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Abstract-Layer- and foliation-parallel emplacement of granitic veins was an important process in the regional 
development of compositional layering in now-exhumed middle crustal sections of both Archean and Paleopro- 
terozoic age in the northern Ungava peninsula, Quebec (Canada). In the Archean Superior Province, diorjte and 
tonalite plutons were penetratively deformed and metamorphosed at granulite-facies conditions coeval with 
voluminous granitic magmatism. The Paleoproterozoic Narsajuaq arc contains evidence for contemporaneous 
magmatism, transpressional deformation and granulite-facies metamorphism prior to its collision with the 
Superior Province basement. In both plutonic domains, regional compositional layering is defined by (1) metre to 
kilometre-scale alternation of generally well foliated tonalite and quartz diorite bodies; and (2) ccntimetrc to 
kilomctre-scale, variably deformed granitic veins and sheets that lie parallel to layering/tectonic foliation in the 
host rocks. Syn-tectonic intrusion of a substantial portion of the veins along extension fractures sub-parallel to 
layering/foliation (i.e. at high angle to the regional shortening direction) is interpreted to have occurred due to 
the combination of a strong anisotropy and high magma pressures. Compositional layering generated and/or 
enhanced by this process may contribute to the overall seismic reflectivity of the middle and lower crust. 

INTRODUCTION 

Compositional layering is common in metamorphic 
rocks (Talbot & Hobbs 1968, Williams 1972, 1990, 
Meyers 1978) and is often defined or accentuated by 
layer-parallel veins and/or segregations. Such veins or 
segregations commonly comprise quartz, carbonate and/ 
or feldspars, and are often inferred to be contempora- 
neous with deformation (e.g. Hanmer 1988, Hudleston 
1989, Hanmer & McEachern 1992). Compositional 
layering in metamorphic rocks is variably described as 
segregated, differentiated, gneissic, lit-par-lit or migma- 
titic layering, and is generally parallel to grain-scale 
foliations within individual layers (e.g. Sawyer & Robin 
1986, Williams 1990). Study of exposed sections of 
middle to lower continental crust has indicated that the 
crust is compositionally layered at a variety of scales, and 
has underlined the importance of plutonic rocks in 
defining or enhancing that layering (Fountain & Salis- 
bury 1981, Davidson 1984, Zingg et al. 1990). However, 
the origin of compositional layering in metamorphic 
rocks has long troubled geologists (Eskola 1932, Turner 
1941, Misch 1949, Ramberg 1952, Shelley 1974, Robin 
1979, Williams 1990). Both natural and experimental 
observations and theoretical considerations have shown 
that externally and internally-controlled variables can 
play important roles in its development (see Misch 1968, 
Yardley 1978, Olsen 1983, Sawyer 1994). 

In situ mechanisms for generating layering in meta- 
morphic rocks include subsolidus, stress-induced diffu- 
sive mass transfer (metamorphic segregation or differ- 
entiation, Robin 1979, Sawyer & Robin 1986, Gratier 
1987, Williams 1990), anatexis or partial melting 
(Johannes & Gupta 1982, Johannes 1988, Sawyer 1994), 

and mechanical processes such as transposition (Myers 
1978, Passchier et al. 1990) and differentiation of miner- 
als of differing ductility (Shelley 1974, Jordan 1987). 
Other, externally-driven mechanisms include lit-par-lit 
injection of granitic magmas, long considered as a poss- 
ible migmatization mechanism (Misch 1949,1968, Olsen 
1983), and fluid influx or metasomatism, which may 
facilitate stress-induced diffusive mass transfer or partial 
melting (Misch 1968, Yardley 1978, Olsen 1983). In this 
paper we investigate the importance of externally- 
introduced melts in contributing to the development of 
compositional layering in both Archean and Proterozoic 
high grade metamorphic rocks from the northern 
Ungava peninsula, Quebec (Fig. 1; Lucas & St-Onge 
1992, St-Onge et al. 1992). 

The geological observations from both Archean and 
Paleoproterozoic gneisses support a model for the origin 
of layer-parallel granitic veins in which they are 
emplaced along extension fractures (cf. Etheridge 1983, 
Clemens & Mawer 1992) sub-parallel to the tectonic 
foliation/layering during regional deformation. We be- 
lieve that this results from the combination of a well- 
developed mechanical anisotropy and high melt press- 
ures (see Gratier 1987, Wickham 1987, Holliger & 
Levander 1994a). If correct, our model for syn-tectonic 
layer-parallel veining has important implications for the 
interpretation of layered (gneissic) middle to lower crust, 
especially where it is identified indirectly from seismic 
reflection data (Smithson et al. 1986, Green et al. 1990). 
Recent two-dimensional stochastic modeling of the seis- 
mic response of lower crustal sections, such as the Strona- 
Ceneri and Ivrea zones (cf. Zingg et al. 1990), have 
shown that its reflective character can be accounted for in 
its scale-independent, felsic-mafic compositional layer- 
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Fig. 1 Tectonic map of the Ungava orogcn (after St-Onge et al. in press). Barbs along tectonic contacts represent major 
thrust faults; ‘ticks with ball’ represent a regionally-extensive normal fault. Locations of Figs. 2 and 3 indicated. Inset map of 
North America (after Hoffman 1989) shows location of the Ungava orogen (box) relative to the Trans-Hudson Orogen and 

other Paleoproterozoic orogens. 

ing. This produces discontinuous, bimodal velocity- 
density distributions with shorter characteristic (fractal) 
scales relative to more compositionally homogeneous 
upper crust (Levander & Holliger 1992, Holliger & 
Levander 1994b). 

