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ABSTRACT

In the Grenville Province of eastern Quebec, slices of granulite- and amphibolite-facies rocks overlie high-P mstrmorphosed
rocks of the Manicouagan lmbricate Zone in normal-faulted contact. The lowest slice comprises the Hart Jaune terrane QIJT),
which is tectonically overlain by rocks of the Gabriel domain (GaD). The uppermost ruT is cut by normal-sense shear zones.
HJT rocks preserve evidence of an early, low-P granulite-facies event overprinted by a later, higher-P one, correlated to ca 1470
and ca. 990 Ma U-Pb dates, respectively. Near the GaD, a-nd especially in the normal shear zones, HJT rocks carry amphibolite-
facies mineral assemblages. Rocks of the GaD are amphibolite facies exhibit no evidence for polymetamorphism, and have
yielded only ca l0l0 Ma U-Pb ages. Grains of garnet in pelites of the GaD show marked decline il Mg, some decline in C4
a:rd marked increase in Mn toward rims, indicating re-equilibration with decreasing P and T, and consistent with cooling and
unroofing following tectonic burial. Grains of garnet in pelites from the uppermost FIJT, in contrast, show marked increases in
Ca with minor decline in Mg toward rims, indicating re-equilibration with ingeasing P and mildly decreasing T. The later srages
of re-equilibration in the HJT occurred under the same conditions as ttrose for the GaD. The metamorphic data indicate that
rocks of the GaD were thrust onto those of the [IJT, which implies that the normal shear zones do not reflect the large-scale
kinematics. Many of the HJT metapelites studied, however, come from these shear zones, and they carry sillimanite-defined
lineations, confirming that metamorphism was synchronous with normal slip. We interpret the normal faults as splays from the
roof fault to the Msnig6r'agan Imbricatpznne.In this interpretation, normal slip on this roof fault was coeval with overtbrusting
in the overlying slices.

Keyvrords: Grenville Province, gamet, Manicouagan, normal faulthg, exhumation, Quebec.

Sopnaenr

Dans la province du Grenville au Qu6bec, des 6cailles de roches recristallis6es dans le facids granulite et amphibolite
recouvrent, le long d'un faille normale, un socle mdtamorphis6 d pression 6lev6e de la zone imbriqude de Manicouagan.
L 6caille la plus profonde constitue le bloc de Hart Jaune @HJ), que recouvre en contact tectonique les roches du domaine de
Gabriel @Ga). La partie sup6rieure du BHJ est recoup6e par des zones de cisaillement de sens normal. Les roches de ce bloc
t6moignent d'un 6v6nement m6tamorphique prdcoce au facids gralulite i faible pression; les assemblages ont partiellement 6t6
oblit6r6s par un 6v6nement e pression plus 6lev6e. Ces 6v6nements seraient responsables des dges U-Pb obtenus, environ 1470
et 990 Ma, respectivement. En s'approchant du DGa et plus particulidrement des zones de cisaillement normal, les roches du
BHJ possddent des assemblages de min6raux typiques du facids amphibolite. Les roches du DGa sont 6quilibr6es da"s le faciBs
amphibolite, ne montrent aucune dvidence d'une 6volution polym6tamorphique, et n'ont donnd que des 6ges U-Pb proches de
1010 Ma. Les grains de grenat des p6lites de DGa font preuve d'une diminution en Mg et jusqu'd un certain point en Ca, et
d'une augmentation marqu6e en Mn vers leur bordure, iadications d'un r6-6quilibrage d0 I la diminution de P et T, en concor-
dance avec un refroidissement et un soulBvement sui@ A un enfouissement tectonique. Irs grains de grenat des p6lites de la
partie sup6rieure du BHJ, en revanche, monffent une augmentation frappante en Ca et une diminution en proportion de Mg vers
la bordure, indications d'un rd-6quilibrage d0 d une augmentation de la pression et e une ldgAre diminution de la tenp6rature.
Aux stades tardifs du r6-6quilibrage, les conditions dans le BHJ ont converg6 avec celles du DGa. l,es donn6es mdt'morphiques
montrent que les roches du DGa ont chevauch6 celles du BHJ, ce qui implique que les zones de cisaillement ne tdmoignent pas
de la cin6matique d grande 6che1le. Dans la plupart des cas 6tudi6s, toutefois, Ies 6chantillons de petite du BHJ proviennent de
ces zones de cisaillement, et contiennent une foliation imposde par la sillimanite, confirmant ainsi que le mdtamorphisme 6tait
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synchrone avec I'affaissement nonnal. Nous consid6rons les failles nor'rrales comme failles secondaites li6es i la faille

sommilals delimitanl la zone inbriqu6e de Manicouagan. Selon cette interpr6tation, I'affaissement normal le long de cette faille
sommitale 6tait contemporaine du chevauchement des 6cailles sup6rieures.

(Traduit par Ia R6daction)

Mots-cl6s: province du Grenville, grenat, Manicouagan, failles normales, exhrmation, Qu6bec.

IxtnouucnoN

The Mesoproterozoic Grenville Province of
Canada, like many younger orogenic belts, has a
complex tectonic evolution. Although the Grenville
orogeny is semmonl] considered a geon 10 (1100 to
1000 Ma; cf Gower & Ttrcker 1994) event, there is
widespread geon 16 ("Labradorian") tectonism in the
eastern Grenville (Gower et al.1992), and geon 14
tectonism is reported along the entire lengttr of the
Grenville (Gower & Ttcker 1994). Faults separating
tectonic units mayo therefore, have moved repeatedly.
This possibility, combined with the complex lonematic
schemes that may develop in general shear zones
(Simpson & de Paor 1993) and the rheological hetero-
geneity of the lithological units involved, makes the
characteizatton of fault movements along large-scale
tectonic boundaries difficult, even in regions where
such boundaries are well exposed. In this paper, we use
the metamorphic characteristics of the blocks on either
side of a fault zone, and within the fault zone itself, to
characterize the fault motion. We show that the charac-
terization is at variance with some of the more obvious
kine6alis features ofthe fault zone, and discuss reasions
why this may be true.

