddt 3.49 0.35 132 041|282 : —
] . L -1. -V .
Measured 3.41 nd nd nd | 3.41 600 400 200 0
96FL21 o
Model 3.81 3.53 0.08 -1.66 2.84 Temperature (°C)
Measurced 3.82 nd nd -0.81 3.82
96FL26 . T .
I\l\ﬁodel | %8& 0.53 -1.g4 -0.37 %gg Fic. 4. Example of Fast Grain Boundary diffusion modeling
casure . m e (using diffusion data from hydrothermal experiments) for
96FL27 i ilib-
der 151 461 062 017 -1l 0511 286 sgmple 96FL21. The left o_f the'ﬁgure shows the _equmb
Measured 356 nd nd 095 nd nd | 3.56 rium oxygen isotope fractionations at 700 The lines
96FL31 show the evolution of modelekt®O values of minerals
Model 3.50 078 0.16 -0.66 2.75 i i i i i
Messared | 231 W 120 -004 i during coolllng, and the right side of each figure shows the
7, ot determined; Modoling fput parameiers: peak measured %0 values for three minerals. Symbols as in
temperature=700°C, cooling rate= 2°C/M.y., all other input Figure 1; inverted filled triangle: plagioclase.

parameters are in Tables 3 and 4. Equilibrium fractionations
@700°C (calculated from fractionation data in Table 3) are shown
for reference.

values Qged-aim = 0.5%0 at 700C: Kohn & Valley mineral in the modeled Fishtail Lake samples. Diffu-
1998b). This finding implies that during cooling, gedritesion rates and fractionation factors are well known for
exchanged with some phase with a 0840, pushing quartz and garnet, and their behavior provides informa-
gedrite to higher values during cooling. If gedrite wergon about the first ~25C of cooling in these rocks.
to exchange primarily with phlogopite and not cordief=GB diffusion modeling of oxygen exchange predicts
ite, then thed'O values of gedrite would rise duringthe observed fractionations if we use “wet” oxygen dif-
cooling. Large values aigeq—aim could be caused by fusion data, peak metamorphic temperatures (Anovitz
the closure of cordierite to exchange earlier than it do&sEssene 1990) and cooling rates (Mezefeal. 1994)
in our models, a reasonable possibility, as oxygen difom the literature. Correspondence between observed
fusion in cordierite has not been experimentally deteand modeled values is best explained if samples were
mined and the value we use is an estimate (Table &juilibrated at the peak of metamorphism, were domi-
Appendix 1). nated by diffusive transport of oxygen, and acted as

The most important implication of diffusion model-closed systems to isotopically reactive external fluids
ing is the correlation of model and measw&tD val- for much of the cooling path.
ues for quartz and garnet, modally the most abundant

WHoLE-Rock 8180 VaLues

TABLE 3. OXYGEN DIFFUSIVITIES AND EQUILIBRIUM OXYGEN |nterpl’eta’[|0n of whole-rock oxygen ISOtOpe ratios

ISOTOPE FRACTIONATIONS USED IN FAST GRAIN BOUNDARY in high-grade metamorphic rocks can be complicated
DIFFUSION MODELING i
o 0 T Dy Reforce I b_y Iate-s_tage, Iovv_-temperature exchange,_tetrogres-
Quarz 343 [2.906-1 |Farver & Yund (1990) | 0 |— sion, vein alteration, or weathering), which are unde-
Quarlz, (dry)l 221 |2.10E-7 | Dennis (1984) 0 [— i i
Plagioclase | 85 |1.00E-9|Elphick et al. (1986) 1.15|Clayton ct al. (1989) teCtable If one analyzes Only CrUShed rOCk' For thlS

Cordierite | 107 |4.50E 8|Giletti etal. (1978)  |1.78|Hoffbaver et al. (1904y  F€ASON, We UsEE0values from minerals that are resis-

Gedrite 163 |2.00E-8|Farver & Gileui (1985){2.05|Kohn & Valley (1998) i 1 -
Phlogopite | 142 |9.10E-6(Fortier & Giletti (1991)|2.16]Chacko ct al. (1996) tant to alteration to estimate the whole rﬁém at the

Almandine | 301 16.50E-5| Coghlan (1990) 2.55|Kohn & Valley 19085y €@K Of metamorphism. Almandine is the ideal mineral
Sillimanitc |254.5]6.30E7|Ghent & Valley (1998) |2.25|Sharp (1995) for this calculation because it forms below its blocking

Plagioclase is modeled as Anyg. D, - tial fz i 250 and . .