REGIONAL GEOLOGY AND TECTONIC 
HISTORY 

Three principal tectonostratigraphic domains are rep- 
resented on the northern Ungava peninsula of Quebec 
(Lucas et al. 1992, St-Onge et al. 1992): (1) Archean 
Superior Province basement; (2) Paleoproterozoic 
divergent continental margin/ocean basin(s); and (3) a 
Paleoproterozoic convergent margin. The Archean Su- 
perior Province (Figs. 1 and 2) represents the strati- 
graphic basement to domain 2 and the structural 
basement to both domains 2 and 3. It is characterized 
principally by amphibolite to granulite-grade plutonic 
gneisses (2.7-2.9 Ga, Parrish 1989, personal communi- 
cation 1992, St-Onge et al. 1992), interpreted as the mid- 
crustal core of a magmatic arc on the basis of pluton 
composition and tectonomagmatic history (St-Onge et 
al. 1992). The principal structural element in the Su- 
perior Province basement is a pervasive, steeply inclined 
layering defined by compositional banding at both map 
(Fig. 2) and outcrop-scales (see below). This layering 
developed during 2.9-2.7 Ga diorite-tonalite- 
granodiorite-granite plutonism and deformation, poss- 
ibly in a magmatic arc setting (Lucas & St-Onge 1992, St- 

Onge et al. 1992). The Archean layering in the basement 
is truncated by an unconformity and/or a thrust fault at 
the base of the Paleoproterozoic cover sequence (Fig. 2). 

The Paleoproterozoic divergent margin units include 
(1) a 2.00 Ga ophiolite (Watts Group, Fig. 1; Parrish 
1989, Scott et al. 1991), (2) a 2.04-1.96 Ga continental 
rift sequence of sedimentary and volcanic rocks 
(Povungnituk Group, Fig. 1; Parrish 1989, St-Onge & 
Lucas 1990, St-Onge et al. 1992, Machado et al. 1993), 
and (3) a sequence of oceanic-like basalts inferred to be 
approximately 1.92 Ga (Chukotat Group, Fig. 1; Fran- 
cis et al. 1983, St-Onge & Lucas 1990). The convergent 
margin units are bracketed between 1.90 and 1.83 Ga by 
U-Pb zircon geochronology (Parrish 1989, St-Onge et 
al. 1992, Machado et al. 1993). These units comprise 
supracrustal sequences inferred to represent arc and 
forearc deposits (Parent and Spartan groups, respect- 
ively; Fig. l), and plutonic and metasedimentary rocks 
thought to be a mid-crustal segment of the Narsajuaq 
magmatic arc (Figs. 1 and 3; Lucas etd. 1992, St-Onge et 
al. 1992). This arc was built in part on Watts Group 
oceanic crust and in part on older continental crust 
(Dunphy & Ludden 1994). 

The tectonic history of the Paleoproterozoic Ungava 
orogen has been recently described by Lucas & St-Onge 
(1992) and St-Onge et al. (1992), and only the relevant 
details will be reviewed here (see also Lucas 1989,1990, 
St-Onge & Lucas 1990, 1991). The history is character- 
ized by structural-metamorphic episodes that are in- 
ferred to both pre-date and post-date a collision (1.82- 
1.80 Ga) between the Narsajuaq arc terrane (upper- 
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Fig. 2 Geological compilation map for the northeastern part of the Ungava orogen, highlighting the distribution of plutonic 
rocks in the Archean Superior Province basement. 

plate) and the northern continental margin of the Su- 
perior Province (lower-plate). The lower-plate units 
preserved in the external part of the orogen (Cape Smith 
Belt) record the development of a thrust belt at cu. 1.87 
Ga characterized by S-verging faults ramping up from a 
basal decollement located at the basement-cover contact 
(Lucas 1989). The Narsajuaq arc contains evidence for 
an intra-arc tectonic episode characterized by granulite- 
facies metamorphism and dextral transpression that 
was coeval with 1.861.83 Ga arc magmatism (see 
below). 

The ophiolitic and arc units were accreted at cu. 1.82- 
1.80 Ga (St-Onge ef al. 1992, R. Parrish personal com- 
munication 1992) onto the older thrust belt along S- 
verging faults that re-imbricated the external thrust belt. 
Thickening and consequent exhumation resulted in rela- 
tively high-P, greenschist-amphibolite-facies metamor- 
phism of lower-plate cover units (St-Onge &Lucas 1991, 
Begin 1992), and in the retrogression of high-T assem- 
blages in Narsajuaq arc rocks (Lucas & St-Onge 1992). 
The regional gneissic foliation in the Archean basement 
was penetratively reworked immediately adjacent to 
16 ,I:,-8 

the contact with Povungnituk Group metabasalts and 
metasedimentary rocks, resulting in the development of 
an amphibolite-grade mylonitic foliation and an exten- 
sion lineation parallel to that in the cover rocks (Lucas 
1989,199O). 

Continued shortening followed the cessation of 
thrusting and resulted in folding of both the allochtho- 
nous rocks and the footwall basement (Fig. 4; Lucas & 
Byrne 1992, Lucas & St-Onge 1992). Our geological 
mapping indicates that the Superior Province rocks 
exposed north of the Cape Smith Belt lie in the core of a 
major, regional-scale antiform (‘antiformal axis’, Fig. 
4). Cross-folding of this structure has generated a re- 
gional fold-interference geometry in which the antifor- 
mal axis now defines a U-shape (strike-parallel section, 
Fig. 4). Along the antiformal axis, a depression in the 
central part of the orogen passes up-plunge into the two 
basement-cored culminations. Thus mid-crustal rocks of 
both the Superior Province basement and Paleoprotero- 
zoic Narsajuaq arc are exposed in oblique section in the 
Ungava orogen, due to the post-collisional folding epi- 
sodes (Lucas 1989, Lucas & Byrne 1992). 
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Fig 3. Geological compilation map for the northwestern part of the Ungava orogen, highlighting the distribution of 
plutonic and metasedimentary rocks in the Paleoproterozoic Narsajuaq arc. ‘A’ (south of Digges Islands, near Hudson Bay 
coast) indicates major, W-trending screens of country rocks (older layered unit) in younger granite pluton(s). Elongate 
screens of country rock, paralleling regional foliation/layering, suggests that younger plutons were emplaced as sheet-like 
bodies along the pre-existing anisotropy. ‘B’ (southeast of ‘A’) indicates younger plutons that crosscut both outcrop- and 

regional-scale layering but arc parallel to the regional foliation/layering trend. 