RrcroNar SBrrwc

The area of our study is the Manicouagan Reservoir
region in the Grenville of eastern Quebec. The
reservoir straddles the boundary between Early
Proterozoic rocks of the Knob Lake Group, which were
deposited unconformably on Archean basement of ttre
Superior Province and are clearly parautochthonous
(Rivers et al. 1993), in the northwest, and terranes of
more uncertain affinity to the southeast (Fig. l). Rocks
of the Knob Lake Group are tectonically overlain to the
southeast by the Manicouagan Imbricate Zone (It'/[Z),
consisting largely of granitic and anorthositic intrusive
bodies with abundant geon 16 ages and well-developed
eclogitic metamorphic signatures that appear to have
developed in geon ten (ndares et aI. L996). The MIZ is
bounded to the southeast by a complex fault zone. [n
the northeastern part of the reservoit, the contact is a
late, high-angle fault, the Hart Jaune fault, but along the
soutleastern and southern shores, the contact is a
moderately southeast-dipping fault, the Triple Notch
fault (Fig. 1). Motion on the Triple Notch fault
occurred under amphibolite-facies conditions, and is
probably responsible for the strong contrast between
the eclogite-facies metamorphism preserved in theMIZ

and adjacent rocks of the Gagnon Group, and much
lower-pressure metamorphism preserved in the
tectonically overlying rocks to the souttreast. In the
northeastern part of the reservoir, the overlying rocks
belong to the predominantly mafic, granulite-facies
Hart Jaune terrane (HJT). On the eastern shore of the
reservoir, rocks of the HJT are tectonically oveflain,
at the Gabriel fault, by a deformed succession of
feldspathic metasediments with abundant mafic
intrusive bodies, the Gabriel domain (GaD), and the
HJI is pinched out between the Gabriel and Triple
Notch faults (Frg. 1). It is the nature of motion on the
Gabriel fault that is the primary focus of this paper.

Regional mapping by the Ministdre de I'Energie et
des Ressources, Qudbec (Kish 1968, Gobeil 1996a, b)
and the distinctive magnetic signature of the HJT
have clearly established the regional hajectory of the
Gabriel fault. In the far east, near tle Rividre Petite
Manicouagan (40 km E of Fig. 1), the fault appears
to dip steeply north, with normal-slip kinematics
(A. Gobeil, pers. commun., 1995). Between there and
the Manicouagan Reservoir, its attitude is obscured by
vegetation. On Highway 389, just east of the reservoir,
it dips steeply to ttre southwest, and on islands in the
reservoir, where the contact is best exposed, it dips
steeply south. Lithoprobe Line 550 however, whicb
was shot along Highway 389, provides clear evidence
that rocks of the HJT underlie those of the GaD for
at least 20 km, and constrains the dip to be moderate
and to the southeast going south (Ftg. 2).The Gabriel
fault, therefore, has a strongly curved surface in the
neighborhood of the reservoir.

THB tlerr JnuNs Tr.nnaNe

In the Hart Jaune terrane, the majority of rocks
are massive metagabbros. Along the reservoir itself,
however, layered two-pyroxene - plagioclase mafic
granulites predominate, and are in places interlayered
on the scale of decimeters to meters with quartzo-
feldspathic gneisses. Minor pelitic and calc-silicate
rocks are present, and are particularly common in the
southern part of the terrane, near the Gabriel fault.
The scale and contiluity of the layering and the
presence of metasediments indicate that the granulites
may represent a largely supracrustal mafic volcanic
assemblage, although more massive intrusive bodies
occur in places along the shore of tle reservoir and
predominags in the highlands to the east (Kish 1968; A.
Gobeil, pers. commun., 1995).
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Ftc. l. Major geological units in the Manicouagan Reservoir region. Heavy lines represent major tectonic boundaries. The
Gagnon terrane, consisting of Early Proterozoic rocks of the Knob Lake Group and Archean basement, is tectonically
overlain by several tectonic slices comprising the Manicouagan,ImbicateZone, and by a stack of thrust slices comprising
the Hart Jaune terrane, Canyon domain, Gabriel domain and anorthositic fold-nappes. Relationships among Precambrial
units on the central island are obscured by impactite cover from the Triassic meteorite impact (Murtaugh 1976). HJF: Hart
Jaune fault; TNF: Triple Notch fault. Geological boundaries are based on Awamtchev (1983), Clarke (1977),Frarcou et
al. (1975), Kish (1968), Murtaugh (1976), A. Indares (rers. commun., 1995), A. Gobeil (1996a b), and the mapping of the
autlors.
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Along the shores of the reservoir, compositional
layering in the HJT has a uniform, steeply southeast-
dipping attitude (O39163; Figs. 2, 3). Regional studies
(Andr€ Gobeil, pers. commun., 1995; Gobeil 1996a b)
indicate that this attitude is the result of high strain
during the latest of several episodes of deformation
and is not representative of the entire region of HJT
exposure. The attitude is parallel to that of very well-
developed north-directed thrust planes that are exposed
at the northernmost exposure of the IIJT, where it abuts
the late, normal Hart Jaune fault. We interpret this
attitude as due to transposition or rotation (or both) of
the layering during thrusting; to the southeasto in the
Manicouagan Haut Plateau regiono north-striking
foliations predating this ffansposition or rotation
dominate the map pattern (Kish 1968, Gobeil 1996a,
b), Strong, south-plunging mineral lineations observed
in the HJT (Fig. 3) probably reflect tle transport
direction of this thrusting.

THE CANADIAN MINERALOGIST

FIc. 2. Structure contours on the Gabriel faull based on interpretation of Lithoprobe Line
55 (Eaton et al.1995), which was shot along Highway 389. Contours are marked
every 1 km to a depth of 12 km. They were constructed to comply with observed
reflection-boundaries along the line in both depth (two-way travel time) and apparent
dip, ass'ming constant dips with depth (Hynes et aI., in prep.).

