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Abstract 

Rocks regionally metamorphosed and deformed at middle- to lower-crustal levels in the contraction-dominated Mesoproter- 
ozoic Grenville orogen are exposed in southern Ontario, Canada. Investigation of the Robertson Lake shear zone (RLSZ) 
indicates that extension is a significant component in the late tectonic evolution of this deeply eroded orogen. The RLSZ is a 
discrete zone 0.5-1.0 km thick that can be traced for nearly 100 km, cross-cutting regional structures and lithologic units. The 
zone is composed of a thick mylonite zone and a narrow overlying brecciated zone. Mylonite foliation shallowly dips east- 
southeast and contains a down-dip lineation. Mylonites are characterized by microstructures indicative of crystal-plastic defor- 
mation and contain a variety of shear-sense indicators, including S-C and C-C'  composite fabrics, sigma porphyroclasts, mica 
fish and other shape fabrics oblique to shear planes, consistently indicating a normal (down-to-the-east) sense of shear. A zone 
of cataclastic structures overlies the mylonite zone, and brittle deformation overprints the mylonitic fabrics. Slickensides in the 
zone generally strike parallel to foliation in the mylonites but have steeper dips. Sense of slip indicators and brittle fault 
orientations also indicate down-to-the-east displacement during east-west extension. Juxtaposition of brittle and crystal-plastic 
structures is resolved with a model of displacement during exhumation whereby localization of cataclasis occurred along a 
previously active mylonite zone. Metamorphic facies are upper greenschist in the hanging wall and upper amphibolite in the 
footwall and metamorphic grade increases from west to east in both the hanging wall and footwall. The regional variations in 
metamorphic grade and the low-angle shear zone geometry are a result of isostatic flexural rotations that accompanied extension. 
Combined with the crystal-plastic to cataclastic nature of the RLSZ, new 4°Ar/39Ar isotope data from biotite constrain the timing 
of shear zone displacement until at least 901 + 1 Ma, late in the evolution of the Grenville orogen. 

1. Introduct ion 

Structures in the Grenville Province of North Amer- 
ica are generally considered to be a lower- to mid- 
crustal expression of  Mesoproterozoic thrust tectonics 
(Davidson, 1984; Hanmer, 1988; Rivers et al., 1989; 
McEachern and van Breemen, 1993). Recently, exten- 
sional deformation closely associated with the last 
phase of the Grenvil le orogenic cycle has also been 
recognized (Hanmer,  1988; van der Pluijm and Carl- 

son, 1989; Carlson et al., 1990; Mezger et al., 1991; 
Culshaw et al., 1994). This study demonstrates the 
importance of  late orogenic (post-metamorphic)  
extension in the Grenville orogen. To understand the 
tectonic evolution of  the Grenville orogen, and the 
assembly of deep-crustal terranes in general, data on 
terrane and domain boundaries must be obtained (e.g. 
van der Pluijm et al., 1994). In this paper the term 
domain is used to describe an assemblage of rocks with 
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Fig. 1. General subdivisions of the Grenville orogen, domains and major structures of the Metasedimentary Belt (modified from Ontario 
Geological Survey map 2578, 1992a, b). Abbreviations are: B = Bancroft domain; E =  Elzevir domain; M =  Mazinaw domain; SL= Sharbot 
Lake domain; F =  Frontenac domain; MBBZ= Metasedimentary Belt boundary zone; BSZ= Bancroft shear zone; MSZ= Moorton shear zone; 
RLSZ= Robertson Lake shear zone; SLSZ= Sharbot Lake shear zone. Light stipple is Paleozoic cover. Inset shows location of map area with: 
GB = Gneiss belt; GT= Granulite terrane; MB = Metasedimentary Belt (dense stipple). Box is the location of maps in Fig. 2. 

distinct lithologic, metamorphic, or geophysical char- 
acteristics, but does not necessarily imply a genetic 
distinction. The term terrane is used to describe an 
assemblage of rocks with a clearly different tectonic 
and metamorphic history than neighboring regions• It 
is important to establish whether domain boundaries 
offset regional metamorphic patterns, cross-cut plu- 
tonic complexes and large-scale regional structures, 
and are zones of displacement• This paper focuses on 
one boundary, the Robertson Lake shear zone (RLSZ), 
which separates two domains within the eastern Meta- 
sedimentary Belt (Fig. 1). The purpose of this paper 
is to report field and microstructural observations that 
document the RLSZ as a late orogenic normal-sense 
shear zone, which was active over the transition from 
crystal-plastic to cataclastic deformation during exhu- 
mation. New 4°Ar/39Ar data from biotite, regional 

metamorphic data, and structural observations place 
constraints on the temporal and geometric evolution of 
continental extensional tectonics in the Grenville 
orogen. 