NATURE OF THE COMPOSITIONAL LAYERING ment and 1.86-1.83 Ga in the Narsajuaq arc). As a 
significant proportion of the plutonic rocks in the base- 

Compositional layering is a ubiquitous feature of the ment and the Narsajuaq arc contain a tectonic foliation, 
mid-crustal, high-grade plutonic rocks of both the the prefix ‘meta’ applies but will be dropped from the 
Archean Superior Province basement and the Paleopro- ensuing text for simplicity. In addition, we will employ 
terozoic Narsajuaq arc. This layering is related to two the term ‘granitic’ to describe vein compositions within 
distinct tectonomagmatic events (2.9-2.7 Gain the base- these two domains that span the compositional range 
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Fig. 4. Vertical, strike-parallel section (A) and down-plunge, strike-perpendicular sections (B-D) of the central and 
western parts of Narsajuaq arc; simplified geologic map shows the section lines. Section A derived by projecting the 
Archean basement-Narsajuaq arc contact down the plunge of the antiformal axis within a vertical plane parallel to the local 
axis trend. Sections B-D generated by projecting the Archcan basement-Narsajuaq arc contact down the mean plunge of 
the antiformal axis onto a plane oriented orthogonal to that axis, assuming plunge continuity (‘cylindricity’) over the 
projection interval (see Lucas 1989). Internal structure of Narsajuaq arc on sections B-D based on simple extrapolation of 

surface dips along each section line on the projection plane. 
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from syenogranite and leucogranite to tonalite and 
quartz diorite, following Misch (1968). 

Archean Superior Province 

Tonalite, dated at 2780+4 Ma and 2882+44/-28 Ma 
(Parrish 1989, personal communication 1992), is the 
dominant plutonic rock type of the Superior Province 
basement (Fig. 2; St-Onge er al. 1992). It generally 
displays a well developed tectonic foliation (Figs. 5a & 
b), commonly defined by elongate quartz grains and 
polycrystalline feldspar aggregates (Fig. 5c) but also by 
inequidimensional, high-grade metamorphic minerals 

(e.g. orthopyroxene, clinopyroxene, hornblende). 
Metamorphic conditions, determined from two- 
pyroxenekgarnet assemblages in diorite, cluster at 
approximately 800+5O”C and 3.5kO.S kbars (St-Onge et 
al. 1993). A minimum age for the granulite-facies meta- 
morphism is 2740 Ma based on U-Pb geochronology of 
metamorphic zircons (R. Parrish personal communi- 
cation 1992), whereas a maximum age is given by the age 
of the tonalites. 

The tonalite is typically interlayered with granite and 
granodiorite veins (Figs. 5a & b). These veins are 
variably deformed (Figs. 5b & d), locally contain 
granulite-facies mineral assemblages and uncommonly 
show a small obliquity (<lo”) to the regional foliation 
that is independent of deformation state. Granitic plu- 
tons intrude the tonalites and are generally character- 
ized by granulite-facies mineral assemblages and a 
variably-developed tectonic foliation (Fig. Se). It should 
be noted that the foliation in the granitic plutons and 
veins, where present, is not defined by the dimensional 
alignment of undeformed primary igneous phases such 
as plagioclase (as would be the case for magmatic folia- 
tions; see Paterson et al. 1989), but by dimensional 
alignment of quartz and K-feldspar that have undergone 
intracrystalline strain (Fig. 5e). Tonalite and granitic 
plutons commonly contain centimetre-scale to 
kilometre-scale xenoliths of tonalite, quartz diorite, 
amphibolite and pyroxenite (St-Onge et al. 1992; Fig. 
5f). Both foliated and massive granitic plutons trend E- 
W (Fig. 2) and thus appear to have been emplaced 
roughly parallel to the E-trend of the tectonic foliation in 
the tonalites. 

The presence of sub-parallel tectonic foliations de- 
fined by granulite-facies mineral assemblages in the 
tonalites and at least some of the granites and granitic 
veins indicates that these foliations formed during a 
single Archean tectonic event at granulite-facies con- 
ditions. A magmatic origin for the foliation is ruled out 
because of the relative constancy of its orientation 
through rocks of substantially different intrusive ages 
(e.g. granites and tonalites) and because it is defined by 
granulite-facies mineral assemblages in a wide variety of 
rock types (see Paterson et al. 1989 for criteria for 
magmatic vs tectonic foliations). Observations that the 
granitic veins and plutons locally cross-cut the tonalite 
foliation further suggest granitic magmatism, granulite- 

facies metamorphism and deformation were broadly 
coeval (Lucas & St-Onge 1992). 

The relative strain levels associated with the foliation- 
forming event have been assessed by integrating micro- 
structural observations (Figs. 5c, d & e) with field 
observations on the regional distribution and intensity of 
foliations (Fig. 5b) and the aspect ratios of relatively 
competent xenoliths (gabbros, pyroxenites; Fig. 5f; cf. 
Passchier et al. 1990, p. 54). Of particular importance is 
the observation that both host rock and vein foliations 
are tectonic and defined by inequidimensional metamor- 
phic phases (e.g. orthopyroxene, hornblende) and/or 
plastically-deformed quartz and feldspar (Figs. 5c, d & 
e). This is despite the fact that the rocks have undergone 
static annealing, which appears to have principally affec- 
ted quartz (e.g. Figs. 5c & e). Recognizing that such an 
assessment has potential pitfalls given the diversity of 
plutonic rock compositions and intrusive body geom- 
etries (see Paterson & Tobisch 1988), we nonetheless 
suggest that the host tonalites and quartz diorites 
accumulated more solid-state deformation during this 
tectonic event than the graniticveins in general (e.g. Fig. 
5b). Given the apparent contrast in strain between some 
of the veins and their host rocks, it seems difficult to 
argue that all of the veins have been transposed into 
parallelism with the host rock foliation/layering. From 
this it follows that at least Some of the granitic veins were 
emplaced sub-parallel to host rock foliation/layering 
during deformation. 