{activation clr:cr:lg(;/fnekJﬁol'ﬂ )Oare tokgr)rrxelhee}q/)\(:;‘lig[ms ?Lclt:\)t:(:::hr:[lj ls‘or)tﬁg deusinn temperature n the rOCk types StUdled (COghlan 1990)1

Z(Tl:g'ider-m D=.D0'exp(—Q/RT) where R is the gas constant and T is temperature (K). and should preserve a value3fO near peak condi-
iffusion data are from hydrothermal experiments except the anhydrous ("dry") . .

experiments for oxygen diffusion in quartz of Donnis (1984). The Giletti ot al. tions of metamorphism. The whole-rc¥¥0 value can

(1978) calibration for K-feldpsar is used as a proxy for cordierite, and the Farver then be Calculated assuming that the Observed modal

and Giletti (1985) calibration for tremolite is used for gedrite. A-factors are for the

formula AQt-Mineral=A* 10%T2. minerals are representative of the minerals that were
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present at the peak of metamorphism, but this does notWhole-rock composition and!®0 values allow us
require that the rest of the rock has acted as a clogedexclude some proposed precursors of the cordierite —
system (with respect to oxygen) after that time. A dravgedrite lithologies. Fe- and Al-rich lateritic soils typi-
back to this calculation is that garnet can grow overaally haved®0 values in near-equilibrium with local
range of temperatures along the prograde path. Fortneteoric water at the low temperatures of weathering,
nately, the difference between prograde fractionatiomgsulting in values of ~20%£(g., Giral et al. 1993).

and peak fractionations is small for most rock-types Mudrocks also have higit®Ovalues, ranging from ~10
high temperatures (Kohn 1993, Koénal. 1993). The to >20%., although values lower than 10%. are observed
average reproducibility of almandine analyses (prée.g.,Land & Lynch 1996). Paragneisses from the
dominantly single fragments of garnet) from singl&renville Supergroup of Ontario ha¥¥0 values more
samples i£0.05%o0 (N = 11), suggesting that oxygen isotypical of pelitic rocks, and average 14%. (Shieh &
tope inhomogeneity within single crystals is negligibleSchwarcz 1978). Closed-system metamorphism of
Whole-rock8'80 values are calculated using values ofveathered horizons cannot explain the obsebéo
6180(A|m), oxygen isotope fractionation factors fromvalues in the cordierite — gedrite rocks. The limited data
Table 3, mineral modes from Table 4, and a peak temwn whole-rock compositions and trace-element concen-
perature of 700C (Anovitz & Essene 1990). The whole-trations in these rocks (Lal & Moorhouse 1969, Millar
rock 8180 calculated is the whole-roék®0 at the time 1983, Breaks & Thivierge 1985, Culshaw 1986, Green
of peak metamorphism. The average calculatgegk- & Smith 1996) also are inconsistent with pelitic sedi-
Alm) 1S 1.27+ 0.34%o (n = 7); therefore calculated wholements. Lal & Moorhouse (1969) proposed that removal
rock 880 values from Fishtail Lake range from ~5.7 toof a granitic melt during metamorphism of pelitic sedi-
7.1%o (Fig. 3). Sample 96BZ20, a similar rock-type froorments left a Fe- and Mg-rich restite, which new bulk
Locality 3, has a calculated whole-ra&#®0 of ~7.1%., composition led to the growth of cordierite + gedrite.
slightly higher than the average Fishtail Lake valu&kemoval of 50% of a minimum-melt granitic fraction
Rocks from Hoare Lake (locality 5) have calculatedt 600C leaving the bulk composition of the Fishtail
whole-rockd0 values between 7.6 and 8.4%.. If thé_ake rocks would shift the restite to lower oxygen iso-
modal proportions of Lal & Moorhouse (1969) are usetbpe ratios by <0.5%o; this process thus cannot account
for this calculationAwr-aim) is 1.45% 0.23%o (n = 7), for the measured oxygen isotope compositions. The
similar to the value calculated from our samples, butodally abundant quartz and the Ca-depletion in these
slightly higher because their samples are more quartbcks also are inconsistent with the restite hypothesis
and cordierite-rich. (Green & Smith 1996).