Metamorphic assemblages in the HJT are
granulite-facies, except in the southern region of the
terrane, near the GaD, where they have commonly
re-equilibrated locally under amphibolite-facies
conditions. Mafic granulites are composed of
clinopyroxene (2O45Vo), plagioclase (15-35Vo),
orthopyroxene (5-3OVo), potassium feldspar (5-2O1o),
Fe-Ti oxides (up to lOVo; usually ilmenite) and minor
qtartz (<LUVo). Garnet occurs in less magnesian mafic
assemblages as a reaction rim around Fe-Ti oxides
(and, more rarely, orthopyroxene), and may comprise
up ta IIVo of the rock. Pyroxene aggregates define the
mineral lineation. Quartzofeldspathic gneisses are
composed of quartz (L545Vo), plagioclase (15-35Eo),
potassium feldspar (10-2OVo), garnet (15-50Vo), and
Fe-Ti oxides and titanite (<57o). Garnet commonly
occurs in these rocks as porphyroblasts a few
centimeters in diameter, and gives them a mottled
red-and-white appffiftrnce.
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py6. l. !6minant structural fabric il rocks of the Hart Jaune
terrane along the reservoir shoreli-ne. The figure shows
contours of poles to gneissic layering (800 data) and
mineral lineations (198 data) in equal-area projection.
Diamond: maximu- eigenvector for the lileation
distribution (26@20L). Great circle: plane corresponding
to maximum eigenvector for the gneissic layering
(039163), Contouring using Spheristat @earce & Stesky
1990). The lowest level (lightest shading) is the expected
value for randomly distributed data; successively higher
(shaded darker) levels step up by 2o, where o is the
statistical dispersion of the data @obin & Jowett 1986).

In the mafic granulites, i1 is semmonly possible to
distinguish an early, garnet-free mineral assemblage
from a later, garnet-bearing one on textural grounds,
with the garnet appearing only as a product of reaction
between pre-existing granoblastic phases. The
pyroxenes, plagioclase, opaque phases and potassium
feldspar are granoblastic and appear to have equili-
brated as a coarse-grained assemblage during high-T
metamorphism outside the stability field of garnet. This
coarse-grained assemblage is intimately associated with
the appearance of an anatectic melt. Garnet appears to
have grown by reaction between Fe-Ti oxides and
plagioclase of this assemblage, and occurs as a rim
between them. The rims vary greatly in width from
sample to sample, being very thin or nonexistent in
Fe-poor, orthopyroxene-rich rocks, and up to several
times the diameter of their opaque oxide cores in
orthopyroxene-poor rocks. Generally, only the most
mafic and magnesian rocks show no evidence of this
reaction. Garnet growth cleady postdates crystsllization
of the anatectic melt. Pvroxenes in the mafic rocks

l l 77

commonly contain exsolution lamellae in their cores.
Thin rims are generally free of lamellae.

Granulite-facies metzmorphism in the HJT thus
appears to have occurred in two stages, The fust stage
was accompanied by partial melting at high tempera-
tures and relatively low pressures outside the stability
field of Earnet, and the second occurred at higher
pressures within the stability field of garnet for the
same rocks. The lamellae-free rims of the pyroxene
grains may have grown during the second stage. Zircon
from a nebulitic melt in the granulites has yielded an
age of L467 +5/-4 Ma (Scott & Hynes I 994), which we
interpret as the age of the earlier stage. The later stage
is probably a Grenvillian metamorphic overprint, since
monazite grains from the HJT have yielded ages of
989 t 3 Ma (Scott & Hynes 1994). Development of the
pyroxene mineral-lineation, and therefore, by inference,
ttre north-directed thrusting, were associated with the
earlier stage.

In the southern regions of the HIT, approaching the
GaD, there is widespread evidence of hydration of the
Hart Jaune rocks. Most commonly, this takes the form
of an amphibole rim on pyroxene. In places, it also
results in the development of biotite and granoblastic
garnet. Pelitic rocks near the GaD exhibit only
amphibolite-facies mineral assemblages. They are
composed of quartz (3045Vo), ganet (LV30Vo),
biottte (5 --20Vo), plagioclase (5 -20Ea), s i I I i m anils 1up
to l|Vo), potassium feldspar (<IOVo), and Fe-Ti oxides
and titanite (<L07o).

TrmGeansDovaw

Rocks of the Gabriel domain are predominantly
feldspathic metasediments with subordinate pelitic
rocks. In the north, there are widespread, conformable,
mafic bodies, and there is also a 5-km-thick granitic sill.
Layering in the GaD is predominantly NNE-dipping
(30L127), with a well-developed, subhorizontal,
ESE-trending lineation, parallel to the axes of major
folds @ig. 4). It is thus in very marked contrast to
the southeast-dipping foliation and south-plunging
lineation in the adjacent HJT, reflecting a major
structural contrast across the Gabriel fault.

Geochronological studies in the GaD have yielded
no evidence for metamorphism earlier than 1011 Ma
(Scott & Hynes 1994). This finding, combined with the
relatively well-preserved nature of the GaD and the
simple structure, lead us to believe it has experienced
only one important tectonic and metamorphic eyent.
Individual crystals of monazite from two conformable
granitic veins in the Gabriel domain have yielded ages
of 1011 + 3 and 992 + 2 Ma, and titanite in a
migmatitic vein in layered mafic rocks has been dated
at 992 + 3 Ma (Scott & Hynes 1994). Collectively,
these data provide the best evidence for the timilg ef
meramorphism in the Gabriel domain.

METAMORPHIC SIGNATURES OF FAULIING. MANICOUAGAN RESERVOIR
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equol oreo

Ftc. 4. Dominant structural fabric in rocks of the Gabriel
domain along the teservoit shoreline. The figure shows
contours of poles to bedding/gneissic layering (180 data)
and mineral li.neations (160 data) in equal-area projection.
Diamond: maximum eigenvector for the lileation
distribution (13 @ ll2). Great circle: plane correspondi.ng
to maximum eigenvector for the gneissic layering
(301127). Contouring as for Fig. 3.

Metamorphic assemblages in the supracrustal
rocks of the GaD are in the amphibolite facies.
The pelitic rocks consist ofquartz - biotite - garnet -
plagioclase - potassium feldspar t sillimanite,
and associated mafic rocks comprise plagioclase
and hornblende with, in a few cases, clinopyroxene.
The lithological, strucfural and geochronological
contrast is therefore accompanied by a profound
contrast in metamorphic assemblages.

Tm Bouxreny BsrwEnr HJT exp GaD

The Gabriel fault is marked by a broad zone
consisting primarily of sheared and recrystallized
amphibolites. It is exposed on Highway 389 northwest
of Relais Gabriel, and on the northern shoreline of a
small island in the reservoir. Neither location has
yielded reliable kins64tis indicators for the nature of
the fault because of the degree of recrystallization.