Paleoproterozoic Narsajuaq arc 

The Narsajuaq arc is represented by a broad range of 
plutonic rock compositions (Fig. 3; St-Onge et al. 1992). 
The oldest unit is a well-layered sequence of tonalite and 
diorite, dominated by tonalite (7@80%) and layered on 
a centimetre to decametre scale (Figs. 6a & b). Pre- 
served cross-cutting relationships indicate that tonalite 
commonly intrudes diorite, although the converse is 
observed locally. A tonalite layer from this unit has a U- 
Pb zircon age of 1863 22 Ma whereas an age of 1844+ 12 
Ma has been obtained for a quartz-diorite layer from 
near the dated tonalite (St-Onge et al. 1992). Amphibo- 
lite, pyroxenite and peridotite occur within the layered 
sequence as both discrete bands, presumably rep- 
resenting veins (sills, dykes) and/or deformed xenoliths, 
and more equant xenoliths. However, these are in 
general not cognate xenoliths or microgranitoid 
enclaves because in lower strain areas they can be seen 
to have angular, blocky shapes (see Vernon et al. 1988, 
Vernon & Paterson 1993). 

All rock types in this layered sequence are intruded by 
granitic veins (Figs. 6b-e). A granodiorite vein, which 
was sampled near the 1863-t2 Ma tonalite outcrop, has 
been dated at 1861+2 Ma (St-Onge et al. 1992), indi- 
cating contemporaneous emplacement of tonalite and 
granodiorite sheets. A U-Pb zircon age of 1848+5 Ma 
was obtained for a monzogranite vein from the same 
outcrop as the 1861+2 Ma granodiorite vein and the 
1844?12 Ma quartz-diorite layer (St-Onge et al. 1992, 
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Fig. 5. (a) Archean biotite tonalite with foliation-sub-parallel monzogranite veins. The rclativcly uniform spacing of the 
veins and their apparent lateral continuity effectively define the gncissic layering in the outcrop. Hammer (art-owed) is 33 cm 
long. Veins vary in orientation from concordant with foliation to slightly (<IO”) discordant, apparently independent of their 
bulk deformation state. (b) Scquencc of monzogranite veins (light) lying sub-parallel to the foliation in Archcan biotitc 
tonalitc. The veins range in mesoscopic deformation state from unfoliatcd (A). to v*ariably foliated (B). to well foliated and 
cffectivcly indistinguishable in terms of the degree of foliation devclopmcnt from the tonalitc. ‘C’ indicates veinlcts 
probably generated by in situ partial melting. Pen IS 15 cm long. (c) Photomicrograph illustrating the tectonic foliation in an 
Archcan tonalite defined by the dimensional alignment of quartz (Q) and biotitc grains and polycrystallinc feldspar 
aggregates (F). Note evidcncc for post-tectonic grain growth in quartz (arrow). Width of field of view is I2 mm. (d) 
Photomicrograph illustratingthe tectonic foliation in an Archean granitic vein defined by elongate quartz grains (Q: top half 
of photo). Vein/host rock contact is marked on photo. and parallels tectonic foliation in host tonalite dcfincd by dimensional 
alignment of biotitc (B) and quartz grains. Width of field of view is I2 mm. (e) Photomicrograph illustrating the tectonic 
foliation in a sample from an Archean monzogranitc pluton. Foliation is defined by the dimensional alignment of quartz(Q) 
and biotitc grains and polycryatalline feldspar aggregates(F). Note evidcncc for post-tectonic grain grovvth in quartz. Width 
of field of view is I2 mm. (f) Xenoliths of foliated and massive quartz diorite. gabbro and pyroxcnttc in a tonalitc pluton 
from the Archean Superior Province basement. The variable shape. prc-existing foliation and compositional range of the 
xenoliths indicates that they arc most likely country rock fragments as opposed to microgranitoid enclaves (see Vernon et al. 

1988. Vernon & Paterson 1993). Hammer is 45 cm long. 
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Fig. 6. (a) Layered tonalitc-quartz-dioritc unit of the Narsajuaq arc (cu. 1863 Ma). Granulite-facics foliation is parallel to 

the compositional layering. Person for scale. (b) Equipranular biotitc monzogranitc vcln lying parallel to foliation and 
compositional layering in layered tonalite-quartz-dioritc unit of the Narsajuaq arc. Monzo$ranite vein (top) is mcsoscopi- 
tally undeformed in its core but acquires II foliation parallel to that in the enveloping rock as It narrows at either end. Biotite 
selwd_ecs at the margins of the vein may reflect local reaction bctw,ecn the win and the wall rock (see Olsen 1983). ‘A’ 
indicates veinlcts probably gcneratcd hy it? ~irrr partial melting. Pen is I5 cm long. (c) Anastomosing. dcformcd hiotitc f 
hornhlcndc monzogranite veins (light). probably similar in age to the younger (cu. 18.3~~1830 Ma) plutons that cut the 
gncissic layering in the older tonalltc~quartz-dioritc unit of the Narsajuaq arc. The veins include rotated blocks of the 
country rock (A) but are themselves foliated (B) parallel to the rcgionai high-grade fabric (C). Hammer is 15 cm long. (d) 
Higher strain zone from the same outcrop as Fig. h(c). The well layered gneiss comprises quartz dioritc, tonalitc and 
monzogranitc layers. Veins vary in orientation from concordant with foliation (e.g. A) to slightly (<lo”) discordant. 
Hammer is 4.5 cm long. (c) Multiple apes of grnnitic veins emplaced in foliated quartz dioritc of the older layered tonalitc- 
quartz-dioritc unit in Narsajuaq arc. Diagonal. crowcuttIng veins (A) post-date cmplaccmcnt of some narrow. foliation- 
parallel veins (c.g. B) but arc thcmsclbcs cut by other deformed. foliation-parallel veins (C). Pen (arrowd) is IS cm long. 
(f) Deformed xcnoliths of tonolite (light) and dioritc (dark) in a voungcr tonalitc pluton (1X30+2 Ma) of the Nnrsajuaq arc. 
The compositional and textural variability of the xcnoliths in&atcs that they arc most likely country rock fragments as 
oppod to microgranitoid cnclavcv (see Vernon er (I/. 198X. Vernon Kc Paterson 1003). Hammer is 3-L cm long. (g) Large. 
blocky scnolith of layered tonalite-diorite cngulfcd within a late monzogramtc pluton (UI. IX00 Ma: R. Parrish personal 
communication 109.3) of the Narwjuaq arc (north of ‘A‘. Fig. 3). The monzogranitc itself contains only a very weakly and 