Hydrothermal alteration has the potential to either
raise or lowed80 values of target rocks depending on
the protolithd*80, the source of fluids, and the tempera-
ture of alteration. If these cordierite — gedrite rocks rep-

TABLE 4. MODES AND GRAIN SIZES USED IN FAST resent hydrothermally altered rocks (subsequently
GRAIN BOUNDARY MODELING OF OXYGEN metamorphosed), the temperature of alteration can only
DPIIFF%SQOB(I} T be estimated on the basis of oxygen isotope ratios if we
TEE] Qt rd_Ged Bt On St know the protolith3!80 and mineralogy, th&!%0 of
Mode (%) 59 11 1119 the fluid, extent of exchange, and details of the flow
Radius (mm) 0.4 0.2 0.5 1.1 . ! -
system ice., the scale of fluid permeability, tempera-
96FL17 . )
Mode (%) 7 B w9 19 ture gradientstc). Modern basalt _that has been hydro
Radius (mm) 1.2 0.3 1.0 005 15 thermally altered on the seafloor displays heterogeneous
96FL19 alteration on the millimeter to meter scale, dominated
Mode (%) 47 11 16 17 9 - i ilibri
Mode ) G4 ok ods 41 ob by crack-controlled disequilibrium _e_xchange.q., _
Thompson 1991). These heterogeneities would be vari-
Vedctm 4L 15 4 3 o ably smoothed by diffusion and exchange during am-
Radius (mm) 0.3 02 0.1 0.02 0.5 phibolite-facies metamorphism. Bulk chemical changes
96FL26 in basalt during intense hydrothermal alteration on the
Mode (%) 63 7 16 12 2 i - - -ri -
Radivs (oam) 07 0 001 03 061 s.e.afloor.re.sult in Ca-poor a}nq Mg and.AI rich compo
€EL27 sitions similar to most cordierite — gedrite rocks. In ad-
f/lgé‘e (%) 49 1 1 31 14 3 dition, both field and laboratory studies document
Radius (mm) 0.3 0.1 0.1 1.0 0.07 1.0 0.01 similar compositional changes for intermediate and
96FL31 felsic volcanic rocks (Hajash & Chandler 1981, Shiraki
Noge (o my D Sl s 3 et al. 1987, Thompson 1991). Assuming a mantle-like
Modes were determined by counting 1000 points on thin 3180 (Wh0|e_rock)value of 6%o and hydrothermal alteration
sections. The average radius in thin section of quartz, with seawaterg(lfio =~ 0), temperatures of exchange
feldspar, cordicrite, and garnet was uscd; while the N iakdfO
average radius along the C-axis was used for gedrite and below ~250C are reqwred to produce hlg val-

biotite. ues (Coleet al. 1987), such as those observed. Whole-
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rock 80 values of ~7%. are common in the Mg- and We interpret these cordierite — gedrite gneisses as
Al-rich products of hydrothermal alteration of volcanideing metamorphosed hydrothermally altered volcanic

rocks €.g9.,Muehlenbachs 1986). rocks associated with Mid-Proterozoic rifting on the
margin of Laurentia before 1.9 Ga. The consistency in
TECTONIC IMPLICATIONS style of hydrothermal alteration has resulted in similar