Rocks of the HJT north of the fault are highly sheared.
There are local top-to-the-north (thrus| kinematic
indicators, but the most prominent shear zones in the
region contain steeply southward-dipping panels of
pelitic metasediments with clear top-to-the-souttr
(normal) kinematics (Fig. 5). Structural kinematic
indicators are therefore equivocal. Contrasts between
the metamorphic history of the Gabriel domain and
the retrograde region of the Hart Jaune provide the
most compelling evidence for the character of their
juxtaposition.

In the Hart Jaune terrane, amphibolite-facies meta-
morphism is restricted to the regions near the Gabriel
fault. Furthermore, the pelitic rocks in the soutlern
Hart Jaune have abundant south-plunging sheath folds
and well-developed south-plunging lineations defined
by sillimanite, attesting to the synchroneity of faulting
and the amphibolite-facies metamorphism. Studies of
the amphibolite-facies metamorphism in the retrograde
Hart Jaune terrane should, therefore, provide clear
indications of the conditions in the Hart Jaune at the
time of faulting. Whereas we cannot demonstrate
conclusively that this metamorphism was Grenvillian,
the monazite age of 989 Ma recorded in the HJT is
consistent with such a model and is, furthermore, very
similqr to the ages recorded for metamorphism in the
GaD. We argue, therefore, that the amphibolite-facies
metamorphism in the HJT was coeval with that in the
GaD, and we have conducted electron-microprobe
studies to ascertain the character of the metamorphism
in both regions.

ANarvncnr MprgoDS AND TIfiRMoBARoMETRY

Electron-microprobe analyses for this study were
conducted on the JEOL 8900L instrument at McGiU
University, Quantitative analyses were conducted
with an accelerating voltage of 15 kV and a specimen
cunent of 20 nA, using a wavelength-dispe$ion system
and a variety of pure standards. The mineral composi-
tions presented in this paper are the averages of several
point-analyses. Garnet maps were collected with an
accelerating voltage of 15 kV and a specimen current
of 40 nA. Raw counts-per-second data were smoothed
by convolution with a Gaussian kernel after discarding
points outside the range for garnet (Hynes's program)
and contoured using Generic Mapping Tools (Wessel &
Smith 1995).

Calculations of the equilibrium P-T conditions for
6slamorphic assemblages were conducted with the
1996 version (TWQ 2.02) of the TWQ software
(Berman 1991) using the garnet mixing-model of
Berman et al. (1995), the plagioclase mixing-model
of Fuhrman & Lindsley (1988), and a mixing model for
biotite developed by L.Y. Aranovich and R.G. Berman
(unpublished). [n calculations of stoichiometry, all iron
was treated as Fe2*.
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FIc. 5. Mylonitic shear zones developed in rocks of the IIJT adjacent to the Gabriel fault.
These shear zones are exposed on an island in the reservoir, where the Gabriel fault
strikes east. The shear zones ttremselves strike east and dip steeply (80') south. The
view is eastward, on a steeply westwardly inclined surface. South-side-down drag
is evident at shear-zone margins. The pelitic rocks involved in these shear zones
have well-developed steeply south-plunging sillimanite lineations at the shear-zone
margins. The field of view is approximately 5 m wide.

L l19
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Frc. 6. Zoning in Fe, Mg, Ca and Mn in a single grain of gamet from a pelite in the Gabriel domain (spec. ah9280). This and
all other maps are contogred in counts-per-second. For this map, counting was conducted on a 550 x 550 gnd for 90 ms at
each position.

Pnystcar Cor.rlmoNs oF ME"TAMoRpHISM IN THE
Gerruu-Douent

In assessing the physical conditiotrs of
metamorphismo we have resEicted ourselves to the
study of metapelites with the mineral assemblage
quar1u. - plagioclase - biotite - garnet - sillimanite
t potassium feldspar, in which sillimanite is abundant
and there is proportionately more biotite and
plagioclase than garnet. Use of the same mineral
assemblage on either side of the fault permits direct

comparison ofthe conditions experienced by the rocks.
The restriction to rocks that contain proportionately
more biotite and plagioclase than garnet permits
estimation of the conditions of equilibration for tle
core zone of garnet grains, where their compositions
differ from those of the rim, since the biotite and
plagioclase may then be considered to have been
"infinite reservoirs" whose compositions should not
have changed markedly as the garnet composition
changed (cf Spear 1993). In principle, the Fe-Mg
exchange between garnet and biotite (Ferry & Spear
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TABLB I. AI'ERAGE COMPOSMON OF BIOTIIq
GABRIEL DOMAIN AND HART JAIJNE TERRANE

Rck 8h9280ah9287 s93@ s9362 s9367a!9453ah9456 mjM2 ss9370 s937

siq 34.93 3s.6t 372t 34.67 34.6E 35.03 3s.37 36tt 3s.69 35.48
ALq 1856 t7.98 t7.52 17.82 18.32 t7.44 t7.95 16.69 t654 r6.U
fio, 4J7 4t3 423 3.85 3.t7 429 4.3t 4.56 4.3't 4.44
Feo $.n n.98 1L43 t9.73 19.06 16.72 18.30 13.74 16.94 1734
MnO 0.03 0.02 0.05 0.O7 0.06 0.O2 O.U2 O.A2 O.Vz o.m
MsO 11.39 LO;76 14.72 g.Et 9.O3 1125 9.66 14.02 10.9 10.39
Cao 0.02 0.m 0.05 0.03 0.01 0.01 0.O3 0.03 0.01 0.01
NqO 0.10 0.10 0.12 0.08 0.12 0.12 0.12 0.6 0.10 0.03
&o 9.9t to.47 10.11 10.40 10.20 1029 r0.v2 1052 9.82 ro