hetcrogcncously dcvelopcd tectonic foliation. Hammer is 15 cm long. 
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Fig. 7. (a) Photomicrograph illustrating the tectonic foliation in a Narsajuaq arc tonalite defined by the dimensional 
alignment of orthopyroxene (0). plagioclase (P) and quartz (0). The presence of orthopyroxene defining the foliation 
indicates that it formed at granulite-facies conditions. Note that annealed quartz (Q) has isolated elongate feldspar grains 
(arrow). Width of field of view is 5 mm. (b) Photomicrograph illustrating the contact (marked on photo) between a foliated 
granodiorite vein (bottom of photo) and an unfohated monzogranite vein. The granodiorite vein has a U-Pb zircon age of 
1861+2 Ma, and its foliation is defined by the dimensional alignment of biotite (B). Note the subhedral K-feldspar grain (K) 
in the monzogranite vein. Width of field of view is 12 mm. (c) Photomicrograph illustrating the tectonic foliation in a quartz- 
diorite vein dated at 1844? 12 Ma from the Narsajuaq arc. Foliation is principally defined by the dimensional alignment of 
hornblende (H) in both the quartz diorite and the coarser grained segregation (top of photo). Width of field of view is 
12 mm. (d) Granitic veins cutting the layered tonalite-quartz-diorite unit in Narsajuaq arc. At least five generations of veins 
are present. and vary in deformation state from well foliated (layer-parallel veins) to undeformed (vein cutting diagonally 
from bottom left to top right). ‘A’ indicates veinlets probably generated by in situ partial melting. Pen is 15 cm long. (e) 
Photomicrograph of a layer-parallel monzogranite vein with no discernible foliation from the Narsajuaq arc. Note the 
subhedral, zoned K-feldspar grain (K). Theiein is from the same outcrop as Figs. 7b & c. and has a U-P-b zircon age of 
1848f5 Ma (R. Parrish oersonal communication 1992). Width of field of view is 12 mm. (f) Folded granitic vein in tonahte 
from the Narsajuaq arc. showing evidence for bouhinage on long limbs (subparallel ‘to foliation) and tight folding 
(‘thickening’) on short limbs. Hammer is 34 cm long. (g) High strain fabric (compositional layering) in Narsajuaq arc rocks 
generated during deformation adjacent to the sole fault on which the arc overrode the Superior Province basement and its 
continental margin deposits during arc-continent collision at cu. 1.8 Ga (Lucas & St-Onge 1992). Compositional layering 
defined by tonalite (T). quartz diorite (Q) and monzogranite (M) bands. Photograph taken along west shore of Deception 
Bay (Fig. 2). Hammer is 45 cm long. (h) Photomicrograph of relatively high strain (mylonitic) foliation in monzogranite 
from the Archean Superior Province basement. Note development of elongate, polycrystalline quartz(Q) and feldspar (F) 
ribbons. Fine grained feldspar in ribbons appears to be derived from strain-induced recrystallization of feldspar 

porphyroclasts (P). Width of field of view is 5 mm. 
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R. Parrish personal communication 1992). A monzogra- strain both within and at the margins of the intrusions 
nite vein with a strongly-developed, granulite-facies (Fig. 6g). 
tectonic foliation has yielded a U-Pb zircon age of The finite strain associated with foliation/layering in 
1835fl Ma (Parrish 1989). Discrete, kilometre-scale the Narsajuaq arc varies in general with the age of the 
plutons of quartz diorite, quartz monzonite- rock (e.g. 1863 vs 1826 Ma tonalites), in addition to 
monzogranite (1836kO.5 Ma, 1834kO.6 Ma) and tona- obvious considerations such as competency and proxim- 
lite (1830+2 Ma) intrude the older layered rocks of ity to discrete structures such as shear zones. Finite 
Narsajuaq arc (Fig. 3; Parrish 1989, St-Onge etal. 1992). strains were qualitatively evaluated in the field (cf. 
The plutons vary in diameter from < 1 km to tens of km, Passchier et al. 1990, p. 54) based on the relative inten- 
and although they generally trend parallel to the re- sity of tectonic foliation development and the aspect 
gional tectonic fabric, they locally have irregular shapes ratios of relatively competent xenoliths (tonalite, dior- 
that cross-cut both outcrop- and regional-scale layering ite, gabbro, pyroxenite; Figs. 6f & g), and were verified 
(e.g. ‘B’, Fig. 3). However, outcrop-scale granitic veins, with microstructural studies (Figs. 7a-c). The micro- 
some of which may be related to these younger (1836 structural studies indicate that the mesoscopically more 
1830 Ma) plutons, are generally sub-parallel to foliation/ intense foliations display a greater degree of syn- 
layering in the host rocks (Figs. 6b-d). The plutons and tectonic recrystallization and grain size reduction rela- 
veins locally include abundant xenoliths (Figs. 6c & f) tive to mesoscopically more weakly foliated rocks (com- 
derived from the country rocks. pare Figs. 7a, b & e). The older layered tonalitediorite 

A penetrative tectonic foliation that parallels the sequence contains a tectonic foliation throughout the 
outcrop-scale compositional layering characterizes most area (Fig. 7a). whereas the younger, discrete plutons 
of the plutonic rocks in the Narsajuaq arc (Figs. 6b, d & and granitic veins are variably foliated but in general are 
e). The generally steep, E-trending foliations are de- less deformed than the layered sequence (Figs. 7b & e). 
fined by amphibolite to granulite-facies metamorphic Solid-state deformation of the younger intrusive rocks is 
minerals (e.g. hornblende, biotite, orthopyroxene) in heterogeneous, as illustrated by shape variations in 
the older layered sequence, the younger plutons and the strain markers such as granitic veins (compare Figs. 6c & 
granitic veins (Figs. 7a-c). The presence of metamor- d) and host rock xenoliths. 
phic orthopyroxene in virtually all rock types (e.g. Fig. In order to understand the relations between magma- 
7a) indicates that the regional foliation developed dur- tism, deformation and the development of compos- 
ing granulite-facies metamorphism (Lucas & St-Onge itional layering in the Narsajuaq arc, it is important to 
1992). Preliminary estimates of the metamorphic con- establish whether or not rocks in the older layered 
ditions during this event, based on thermochemical sequence (1863-1844 Ma) were emplaced syn- 
modeling of mineral compositions, are 800*5O”C and tectonically. Two principal observations support a syn- 
7+1 kbar (Monday 1994). tectonic interpretation for the construction of the 