The RLSZ was first recognized by Smith (1958). 
The mapping programs of the Ontario Geological Sur- 
vey have compiled several detailed maps that define 
the outcrop trace of parts of the RLSZ (Wolff, 1982, 
1985; Easton, 1988a; Pauk, 1989a, b). The zone has 
been defined as an east-southeast dipping crystal-plas- 
tic mylonite zone with locally intense cataclastic defor- 
mation (Jackson, 1980; Carter, 1981; Easton, 1988a, 
b). Several studies have reported normal slip-sense 
indicators along brittle faults within the RLSZ (Wolff, 
1985; Pauk, 1989a, b). Easton (1988c) recognized the 
regional extent of the RLSZ and the contrast in meta- 
morphic facies and lithologies on either side of the 
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zone. Cosca et al. ( 1991, 1992) found a discontinuity 
in hornblende 4°Ar/39Ar cooling ages ( ~ 7 0  m.y.) 
across the RLSZ and based on 4°Ar/39Ar cooling ages 

concluded that extension may have occurred along all 

major tectonic boundaries within the Metasedimentary 

Belt by ~ 900 Ma. Mezger et al. (1993) showed that 

the RLSZ is a major tectonic boundary and may be a 

suture separating the Sharbot Lake domain from the 

Mazinaw domain. However, detailed field relations and 

structural information such as mylonite shear-sense 

were not available at that time. 

2. Regional geology 

The RLSZ lies within the Metasedimentary Belt of 

the Grenville orogen (Fig. 1). The Metasedimentary 

Belt is composed of marble, clastic metasedimentary 

rocks, and a variety of plutonic and volcanic rocks. The 
Metasedimentary Belt has been divided into five lith- 
otectonic domains based on geophysical, lithologic and 

chronologic data (Easton, 1992). The RLSZ separates 

the Sharbot Lake and Mazinaw domains. The Mazinaw 

domain is dominated by deformed felsic and alkalic 

plutonic rocks, clastic metasedimentary rocks (quart- 

zofeldspathic schist, gneiss and mica schist), and meta- 

volcanic rocks (amphibole schist) metamorphosed at 

upper greenschist to upper amphibolite-facies condi- 

tions with metamorphic grade increasing from west to 

east (Fig. 2a) (Hutcheon and Moore, 1973; Sethura- 

man and Moore, 1973; Carmichael et al., 1978). The 

oldest rocks of the Mazinaw domain have crystalliza- 

tion ages between 1185 and 1270 Ma (Bell and Blen- 

I---I Pe,leozoic cover [ ]  clastJc metasedimentary rocks 

[ ]  me,rble [ ]  amphibolite/me~volce,nlc rocks 

] m e ,  tic plutonic rocks [ ]  feleic e,nd e,lkelic plutonic rocks 

Fig. 2. (a) Geologic map (modified from Ontario Geological Survey map 2544, 1992a, b) with isograds (dashed lines) and thermochronologic 
data. lsograds are: 1 = garnet + muscovite + chlorite = staurolite + biotite + quartz; 2 = kyanite = sillimanite; 3 = muscovite + plagioclase 
+ quartz = sillimanite + K-feldspar; 4 = garnet + hornblende + quartz = pyroxene + plagioclase, with higher grades toward the east and southeast 
(from Carmichael et al., 1978). Triangles are 4°Ar/39Ar biotite cooling ages from this study (from Fig. 8). Box shows area of Fig. 4a. 
Abbreviations are: LG = Levant gabbro; HG = Hinchinbrooke gneiss;AG = Addington granite; CT= Cross Lake tonalite; ABG = Abinger granite. 
(b) Regional gneissosity form-surface map of the study area showing the general east-northeast trend of major structures slightly oblique to the 
RLSZ and locations of field and micro-scale normal shear-sense indicators. Based on mapping by the authors and data from Wolf ( 1982, 1985 ) 
and Pauk ( 1989a, b). 
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kinsop, 1980; van Breemen and Davidson, 1988; 
Lumbers et al., 1990; Corfu and Easton, 1995). The 
overlying Flinton Group clastic metasedimentary 
rocks, marble and metavolcanic rocks, were originally 
deposited after 1150 Ma (Sager-Kinsman and Parrish, 
1993). Three metamorphic events probably associated 
with accretion of the Metasedimentary Belt to the 
Gneiss Belt ( ~ 1190 Ma), collisional reactivation of 
the Metasedimentary Belt boundary zone ( 1080-1060 
Ma) and a later event with associated synorogenic 
extension (995-1050 Ma) affected the rocks of the 
Mazinaw domain (Easton, 1992; Corfu and Easton, 
1995; McEachern and van Breemen, 1993; Mezger et 
al., 1991 ; Mezger et al., 1993). Regional structures of 
the Mazinaw domain are expressed as doubly plunging 
refolded isoclinal folds (Moore and Thompson, 1980; 
Ford, 1992). These structures are evident in east-north- 
east trending folds such as the Clyde Forks and Cross 
Lake antiforms and the Clare River synform defined 
by lensoid plutonic bodies and overlying metasedimen- 
tary sequences (Figs. 2b). In summary, the Mazinaw 
domain has experienced multiple Mesoproterozoic tec- 
tonic events resulting in regional east-northeast trend- 
ing folds, thrust faults, and greenschist to upper 
amphibolite-facies metamorphism. 