Toul 95.69 97.14 96.45 96.@ 94.66 95.18 95.78 95.83 94.47 94.71

FeX 2,@4 2247 1516 2.501 2.459 L125 2.318 1.708 2.162 22'15
MEX 254E 2.396 3.2m 2.2s7 2.016 254E zltz 3.lO 25O'I 2.316
MrX 0.@4 0.@3 0.m6 0.@9 0.m8 0.@3 0.@3 0.@2 0.003 0.002
TiY 0.538 0.475 0.4@ 0.44 0.36E 0.490 0.491 0509 0J02 0513
K l.E9 1.96 1.882 2015 2m6 1.994 r.936 t.99s r9r2 2.W7
NaA 0.030 0.m4 0.035 0.m0 0.0@ 0.m5 0.036 o.ml 0.029 0.0@
caA 0.m3 0.@0 0.00E 0.@5 0.002 0.@1 0.@5 0.@5 0.@l 0.001
NZ 2.7@ L679 2510 L732 L650 2.678 L@2 2.617 2532 2s59
AIY 0522 0.4a'7 0.444 0.A& 0.682 0.445 0.563 0.30E 0.4A 0395
si 5240 5.321 5.4n 5.268 5.350 5.322 5.358 5.383 5.44 s.Mr

#atral 4 6 8 6 5 8 5 6 5 5

1978) provides a good thermometer in such rocks, and
it may be combined with the garnet - alrrminosilicate -
plagioclase ("GASP": Newton & Haselton 1981)
barometer to provide botl pressures and temperatures,
In practice, however, the assessment of the physical
conditions of metamorphism is seriously hampered
at the metamorphic grades of the Manicouagan region
by diffusion at and following the peak of metamor-
phism (cl Spear 1991), so that an assessment of the
nature and causes of 2sning in minelals is required
before interpretation of the physical conditions of
metamorphism.

Electron-microprobe studies of pelites from the
Gabriel domain reveal little variation in the composi-
tions ofeither biotite or plagioclase within individual

TABLE 2. AVERAGE COMPOSMON OF PLAGIOCI-ASE
GABRIEL DOMAIN AND 1IART JAUNE TERRANE

Rak ahgxo ah9287 s93@ ss9362 ss93678h9453ah9456 cjb62 ss9370 s9377

sio, 60.68 61.02 6t.67 59.99 6L31 @.91 6152 @.lE 59.91 60.?4
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Ab 0.691 0.701 0.720 0.63E 0.780 0.690 0.711 0.652 0,6U 0.725
An 0195 0285 0.262 0242 02OE 0290 0280 0.328 0.354 o2S4
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rocks, but substantial chemical 2ening within grains of
garnet. These generally exhibit decreasing Mg and, to
a lesser degtee, Cao and increasing Mn and Fe from
core to nm (e.g., Fig. 6). Given the generally high
metamorphic grade of these rocks, i1 is rnlikely that
any of this zonation preserves evidence of changing
conditions during growth of the gamet (cf Spear 1993);
it is all interpreted as due to adjustrnents to the garnet
composition after homogenizatton at the metamorphic
peak. The increase in concentration of Mn toward the
rim of the garnet, in particular, is difficult to explain
by processes other than consumption ofgarnet, since
only garnet is a significant repository of Mn in pelitic
rocks (Spear 1993). The much better-developed Mn
enrichment adjacent to biotite than adjacent to other
minerals (e.g.,Fig.6) indicates that gamet consumption

TABLE 3. AVERAGE COMPOSMON OF GARNET.
GABRIELDOMAIN

Rwk ah9280 ah9287 ss93@ *!'362 ss9367
CoE Rim C@ Rim CoE RiE Cqrc RiE Corc RiE

sio, 3758 37.tt 37.46 3724 3824 38.15 37.tt 31.11 37.62 37.63
A\O3 21.6 2r.4A 2r.83 21.72 2tJL 2t.76 2135 2t.47 2t2t 2t2A
fiq 0.01 0.m 0.01 0.01 0.01 0.@ 0.01 0.m 0.01 0.@
FeO D.96 3251 30.30 31.@ 28.34 28.44 30.60 31.17 32.74 32,6
MtrO 1.42 2-12 l.4O r.48 3.87 3.89 2.69 2.76 3.11 329
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AIY 3.942 3.937 3.96 3.9n 3.9 3.943 3.Wt 3.n3 3.9E9 3.93
sz 5.911 5.916 5.m9 5.913 5.948 5.959 5.904 5.89 6.@ 6.m
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was associated with biotite growth. The concomitant
decreases in Mg and Ca provide strong indications of
re-equilibration under conditions sf dsclining temperature
and pressureo given the weak pressure-dependence of
the Mg content of garnet in pelitic rocks (Spear er aL
1991). The decrease in concentration of Ca requires
a pressure drop if temperature rrTas dsslining. The
preservation of zoning indicates that diffusion was too
slow for re-equifibration of the garnet widfi dsclining P
and T to have been complete, and the presence of cores
that are essentially homogeneous (e.9., Fig. 6) suggests
that the composition of the cores themselves was
largely unaffected by diffrrsion. The cores of the gamet
may, therefore, preserve compositions appropriate to
the peak of metamorphism. Provided there was sfficient
biotite and plagioclase in the rocks to buffer the
composition of these phases, their compositions may

METAMORPHIC SIGNATURES OF FAULIING. MANICOUAGAN RESERVOIR
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be used with those of the cores to estimate the peak
conditions. Gamet rims in contact with biotite may well
have remained open to the exchange of Fe and Mg to
temperatures considerably below those at which the
garnet-consumption reactions ceased to operate. We
have, therefore, used garnet-rim compositions located

away from biotite, together with groundmass biotite
and plagioclase compositions, to estimate the physical
conditions at the latest stages of garnet consumption.

The mean composition of groundmass biotite
(Table 1), groundmass plagioclase (Table 2)' garnet
core and garnet rim far ftom biotite (Iable 3) were used
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Frc. 7. Metamorphic P-T estimates for five samples of sillimanite-bearing pelite from the
Gabriel domain. The heavy solid lines wi'hin the dark-shaded region are GASP
(garnet - aluminosilicate - plagioclase) isopleths using rirn compositions of gamet.