Cessation of regional penetrative deformation within layered sequence. First, the older intrusive sequence 
the Narsajuaq arc during the waning stages of arc mag- had to have been deformed prior to emplacement of the 
matism and granulite-facies metamorphism is indicated younger plutons (18361830 Ma) because the younger 
by variations between granitic vein orientation and plutons locally cross-cut layering in the older sequence. 
internal strain relative to the host rocks (Figs. 6e and Second, within the layered sequence, there are contrasts 
7d). A weakly foliated, orthopyroxene-bearing tonalite in the relative state of strain between individual layers 
vein that cross-cuts the layering in 1830 f 2 Ma tonalite that cannot be solely attributed to competency con- 
gneisses has a U-Pb zircon age of 1826 f 1 Ma (Parrish trasts. but instead suggest that at least some of the less 
1989, St-Onge et al. 1992). The cross-cutting veins deformed layers were emplaced as foliation-parallel 
shown in Fig. 7(d) are inferred to be late to post-tectonic sheets. Deformation and metamorphism in the Narsa- 
with respect to the foliation/layering in the gneisses, in juaq arc thus appear to have been coeval with the bulk of 
contrast to variably foliated, layer-parallel veins that are the 1863-l 830 Ma magmatism. 
inferred to be syn-tectonic. Some of the undeformed, 
layer-parallel and cross-cutting granitic veins may be 
related to either collisional granites (1803-1800 Ma; R. 
Parrish personal communication 1992, 1993) and/or DEVELOPMENT OF THE COMPOSITIONAL 
post-collisional intrusive rocks, including pegmatitic LAYERING 
syenogranite dykes (1759 * 1 Ma; Parrish 1989) and 
granite plutons (1742 I!Z 2 Ma; Dunphy et al. 1991). The The principal observation from both the Archean 
collisional granites contain large screens of country Superior Province and the Paleoproterozoic Narsajuaq 
rock (e.g. ‘A’, Fig. 3) that are generally at angles of arc is that syn-tectonic granitic veins and sheets, inde- 
~15” to the strike of regional foliation/layering, sugges- pendent of their relative state of strain, in general 
ting that the plutons may have been emplaced as parallel the foliation/layering of their host rocks (Figs. 
layer-parallel sheets, possibly at mid-crustal levels (St- 5d & 7b). We suggest that this vein-host rock relation- 
Onge et al. 1992). Significant rotation of these large ship was largely produced by syn-tectonic layer-parallel 
plutons, thereby producing an apparent sheet-like emplacement of the granitic bodies as opposed to post- 
geometry, can be ruled out because of the low bulk emplacement transposition of oblique veins. However, 
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a) Stage 1 

Stage 2 

Predicted sites for 
layer - parallel segregations 

b) 

Grain size decreasing + 

Fig. 8. Schematic models illustrating possible processes through which foliation/layer-parallel veins may develop: (a) vein 
opening at a dilational jog during bulk shear along foliation/layering [Sawyer & Robin 1986, Hutton & Reavy 1992, Sawyer 
1994, see also Tikoff & Teyssier (1992) for ‘P-shear tensional bridge’ model]; (b) layer-parallel vein segregation sites (small 
arrows) at positions of minimum q and maximum chemical potential of silica &,o, ) in graded greywacke-pelite beds (after 
Robin 1979, Sawyer & Robin 1986); (c) progressive bulk shear deformation of extension veins (for a discussion of folded 
veins in shear zones, see Hudleston 1989, Passchier etal. 1990, Hanmer & Passchier 1991, and references therein); (d) vein 
emplacement along extension fractures sub-parallel to layering and at a high angle to regional ot, due to a combination of a 
pre-existing anisotropy and high melt pressures (after Gratier 1987, Wickham 1987, Holliger & Levander 1994a). AS 
illustrated with the schematic Mohr circle construction and block diagram, T, refers to the tensile strength of the rock 
perpendicular to foliation (i.e. parallel to ot) whereas 7s refers to tensile strength parallel to foliation (i.e. parallel to us). 

we do recognize that oblique syn-tectonic veins (e.g. 
Figs. 6e & 7f), as well as oblique and layer-parallel post- 
tectonic veins (e.g. Fig. 7e), also characterize the 
gneisses of the Superior Province and the Narsajuaq arc 
and do not attempt to explain all veins in the following 
model. We also acknowledge that there may be, or may 
have been, magmatic foliations in some of the plutonic 
rocks, but believe for the reasons given earlier that the 
foliations investigated in this study are tectonic in origin. 

Foliation/layer-parallel veins may develop through 
several possible processes: (1) vein opening at a dilation- 
al jog during bulk shear along foliation/layering [Fig. 8a; 
Sawyer & Robin 1986, Hutton & Reavy 1992, Sawyer 
1994, see also Tikoff & Teyssier (1992) for the ‘P-shear 

tensional bridge’ model]; (2) layer-parallel vein segre- 
gation at positions of minimum values of the least 
principal stress (0~3) and maximum chemical potential 
for the vein species in rheologically stratified rocks (Fig. 
8b; Robin 1979, Sawyer & Robin 1986); (3) bulk shear 
deformation of oblique extension veins, possibly accom- 
modated by localized shear along vein walls or vein 
deformation (Fig. 8c; Myers 1978, Hudleston 1989, 
Passchier et al. 1990, Hanmer & Passchier 1991, Kroner 
et al. 1994); and (4) vein emplacement along extension 
fractures sub-parallel to layering (Fig. 8(d); Gratier 
1987, Wickham 1987, Holliger & Levander 1994a; see 
also McCarthy & Thompson 1988, Parsons et al. 1992). 
In the scenario illustrated in Fig. 8(d), veins can be 
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Progressive bulk shear deformation 

d) Conditions for foliation - parallel vein emplacement 

02 = Lithostatic load 

1' 

(3 1 (Tectonic stress) 

’ -’ -’ v 2 T1 (Tensile strength 
perpendicular to foliation) 

Fig. 8. Continued. 

emplaced at high angles to oI (maximum principal 
stress) when the local deviatoric stress (CJ, - a?) is less 
than the difference in tensile strength of the rock parallel 
and perpendicular to foliation (i.e. Ts-Tt>ar - u3), and 
the melt pressure (PMelt) is sufficiently high that it 
exceeds the sum of u1 and the tensile strength of the rock 
parallel to ut (i.e. PM~tt>uI + T,). 