and distinct bulk-compositions over a strike of over

The protolith of the cordierite — gedrite gneisses ih00 km, comparable with the style of hydrothermal al-
the CMBbtz is important because of their location at thteration on a system of spreading centers. It has been
base of the thrust zone, and their tectonic significanseggested that tectonic attenuation could contribute to
as an incompetent layer that controlled the location tife extensive strike-length of this unit as well as the dis-
the thrust zone (Hanmer 1988, Hanmer & McEachetribution of alkaline rocks at the top of the CMBbtz
1992). Pehrssoet al.(1996) suggested that the CMBbtz(R.M. Easton, pers. commun., 1998). Although exten-
is the site of closure of a marginal basin that developsibn of the protolith is reasonable to expect in the thrust
above continental crust, as two bodies of gabbro frorone, the >100 km strike-length of this unit is well
the Raglan Gabbro Belt (gabbros in Fig. 2a) contaimithin the range of extent of ridge-style hydrothermal
inherited zircon with ages of 1.44-1.30 Ga, similar talteration. Since the cordierite — gedrite rocks are struc-
ages found in the Central Gneiss Belt to the northwestrally between what has been interpreted as a back-arc
Only one fraction of inherited zircon comes from a bodgnvironment underlain by continental crust (the
that is constrained to have crystallized before thrustif@VBbtz and Belmont domain) and the margin of
(the Chenaux gabbro, 12312 Ma); other splits of in- Laurentia, we favor a rift environment on the continen-
herited zircon are from the Faraday gabbro, for whidial margin, similar to the tectonic environment of many
the minimum age is 1165 Ma, younger than deformaelcagenic massive sulfide deposits associated with con-
tion and thrusting at ~1.19 Ga (McEachern & vatinental rifts, which contain similar Mg- and Al-rich
Breemen 1993). These data are consistent with tradeHk compositions (Barrett & MacLean 1998). Thrust
element signatures of continental contamination in va$heets in the CMBDbtz are interpreted to have been thrust
canic rocks from the Belmont domain (see Fig. 1, aralit-of-sequence (Hanmer 1988). Because of the rela-
Smith & Holm 1990a, b, Smitét al. 1997), interpreted tionship between thrust sheets and the cordierite —
as back-arc volcanic rocks formed above thinned congiedrite thrust zone tectonites (Hanmer & McEachern
nental crust. Smith & Harris (1996) used evidence df992), as well as the telescoped nature of the CMBbtz,
continental signatures in the Belmont domain as well ag do not know the original geometry of the thrust
in arc volcanic rocks of the Mazinaw domain (Harnoisheets, the cordierite — gedrite rocks, the Central Gneiss
& Moore 1991) to propose a tectonic model where thHgelt, and the Elzevir terrane. These constraints notwith-
CMBDbtz and Elzevir terrane are all underlain by corstanding, it seems reasonable that if these rocks formed
tiguous continental crust prior to thrusting. In thigluring rifting of the Laurentian Margin, then rifting
model, the Mazinaw domain represents the ~1.2 Gacurred earlier than development of a marginal basin
active arc southeast of Laurentia. The mafic—ultramafand arc volcanism to the east, as hypothesized by other
succession in the southern Grimsthorpe domain (Eastiowestigators.
& Ford 1994) is interpreted as an ophiolite sequence that The well-studied Green Tuff belt of Japan, which
formed as a small ocean basin in the back-arc. hosts the Kuroko volcanogenic massive sulfide depos-