Black symbols with white outlines are the positions of intersections of rim
garnet - biotite equitibria with the GASP equilibria for each of the rocks. The heavy
dashed lines within the paler-shaded region, and the white symbols with black
outlines, are the equivalents for the garnet cores. The heavy lines join core-to-rim
results from the same rock. The light solid Iines are estimated positions of the
and,lusite - kyanite - sillimanite transitions, after Holdaway (1971), and ofthe
anhydrous melting of the assemblages biotite + aluminosilicate + plagioclase + quartz
and biotite + plagioclase + quartz, after Spear (1993, Fig. 10-16). The dashed lhes are
generalized continental geotherms for surface heat-flows of 60, 90 and 120 mW m-2,
after Pollack & Chapmzn (1977),T\e heavy black arrow marks the i.nterpreted general

trend of P and T from metamorphic peak to rim equilibration.
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to constrain the pressures and temperatures at the time
of equilibration of the cores and rims of the garnet
grains, from assessment of the gamet-biotite exchange
reaction and the GASP net-transfer reaction (Fig. 7).
The GASP reaction-constent isopleths (hereafter
"isopleths") for garnet rims fall in a l00-MPa-wioe
zone within the stability field of sillimalils. 645p
isopleths calculated from the cores are displaced
consistently to higher pressure than those of the rims.
Garnet-biotite isopleths vary over a nange of more than
200oC, and their intersections with the GASP isopleths
(marked by the symbols on Fig. 7), even for the garnet
rims, are in some cases above the curve for the anhydrous
melting of biotite + aluminosilicate + plagioclase +
quartz (Fig. 7). Since this mineral assemblage is widely
developed in all the rocks examined, and shows no
signs of reaction relationships ia rhin section, tle
temperatures yielded by garnet-biotite thermometry
are clearly too high. The likely cause for this is our
heament of all the Fe as Fe2*, which is consistent
with Berman's & Aranovich's (in prep.) exftaction of

1 183

thermodynamic data for biotile. The ratio Fek(Fea +
p"r*) in non-graphitic pelites like those of the Mani-
couagan region is typicalty greater than 0.1, may
be greater than 0.2 (Williams & Grambling 1990), and
certainly is greater than the per+/(p6z+ * psr+) of
experimental biotite analyzed by Berman &Aranovich
(in prep.). The assignment of 20Vo of theFe in biotite to
Fe& would drop the calculated temperatures, typically
by approximately l00oC, thereby making tlem consistent
with the stability field of the mineral assemblage. In
light of this, and the fact that we have no reliable
control on the Feh contents of the biotite in the
Manicouagan region, we cannot use the garnet-biotite
equilibria to provide firm constraints on the equilibra-
tion temperatues. For the rims at least, it is clear that
they must have been below the Bt-ALS-Pl-Qz (ALS:
aluminosilicate) reaction line and, given the general
abundance of these phases in the rocks studied, tlis
was also probably true for the cores. An approximate
trajectory can be drawn for the passage of the GaD
pelites from their peak condition to their retrograde

METAMORPHIC SIGNATURSS OF FAI,JLTING. MAMCOUAGAN RESERVOIR

FIc. 8. Zoning il Ca in a single grain ofgarnet from a quartzofeldspathic gneiss in the
Hart Jaune terrane (spec. asj9319). For this map, counting was conducted on a
600 x 600 grid for 90 ms at each position. The range in mole fraction of grossular is
approximately 0.10 to 0.18.
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condition by requiring that it remain at temperatures
below the Bt-ALS-Pl-Qtz reaction line and within the
stability field of sillimanite, that it begin on the core
GASP isopleths and end on the rim GASP isopleths,
and that it be parallel to the calculated trajectories for
the individual rocks, given that these trajectories
provide a flust-order estimate of the character of
changes in P and T during re-equilibration. We have
shown such an approximate trajectory as the solid
black arrow on Figure 7. Only the GASP isopleth for
the core of AH9280 falls far above this trajectory and
this may reflect inadequate buffering of Al2SiO5 at the
peak of metamorphism, since there is now only rougbly
5% sillimanite in this rock, much of which may have
developed during retrograde consumption of garnet.

The overall scheme of re-equilibration of garnet
with decreasing pressure and temperature evident on
Figure 7 is consistent with metamorphism associated
with the slow exhumation of rocks following an
episode oftectonic burial (cf England & Richardson
1977,England & Thompson 1984). We interpret the
metamorphism of the GaD to result from tectonic
burial ofthe GaD by tbrust- and fold-stacking during
the Grenville orogeny sensu stricto. Patterns of
distribution of Lineations within the Gabriel domain,
and of southerly plunging ones within the Canyon
domain that structurally underlies it farther to the south
(Fig. 1), indicate that tectonic vergences for this event
were probably toward the west-northwest and north.

Pnvsrcnr CoNpmoNs oF METAMoRpHISM IN TIIE
TIART JAUNETERRANE

We cannot reliably estimate the physical conditions
of metamorphism during the early granulite-facies
metamorphism in the HJT because of widespread
post-peak unmixing of the pyroxenes, but the absence
of garnet from the assemblage indicates that pressures
were relatively low. The growth of garnet in some rocks
in the second stage of granulite-facies metamorphism
shows that pfessures were higher, but again no reliable
quantitative estimates of temperatures and pressures
can be made because of the inhomogeneity of the
pyroxenes. Grains of gamet in the granulites, however,
show consistent and dramatic increases in Ca content
from core to rim (e.g., Fig. 8) indicative of response of
the garnet to increasing pressure. The same characteristics
are shared by grains of garnet in the amphibolite-facies
pelites near the GaD, and such grains also exhibit a
marked decrease in Mg near their rim (e.g.,Fig.9). The
zoning of Ca is opposite to that observed in the Gabriel
domain.

As was the case in the Gabriel domain, we consider
the zonal distribution of Mg in the Hart Jaune terrane to
reflect retrograde diffusion following the peak of meta-
morphism. In this case, our interpretation is based
primarily on the high meramorphic grade of the rocks,
which renders preservation of growth zoning unlikely.