The granitic veins in both the Superior Province and 
the Narsajuaq arc are not considered to be derived from 
in situ partial melting (migmatization) during their re- 
spective granulite-facies deformation events for several 
reasons. First, some of the veins have intrusive relations 
such as slightly discordant contacts (<lo”, Figs. 6c-e) 
and wallrock xenoliths (Fig. 6c) suggesting an igneous 

injection mode of emplacement. Second, the veins 
have a range of compositions (e.g. quartz diorite- 
syenogranite) that varies independent of host rock com- 
position and bears no systematic relation to predicted 
minimum melt compositions (see Olsen 1983, Johannes 
1988). However, the presence of some mafic (biotite- 
rich) selvedges at vein margins indicates that the injected 
melts reacted to some degree with the host rock (Fig. 6b; 
see Olsen 1983). Third, the metamorphic temperatures 
associated with the syn-tectonic magmatism (800+5O”C) 
are such that a maximum of only 15520% melting would 
be expected for biotite-bearing quartzofeldspathic 
gneisses (e.g. Waters 1988) and less for hornblende- 
bearing units, which is not consistent with the volume of 
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melt (>30%, Wickham 1987; but see Sawyer 1994) 
needed to segregate the veins that are laterally continu- 
ous for tens of metres (Figs. 5a, 6a&c). However, we do 
recognize centimetric granitoid veinlets that are quite 
distinct from the above veins, and which we interpret to 
result from partial melting (Figs. 5b, 6b and 7d). 

Finally, the veins show a remarkable geochronologi- 
cal and isotopic diversity, which is difficult to reconcile 
with an origin by any process other than intrusion of 
externally-derived melts. One outcrop of the Narsajuaq 
arc layered tonalite-diorite sequence, studied in detail, 
has layer-parallel veins that yield U-Pb zircon ages of 
1861k2 Ma (granodiorite; Fig. 7b), 1848+5 Ma (monzo- 
granite; Fig. 7e) and 1844-tl2 Ma (quartz diorite; Fig. 
7~). The veins were emplaced into tonalite, for which an 
age of 1863+2 Ma (St-Onge et al. 1992; Parrish personal 
communication 1992) has been obtained from a nearby 
outcrop. The tonahte and quartz diorite vein have &Nd 
values (at their crystallization ages) of +3 to +4 whereas 
the monzogranite vein yielded an &Nd value of -10 (J. 
Dunphy personal communication 1992). Other monzo- 
granite veins from the Narsajuaq arc have &Nd values (at 
the inferred crystallization age of 1845 Ma) of -1 and 
-5, again indicating the significant heterogeneity in Nd- 
isotopic compositions of veins and adjacent rocks. These 
results require an external origin for such veins relative 
to their host rocks. However, we do not have any 
constraints on the relative transport distances for the 
vein melts except to say that at least some are probably 
related to nearby plutons, thus indicating minimum 
transport distances of hundreds of metres to kilometres. 

Stress-induced diffusive mass transfer (Fig. 8b) is 
ruled-out as a major granitic vein-forming process be- 
cause the vein compositions and isotopic character 
appears in general to bear no systematic relation to 
wallrock composition and isotopic character, as dis- 
cussed above. The observation that the majority of the 
syn-tectonic veins lie sub-parallel to foliation/layering, 
independent of their state of strain (e.g. Figs. 5b, 6b, C&Z 
e), implies that they could not have rotated substantially 
following intrusion (e.g. Fig. 8~). Multiple episodes of 
syn-tectonic vein emplacement are indicated by cross- 
cutting relations in Fig. 6(e): oblique (cross-cutting) 
veins, themselves deformed (‘A’), post-date emplace- 
ment of some narrow, foliation-parallel veins (‘B’) but 
are themselves cut by other foliation-parallel veins (‘C’) 
that are also deformed. That the oblique veins are cut by 
foliation-parallel veins, themselves deformed, precludes 
a rotational (transpositional) explanation for the 
foliation-parallel orientation of at least the cross-cutting 
veins, and by analogy, some or all of the older foliation- 
parallel veins. Not only are the bulk of the concordant 
veins not folded and/or boudined (e.g. Fig. 7f), we have 
not been able to find any evidence of wall rock defor- 
mation that may have been associated with vein ro- 
tation, such as folds (cf. Hudleston 1989) or fine-scale 
shear zones in or adjacent to vein walls (Figs. 5d and 7b). 
Finally, the presence of foliated wall rock xenoliths that 
do not show any regular or predictable rotation pattern 
or that are parallel to both veins and layering suggests 

that the veins could not have been significantly rotated 
following emplacement. Outcrop observations on the 
relative state of strain of both veins and host-rock are 
corroborated by thin section observations. As described 
above, the microstructures in layer-parallel veins vary 
from no discernible foliation (Figs. 7b & e) to a tectonic 
foliation defined by grain shape (Figs. 5d and 7c) to a 
mylonitic foliation in which quartz and feldspar show 
optical evidence for crystal-plastic strain (e.g. optical 
subgrains, strain-induced recrystallization; Figs. 7g & 
W 