The Sharbot Lake domain is dominated by mafic and 
intermediate meta-igneous rock and marble (Fig. 2a). 
Marble is generally light blue and white, banded and 
coarse-grained in the central and eastern portions of the 
domain. Marbles are finer-grained, darker-colored and 
preserve bedding near the RLSZ. Metavolcanic rocks 
are veined (epidote, calcite) epidote-amphibolites with 
chlorite alteration and primary volcanic features near 
the RLSZ (Easton, 1992). To the east, away from the 
RLSZ, metavolcanic rocks are coarse crystalloblastic 
garnet-amphibole schists and gneisses. The most exten- 
sively exposed plutonic complex, the Lavant gabbro 
has a U/Pb zircon date of 1225 Ma (Corfu and Easton, 
1994) and is hydrothermally altered and deformed 
along its western margin adjacent to the RLSZ. Quan- 
titative thermobarometric data are lacking in the Shar- 
bot Lake domain but based on preservation of primary 
structures, metamorphic textures and assemblages, the 
metamorphic grade increases to the south and east 
(Carmichael et al., 1978; Easton, 1988b, 1992). An 
isolated U/Pb sphene date of 1152 Ma, interpreted as 
a metamorphic growth age, has been reported by Mez- 
ger et al. (1993). Crystallization ages inferred from U/ 

Pb dates are between 1210 and 1254 Ma, which 
suggests the Sharbot Lake domain did not experience 
the younger metamorphism of the Mazinaw domain 
(Wallach, 1974; Corfu and Easton, 1994). Regional 
structural patterns in the Sharbot Lake domain are gen- 
erally domal, reflecting the dominance of plutonic 
complexes. 

3. Robertson Lake shear zone 

3.1. F ie ld  observa t ions  

The RLSZ crops out as a sinuous zone that strikes 
north-northeast (Figs. 1 and 2). Mylonitic foliation 
strikes north-northeast, slightly oblique to the regional 
gneissosity (Figs. 2b and 3). Lineations on mylonite 
shear planes plunge ~ 30 ° to the southeast (Fig. 3b). 
The RLSZ is 0.5-1.0 km thick, with the cataclastic 
portion half the thickness of the mylonitic portion (Fig. 
4). Detailed traverses indicate that regional foliation 
and lineation geometries are subparallel to the shear 
zone within several kilometers of the zone (Fig. 4). 
East-northeast trending folds of the Mazinaw domain 
and margins of plutonic complexes adjacent to the zone 

a) N b) N 

9 - 6 

N d) N e) 
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Fig. 3. Equal area lower-hemisphere projections of: (a) poles to 
mylonitic foliation with great circle of the mean mylonite foliation 
orientation (N35E, 31SE); (b) mylonitic lineation; (c) poles to 
regional gneissosity; and (d) regional lineation. 
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mylonite \ (b)~ A protomylonite ~ ,~  ~brecciated rocks A' 
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Fig. 4. (a) Detailed geologic map and (b) cross-sections along line A-A' illustrating the subparallel regional foliation within several kilometers 
of the RLSZ and relative thickness of the mylonitic and cataclastie portions of the zone. Rock types are shaded as in Fig. 2a. 

are truncated by the RLSZ ( Fig. 2). Several thrust shear 
zones mapped in the Mazinaw domain are truncated by 
or merge with the RLSZ, although detailed field rela- 
tions are ambiguous due to lack of exposure (Fig. 1 ). 
Along with the contrast in lithology across the zone, 
this suggests that the RLSZ may be a site of previous 
thrusting or suturing between the Mazinaw and Sharbot 
Lake domains. However, field or microstructural evi- 
dence for an earlier thrusting history along the RLSZ 
has not been found. Rock types within the zone are as 
varied as the regional lithology, but felsic orthogneiss, 
amphibole schist and marble are the most common rock 
types. 