There is evidence for minor increase in Mn at some
contacts with biotite (e.g., Fig. 9) that provides limited
direct evidence for this interpretation, but is not as
widespread or as well developed as was the case in the
Gabriel domain. In a pelitic system, decline in Mg in
garnet requires a decline in temperature (Spear et aI.
1991). An associated increase in Ca requires that there
be little or no decompression associated with the
cooling. An alternaiive possibility is that the guTsning,

unlike that in Mg, was inherited from the growth phase
and is preserved owing to the slower rates of diffusion
of Ca than of other cations (cl Spear & Florence 1992).
We consider this possibility uniikely in the Hart Jaune
terrane, because there is evidence in some grains of
garnet from the Hart Jaune pelites that enrichment in
Ca is localized at ftactures in the garnet (e.9. , Fig. I 0),
requiring that it postdates growth. We therefore
interpret all fts 26ning in the Hart Jaune pelites, like
that in the Gabriel domain, as reflecting reffograde
diffusion following the peak of metamorphism. As in
our treatment of the GaD rockso we have used garnet
rims far from biotite and garnet cores, combined with
groundmass biotite and plagioclase compositions, to
provide estrmates of the peak conditions of metamor-
phism and conditions of re-equilibration of the HJT
metapelites, using the garnet-biotite ttrermometer and
the GASP eqrrilildum (Tables 1,2,4,Fi9. lL).

The garnet-biotite thermometer again yields
temperatures lhat ate too high for the observed
mineral assemblages, which we ascribe to greater
Fe3+/(Fe2+ + Fe3*) in the natural biotite compared
with the synthetic biotite used in the derivation of
thermodynamic data @erman & Aranovich, in prep.).
Notwithstanding this problem, our results illusffate
clearly that the degree of increase in Ca in grains of
garnet toward their rim is such that it requires not just
constant pressure during the cooling reflected in the
decreasing Mg, but a substantial increase in pressure.
The GASP isopleths we calculate using garnet-rim data
are essentially indistinguishable from those for the
Gabriel depaino consistent with retograde equitbration
of the Hart Jaune pelites aft.er they were juxtaposed to
those of the GaD. Core compositions of garnet, on the
other hand, yield pressures consistently (150 MPa)
lower than the rim compositions. Figure 11 includes an
arrow indicating our best estimate of the path followed
by Hart Jaune pelites from the peak of metamorphism
to the retrograde conditionso constrained using the same
principles as in the case of the Gabriel domain.

DlscussroN

Amphibolite-facies metamorphism in the HJT
probably resulted from motion on the Gabriel fault.
Our mineplegical data indicate that the meramorphism
took place under conditions of increasing pressure,
which is consistent with burial of the HIT by the GaD
and overlying tectonic units due to tbrust motion on the
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p1o. 9. 2ening in Fe, Mg, Ca and Mn in a single grain of gamet from a pette in the southern Hart Jaune tenane (spec. ss9377a).
For this map, counting was conducted on a 42-0 x 510 gdd for 50 ms at each position. Bfl biotite grains.

Gabriel fault. The coincidence of the GASP isopleths
calculated for the later stages of equilibration in the
HJT pelites with those for the late-stage equilibration
of the GaD pelites is also consistent with this inter-
pretation. Furthermore, ttre widely observed increases
in Ca from core to rim in garnet in the HJT mafic

granulites and quartzofeldspathic rocks indicate that
they responded similsfly to the increasing-P conditions
exhibited by the pelites.

Some kinematic indicators in sheared HII rocks
on the shores of tle reservoir are consistent with a
thrusting scenario for the Gabriel fault, as are the
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normal-fault kinematic indicators on the fault where it
has become nortl-dipping on the Little Manicouagan
River, but the most prominent kinematic indicators,
normal-sense shears in the HJT just north of the
Gabriel fault (Fig.5), are anomalous. This is disturbing,
especially since most of the HJT pelites we have
studied are from these shear zones, and well-developed
lineations of siltimanite leave little doubt that the
mineral assemblages developed in association with the
observed top-to-the-south (normal) displacement
wirhin the uppennost HJT. The gamet profiles indicate
tlat this normal faulting was associated with a
pronounced increase in pressure, which effectively
precludes an association with orogenic collapse (cfi
Dewey 1988). Since the Gabriel fault has a markedly
curved surface (Fig. 2), antittretic faults might have
developed to accommodate space problems as the
GaD rode up the surface, but they would generally be
expected in the hanging wall, not the foonn all as
observed here. The simplest interpretation we can
devise to explain these normal faults is tlat they are
minor splays from the Triple Notch fault, which

THE CANADIAN MINERALOGIST

Frc. 10. lsning in Ca in a single grain of gamet from a pelitic rock il the Hart Jaune
terrane (spec. ss9377). For this map, counting was conducted on a 5@ x 5@ grid for
90 ms at each position. The figure shows a clear relationship between increasing Ca
and the locations of fractures in the garnet.

underlies both the GaD and the IIJT at depth (Ftg. 1).
This fault is the roof fault to the Manicouagan
Imbricate Znne, and exhibits top-to-tle-southeast,
normal-fault kinematics where it is exposed on the
reservoit shore farther south. If this interpretation is
correct, tle spatial association of these shears with the
Gabriel fault is fortuitous, and normal motion on ttre
Triple Norch fault was synchronous with thrust motion
on the Gabriel fault.

The P-T path traced by the HJT pelites forms part
of an "anticlockwise" P-T path and requires heating
before tectonic loading (d Bohlen 1987) or a period of
unloading without cooling (cl Wickham & Oxburgh
1985) before the loading evidenced in the path of
metamorphism. This is clearly illustated by the
position of the path in P-T space; the GASP isopletls
calculated for tle HJT pelites using garnet-core data
all lie close to the geotherm of Pollack & Chapman
(1977) for a continental region with a surface heat-flow
of 120 mW m-2 (FiB. 11), thus indicating that before
loading by the GaD the HJT was in a region of very
high geothermal gradient. Rocks of the HJT were
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FIc. 11. Meremorphic P-T estimates for five samples of sillimanite-bearing pelite from

shear zones in the southern part of the Hart Jaune terrane, near the Gabriel fault Black
symbols with white outlines are the positions of irtersections of rim garnet - biotite
equilibria with the GASP isopleths for each of the rocks. The heavy dashed lines
within the paler-shaded region, and the white symbols with black ourlines, ar.e the
equivalents for the gamet cores. The heavy lines join core-to-rim results from the same
rock. Other features are as for Figure 7. Note that the region that is shaded heavily,
approximately encompassing the rim GASP isopleths, is identical to that h Figure Z.
The thick black arrow marks the interpreted trend of P and T from the metamorphic
peak to re-equilibration recorded in the rim of the garnet. The thick hollow arrow
marks the same trend for the Gabriel domain (from Fig. 7).
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had originally considered the most compelling. The
metamorphic signature of the juxtaposition is unusual
in the degree to which it preserves the apparently
pre-tbrusting meramorphic signature in the footwall
block. In the scenario that is typical for overtbrusting,
the hanging wall is wanner than the footwall, and
heating of the footwall following fault motion largely
resets the metamorphic assemblages (Crowley 1988).
In this case, however, the footwall block had tempera-
tures comparable with those in the hanging wall, so

apparently in this high-gradient condition jusr before
tectonic juxtaposition to the GaD (in geon l0).