The field and thin section observations and isotopic 
data support a model of syn-tectonic emplacement of 
externally-derived granitic melts in extension fractures 
parallel to the foliation/layering (Fig. 8d). This model 
does not require the transposition of all veins (cf. Myers 
1978, Kroner et al. 1994), and therefore does not pre- 
suppose the amount of strain inherent in the banded 
gneisses of the Paleoproterozoic Narsajuaq arc and 
Archean Superior Province. However, it is difficult to 
discern whether layer-parallel veining occurred (1) at 
high angles to the regional shortening direction in 
the presence of melt pressures exceeding lithostatic 
pressure (Fig. 8d), or (2) along transtensional steps 
associated with shear bands (Fig. 8a). Observations 
of both strictly concordant (e.g. Fig. 6b) and slightly 
discordant (e.g. Figs. 6c & d) syn-tectonic veins may 
indicate that both of these mechanisms were operative. 
The low deviatoric stresses required by the model 
shown in Fig. 8(d) would be expected for high- 
temperature (-SOOYZ), lower crustal tectonic regimes 
(see Etheridge 1983, Carter & Tsenn 1987, Ranalli & 
Murphy 1987, Ord & Hobbs 1989) such as the Superior 
Province basement at ca. 2.9-2.7 Ga or the Narsajuaq 
arc at 1.86-l .83 Ga. It is noted that alternative, although 
not entirely independent, models have been discussed 
for sill and dyke emplacement at high angles to the 
regional maximum principal stress (or) direction, princi- 
pally to explain the development of horizontal layering 
during lithospheric extension (McCarthy & Thompson 
1988, Parsons et al. 1992). These models posit that 
differences in the deviatoric stress supported by layers of 
contrasting rheology, coupled with high magma press- 
ures, can effectively result in principal stress inter- 
changes in the weaker layers that enable extension 
fracturing to occur perpendicular to the regional ol 
direction. 

IMPLICATIONS 

If the granitic veins were emplaced in extension 
fractures parallel to host-rock layering, as suggested by 
our observations, this process has substantial import- 
ance for the development and mechanical behaviour of 
the middle and lower crust. We examine three principal 
implications. First, syn-tectonic intrusion of layer- 
parallel granitic veins can generate a regional compos- 
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itional layering without requiring high transpositional 
strains. A corollary of this is that if the middle/lower 
crust is undergoing heterogeneous or localized defor- 
mation (i.e. along a ductile thrust zone; see Davidson 
1984, Hanmer 1988), then the deformation zones them- 
selves may become loci for granitic intrusion, again as 
layer-parallel veins and sheets (Hanmer & McEachern 
1992). Careful documentation of outcrop-scale struc- 
tures within ‘gneiss’ belts is required to distinguish 
tectonite or ‘straight gneiss’ (e.g. Myers 1978, Davidson 
1984, Hanmer 1988, Kriiner et al. 1994) from layered or 
gneissic rocks that have not experienced the same inten- 
sity of deformation and thus may have a different tec- 
tonic significance. 

Second, syn-tectonic veining may focus deformation 
into transiently weak corridors (cf. Hollister & Craw- 
ford 1986) by partitioning of deformation into partially 
solidified granitic magmas. However, we have not ob- 
served any unequivocal evidence of magmatic flow 
structures (e.g. foliations, Paterson et al. 1989, Vernon 
& Paterson 1993) in the veins or plutons, due at least in 
part to overprinting solid-state deformation. 

Third, the metre- to kilometre-scale of the granitic 
veins and sheet-like intrusions may contribute to the 
overall seismic reflectivity of the middle and lower 
crust. Seismic imaging of the deep crust has often 
shown it to be highly reflective (Green et al. 1988, 1990, 
Clowes et al. 1992, Lucas et al. 1993). This characteristic 
reflectivity is generally ascribed to compositionally 
layered rock produced by (1) ductile strain and/or (2) 
the intrusion of melts, generally thought to be of 
mafic composition (Hurich et al. 1985, Goodwin & 
Thompson 1988, McCarthy &Thompson 1988, Green et 
al. 1988, 1990, Warner 1990a, Holbrook et al. 1991, 
Milkereit et al. 1991, Litak & Hauser 1992). Two critical 
implications of synthetic seismograms for this study are 
that the reflectivity is enhanced by layering at all scales 
(i.e. below the minimum wavelength determined by 
source frequency), and that the seismic response in- 
cludes many edge effects and both constructive and 
destructive interference from outcrop-scale layering 
and from anisotropy within layers (Christensen 
1989, Fountain et al. 1990, Levander & Holliger 1992, 
Szymanski & Christensen 1993, Holliger & Levander 
1994b). Furthermore, granitic veins/sheets can provide 
significant impedance contrast for reflections if the 
host rock has a sufficiently mafic composition (e.g. 
amphibolite to granulite-grade diorite, anorthosite, 
amphibolite; cf. Fountain et al. 1990, Warner 1990b, 
Milkereit et al. 1991). Alternatively, the veins/sheets 
could have a mafic composition and be emplaced in 
more felsic rocks to yield an equivalent impedance 
contrast (cf. McCarthy & Thompson 1988, Warner 
1990a, Holbrook et al. 1991, Litak & Hauser 1992). The 
mid-crustal sections of the ancient magmatic arcs that 
are exposed in the Ungava orogen provide firm evidence 
that syn-tectonic, layer-parallel vein/sheet emplacement 
is an important process for forming deep crustal compos- 
itional layering, which thus may contribute to deep 
crustal reflectivity. 

CONCLUSIONS 

(1) Regional compositional layering was developed 
during episodes of granitic magmatism, ductile trans- 
pressional deformation and high grade metamorphism 
in both the Archean Superior Province basement and 
the Paleoproterozoic Narsajuaq arc. 

(2) Syn-tectonic granite veins appear to have been 
intruded sub-parallel to existing layering (presumably at 
high angles to the regional shortening direction), thus 
contributing to the development of compositional layer- 
ing independently of transpositional deformation. 

(3) Compositional layering is enhanced by post- 
veining deformation, and syn-tectonic veining may focus 
deformation into transiently weak corridors (see Hollis- 
ter & Crawford 1986). 

(4) Compositional layering in orthogneiss complexes, 
generated and/or enhanced by emplacement of granitic 
(or mafic) veins and sheets at low angles to a pre-existing 
anisotropy, may contribute to the overall seismic reflec- 
tivity of the middle and lower crust. 
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