The tectonic affinity of cordierite — gedrite rocks catits, provides a useful Phanerozoic analog to these rocks,
be difficult to determine chemically because of mobilalbeit in a slightly different tectonic environment. The
ity of major and trace elements during hydrothermabreen Tuff belt is over 1,500 km long and ~100 km
alteration. For example, at the Manitouwadge miningide. It contains a package of hydrothermally altered
camp in Ontario, the cordierite — gedrite unit is intetMiocene volcanic and volcaniclastic rocks interpreted
preted (using data on the rare-earth elements) to reguoltbe the result of aborted rifting of the Japan arc
from hydrothermal alteration of a bimodal suite of vol{Cathleset al. 1983). Hydrothermal alteration by sea-
canic rocks by seawater, now so extensively altered thedter has resulted in zones with characteristic assem-
they cannot be distinguished in the field (Pan & Fledlages of minerals and styles of alteration. The most
1995). On the basis of Si@ontent (Lal & Moorhouse extreme alteration is in the “sericite” — chlorite zone,
1969), the cordierite — gedrite unit from Fishtail Lakevhere rocks have low Ca and high Mg contents, and
has andesitic to dacitic affinities, but altered volcani&lBO(Wme_mck)values are 6. 1.3%o (n = 31, Greent
rocks on the seafloor can undergo silicification or,SiCal. 1983). If the Green tuff belt were metamorphosed to
increase by mass loss (Thompson 1991). Trace-elem#r upper amphibolite facies, it would become a pack-
geochemistry ofimmobile elements (see Green & Smitige of diverse paragneiss, with only the Ca-poor
1996), Nd isotope systematics, and detailed U-Pb gésericite” — chlorite zone becoming cordierite —
chronology of these rocks all have the potential to prerthoamphibole rocks. That the CMBbtz cordierite —
vide information concerning the petrogenesis of thgedrite rocks have simil&*®0 values from locality to
igneous protolith. locality is to be expected, because their distinctive bulk-
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compositions were caused by the same style of hydithank Dave Farber and Mike DeAngelis for assistance
thermal alteration as their oxygen isotope compositions. the field, Michael Easton for suggesting sampling
This model addresses the field relations and bullecalities, Brian Hess for making thin sections, and Mike
chemical and oxygen isotope compositions of th8picuzza for help and maintenance in the U.W. Stable
cordierite — gedrite unit, but also offers explanations dé§otope Laboratory. Detailed reviews and comments by
a number of observations in the literature. The diffeMichael Easton, Kurt Kyser, Bob Martin, and Michael
ences in bulk-rock composition from different locali-Smith contributed to the clarity of presentation of data
ties (Lal & Moorhouse 1969, Millar 1983, Breaks &and ideas in this paper.
Thivierge 1985, Culshaw 1986) could be the result of
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APPENDIX. THE “FAST GRAIN BOUNDARY” MODEL