CoxctusIoNs

Our sfudy provides metamorphic evidence for a
thrust relationship between rocks of the Gabriel domain
and those of the Hart Jaune lerrane that is considerably
more convincing than the structural data we have
been able to detect and, indeed, contradicts those we
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Rock ah9453
C@

TABLE 4. AVERAOE COMPOSITION OF GARNET,
HART JAT,JNE TERRANE

ah9455 Bjb2 s9370 ss937
RiE c@ Rin C@ RiE Corc RiE C@ RiE
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5.914 5.941 5.969 5.896 5.r9 s.909 5.930 5.948 5.965 s.976
0.(m 0.m 0.000 0.0m 0.000 0.000 0.0m 0.0m 0.000 0.G)
0.661 0.668 0.701 0.7@ 0.603 0.@8 0.676 0.6t4 0.705 0.711
o2r;7 0252 0.238 0230 0.344 0323 0262 023E 0.242 0223
0032 034.2 0.034 0.042 0.034 0.(X8 0.037 0.052 0.028 0.039
0.0,() 0.m8 0.021 0.02E o.rx) 0.0m 0.026 0.026 0.025 0.026

Postgraduate Award to St-Jean. We are also grateful
for field support from the Department of Indian and
Northern Affairs through a grcnt to the McGill Centre
for Northern Studies. We thank Steve St-Cyr for
providing some of the structural data and specimens
from the Gabriel domain, andAphrodite Indares, Tom
Clark, Andr6 Gobeil and Toby Rivers for discussions
about tle evolution of the region. This paper has
benefitted from constructive reviews by L. Corriveau
and A. Indares, and was handled by guest associate
editor Michael Easton.

REFERENCFS

Avnerrrrcrsv, L. (1983): Carte des gftes mineraux du Qudbec'
r6gion de la Baie James. Minist|re de I'Energie et des
Ressoarces, Qulbec DPV 940.

BERMAN, R.G. (1991): Thermobarometry using multi-
equilibrium calculations: a new technique, with
petrological implications. Can. Mineral. 29, 833-855.

ARANovrcH. L.Y. & PernsoN, D.R.M. (1995):
Reassessment of the garnet-clinopyroxene Fe-Mg

exchange thermometer. II. Thermodynamic analysis.
Contrib. Mineral Petrol. ll9, 3042.

BoHLEN, S. (1987): hessure-temperatute-time paths and a

teclonic model for the evolution of granulites. J. Geol.95'
6t7-632.

Cr-eru<n, P.J. (1977): Rdgion de Gagnon. Ministlre des
Richcsses natarelles, Qudbec, Rapp, GdoI.178, l-79.

CRowLEY, P.D. (1988): Metamorphic break across
postmetamorphic thrust faults: an unreliable indicator of

structural throw. Geoln gy 16, 4649.

DBwBy, J.F. (1988): Extensional collapse of orogens.
Tectonics 7 , 1123-1139.

EAroN. D.W., HvNes, A., Iwoanrs, A. & RrvERs, T. (1995):

Seismic images of eclogites, crustal-scale extension, and

Moho relief in the eastern Grenville province, Quebec.
Geology 23,855-858.

ENGI-AND, P.C. & Rrcranosox, S.W. (1977): The influence of

erosion upon the mineral facies of rocks from different
metamorphic environments. J. GeoL Soc. Ion'don 134,
20r-2r3.

& THoIlpsoN, A.B. (1984): Presswe-temperature-
time paths of regional metamorphism 1. Heat transfer
during the evolution of thickened cnrst. J. Petrol.25'
89+928.

Fh.nv, JlvI. & SpBnn" F.S. (1978): Experimental calibration of
the partitioning of Fe and Mg between biotite a.nd garnet.
Contrib. Mineral. Petrol. 66, ll3-117.

FRANcoM, A., Snenrvra, K.N.M. & Leunnq, A.F. (1975):
R6gion des rividres Betsiamites et Moisie. Minist|re des
Richcsses nnturelles, Qulbec, Rapp, GdoI. L62, l-149.

sio, 37.49 3'1.&
N2Oj 2254 2t.41
Tiq 0.01 0.01
FeO 29.47 n.69
MtrO l.?8 135
MEP 6.68 6.49
CsO 1 .11  l5 l

Toul

Fe-

Mg
Mtr
C8
Ti
Atz
AIY
sz
stY
XFe
)flvlg
XCa
XMn

#mal 19 l0 6 36 n 9 4 n 7 4

that thermal relaxation of the footwall was negligible.
This presumably reflects the high ambient geothermal
gradient in the footwall at the time of juxtaposition.

The high geothermal gradients evidenced in the
Hart Jaune terrane before emplacement of the GaD
require some kind of rift or subduOtion-related arc in
the region of the HIT before about 1.0 Ga. If it was an
arc, the arc developed in older continental crust, given
that the Hart Jaune terane exhibits a long pre-Grenville
history. We cannot exclude the possibility that the HJT
was affiliated to North America before 1.0 Ga but, if it
was, the intervening high-pressure metamorphosed
rocks of the Manicouagan Imbricate Zone make it clear
that it had separated from North America before its
subsequent collision at ca. l.O Ga.

We interpret the nonnal faults that cut the uppennost
part of the HJT as splays from the underlying Triple
Notch fault, which is the roof fault to Manicouagan
Imbricate Zone. Our metamorphic data show that the
nonnal faults in the HJT were active at a time when
the HJT was undergoing burial. If they are splays from
the Triple Notch fault, the high-pressure metamorphosed
rocks of the Manig6u4gan Imbricate Zone were riding
up beneath the HIT as it was being overthrust by the
GaD. Emplacement of the high-pressure rocks at a
high structural level was, then, intimately linked to the
compressional stages ofthe orogenic process (4 HsU
1991, Hynes et aI.1996).
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