The intermineral diffusion of oxygen and the resett998). Eight samples from Fishtail Lake (locality 1b)
ting of oxygen isotope ratios during cooling are modwere selected for FGB modeling, and modeling inputs
eled using the Fast Grain Boundary (FGB) diffusioare found in Tables 3 and 4. These samples were cho-
model of Eileret al. (1992), using the code of Eilet sen because they are unlayered and free of petrographic
al. (1994) with modifications by Kohn & Valley evidence of retrograde reactions (Lal & Moorhouse
(1998c). The FGB model assumes peak metamorpti869, Lal 1969b). A peak regional metamorphic tem-
equilibration on the scale of several grain diametergerature of 700C (Anovitz & Essene 1990) and a cool-
diffusive exchange through the crystal lattice, rapithg rate of 2C/M.y. (Mezgeret al. 1993) were used for
exchange of oxygen and isotopic equilibrium alongll model runs.
grain boundaries, and simple geometries for mineral Fractionation data used in this study are a combina-
phases (Eileet al. 1992, 1993). Predicted intermineraltion of results of experiments, calculations, and empiri-
fractionations calculated using FGB modeling are nefl studies. Thé factor Aoty — mineral = A*108/T?) for
particularly sensitive to differences in starting temperglagioclase is calculated for A linearly extrapolat-
tures &50°C) or cooling ratesf1°C/M.y.). For in- ing between the experimentafactors for anorthite and
stance, the Fast Grain Boundary model has been shoaibite (Claytoret al. 1989). TheA factor for phlogopite
to be a robust method of predicting intermineral fradgs taken from the experiments of Chaakoal. (1996)
tionations in slowly cooled granulite- and amphiboliteeombined with the calcite — quartz experiments of
facies diopside-bearing marble (Edwards & Valleflaytonet al. (1989). Cordierite fractionation relative
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to quartz was calculated by Hoffbaeerl.(1994) using of H,O during cooling. Here we take a different
a modified “increment method”. The sillimanite — quartapproach because, although experimental data do exist
fractionation is taken from the empirical study of Sharfp model these rocks under “wet” conditions, they do
(1995). Both experiment®(g., Matthews 1994) and not exist to model these rocks under dry conditions.
empirical studiesd.g., Kohn & Valley 1998b) have Variations in grain size in cordierite — gedrite gneisses
shown a pronounced effect of solid solution on oxygesre also not sufficient to produce a significant fraction-
isotope fractionation factors of Ca-poor garnet. For thagion between large and small grains.
reason, we use the empirical fractionation between Figure 4 shows schematically how the modeled bulk-
Ca-poor, almandine — pyrope garnet and diopside framineral3!80 changes during cooling after a peak meta-
Kohn & Valley (1998a), combined with the diopsidemorphic temperature of 700 using data for “wet”
experiments of Chibat al. (1989). If the fractionation diffusion. In the model, garnet is closed to isotopic
factor for grossular (Matthews 1994) were used, ttexchange, and quartz is the first mineral to cease
model results would be systematically ~0.5%. differergxchange with the rest of the rock (at ~40p In rocks
from those using fractionation data for a Ca-poor gawith gedrite, it is the second mineral to cease exchange
net. TheA factor for gedrite — quartz is calculated fron{at ~350C). Amphibole-group minerals cease exchange
the average gedrite — hornblende and garnet — hoget-lower temperatures than quartz because they allow
blende fractionations at 576 (Kohn & Valley 1998a), faster diffusion of oxygen in wet experiments (Farver
using the Ca-poor garnet — quartz fractionation abov& Giletti 1985). Amphiboles also show less dependence
Diffusion coefficients for oxygen have been experiof oxygen diffusivity on HO fugacity than does quartz
mentally determined under both “dry” and “wet”(Farver & Giletti 1985, Farver & Yund 1991); thus
[P(H20) = 1 kbar] conditions for quartz (Farver & Yundunder anhydrous conditions, quartz should still cease
1991), and under hydrothermal conditions for plagicexchange before gedrite. Sillimanite has low modal
clase (Elphicket al. 1996), phlogopite [using the abundance<2%) in all but one sample and allows
“biotite” of Fortier & Giletti (1991)], and almandine relatively slow diffusion of oxygen, so that it will not
(Coghlan 1990). Ghent & Valley (1998) have estimateappreciably influence the order of oxygen isotope clo-
the “wet” diffusion coefficients for sillimanite using thesure in these rocks.
“ionic porosity” method of Fortier & Giletti (1989). Calculations of retrograde exchange of oxygen un-
Diffusion coefficients and activation energies have nater anhydrous conditions can be made, but only down
been experimentally determined for cordierite oto the temperature where quartz closes to diffusion.
gedrite, so we use experimentally determined “wetAbove this temperature, the data for “wet” diffusion are
diffusivity of K-feldspar (Gilettiet al. 1978) as a proxy used for other minerals (except quartz), but the model
for cordierite (after Hoffbaueat al. 1994) and the “wet” still simulates anhydrous conditions because garnet is
diffusivity of tremolite (Farver & Giletti 1985) as a already closed to diffusion, and the other minerals al-
proxy for gedrite. Two sets of calculations were mad&w rapid diffusion. We cannot model diffusion after
the first using diffusion data from “wet” experimentsquartz has closed because, in the absence of experimen-
and the second using diffusion data to correspond witél data for the anhydrous case, we cannot predict the
anhydrous (“dry”) experiments (see below). low-temperature behavior of gedrite, cordierite, and bi-
The importance of pO fugacity in influencing rates otite. For the “wet” diffusion models, the isotopic frac-
of diffusion of oxygen during retrograde exchange itionations among all minerals can be predicted
natural samples was demonstrated by Edwards & VdTFable 2), but for the “dry” diffusion models, only the
ley (1998). They examined the difference in oxygen isdractionation between garnet and quartz is predicted;
tope ratios between large and small crystals of diopsitieerefore only predicted values &,—am can be used
from Grenville marbles and demonstrated that variable compare results for “wet” and “dry” models.
isotopic resetting was consistent with variable fugacity