Granitic mylonites contain lensoidal and sigmoidal 
porphyroclasts of feldspar surrounded by elongate 

quartz grains and micaceous folia (Fig. 5a). Quartz 
grains are generally elongate parallel or oblique to the 
foliation. The sense of obliquity of elongate grains and 
micaceous folia is inclined to the west relative to the 
dominant, east-southeast dipping mylonitic foliation. 
This composite fabric is a mesoscopic S-C fabric defin- 
ing a normal (east side down) shear-sense (Berthe et 
al., 1979; Lister and Snoke, 1980). The finest-grained 
( ~ 10/zm) felsic ultramylonites lack a strong lineation 
but have a well developed foliation defined by fine 
compositional lamellae of flattened quartz rods and 
micaceous interlayers (Fig. 5b). 

Amphibole mylonites have lineations defined by 
alignment of elongate amphibole grains. Anastomosing 
lamellae composed of fine ( < 50/zm in length) amphi- 
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bole or quartz and plagioclase are commonly deflected 
around coarser-grained quartzofeldspathic pods that 
are aligned parallel or oblique to the foliation. Sigmoi- 
dal felsic pods in amphibolites are commonly displaced 
in a normal sense along shear bands (Fig. 5c). Toward 
the eastern and central portions of the shear zone 
amphibolites tend to be lighter green in color (reflect- 
ing chlorite alteration) and contain abundant veins and 
fractures compared to black, crystalloblastic amphibole 
schists away from the shear zone. 

Light-colored, coarse-grained marble with coarse 
graphite flakes becomes fine-grained and dark gray in 
the myl0nite zone reflecting grain size reduction and 
dissemination of graphite throughout the rock during 
mylonitization (Fig. 5d). Mylonitic foliation is defined 
by color and compositional bands of silicate-rich mar- 
ble. Lineations are defined by graphite streaks and elon- 
gate calcite grains in the shear plane. Marble mylonites 
typically contain large calcite and calc-silicate porphy- 
roclasts that deflect the mylonitic foliation. Porphyro- 
clasts commonly have a sigmoidal geometry and 
calc-silicate aggregates contain asymmetric tails that 
merge with the mylonitic foliation. Porphyroclast 
asymmetries observed in the field also yield a consistent 
normal shear-sense. 

3.2. Mylonite microstructural observations and 
shear-sense indicators 

Thin-sections cut parallel to lineation and perpen- 
dicular to foliation were prepared to characterize mylo- 
nites in terms of mode and mechanisms of deformation, 
and to determine shear-sense. Normal (top-down-to- 
the-east) shear-sense was determined from field and 
microscopic observations at several locations along the 
RLSZ (Fig. 2b). Mylonitic granites with S-C textures 
consistently yield a normal (east side down) sense of 
shear (Fig. 6a). Oblique mica and quartz ribbon ori- 
entations define S-surfaces within domains bounded by 
shear (C) planes. Shear planes are characterized by 
truncation of oblique fabric elements, quartz ribbons 
and fine-grained micaceous lamellae. Granitic mylo- 
nites contain evidence for crystal-plastic and brittle 
deformation mechanisms. Deformation microstructu- 
res of feldspar grains are dominated by fractures indi- 
cating a component of cataclastic flow. Undulatory 
extinction, mechanical twins and core-mantle struc- 
tures are present locally. Quartz ribbons with undulose 

extinction and subgrain development are ubiquitous. 
Recrystallized grains within polycrystalline quartz rib- 
bons generally have an oblique shape preferred orien- 
tation (Fig. 6b). This shape fabric is analogous to that 
described in quartzites by Law et al. (1984) and Burg 
(1986) and yields a shear-sense consistent with the S- 
C fabrics. Fine-grained granitic ultramylonite samples 
contain C-C' composite fabrics that indicate a normal 
shear-sense (Fig. 6c) (Platt and Vissers, 1980; Mala- 
vieille, 1987). 

Amphibole mylonites are characterized by very fine 
grain sizes ( < 50/xm) and an anastomosing to planar 
foliation. Amphiboles generally have sharp to slightly 
patchy extinction. Quartz grains commonly show 
undulose extinction and subgrain development. Sig- 
moidal shapes defined by deflected foliation planes 
near porphyroclasts indicate a normal shear-sense in 
amphibole mylonite samples. 

Microstructurally, calcite mylonites are character- 
ized by large calcite porphyroclasts and a matrix of 
smaller, equant, dynamically recrystallized grains. Por- 
phyroclasts are commonly twinned and have subgrains 
(C in Fig. 6d). Equant to slightly elongate matrix grains 
are mantled by fine secondary phases and have little 
subgrain development. Phlogopite grains in marble 
mylonites are commonly kinked and separated along 
cleavage planes. These micas are aligned parallel or 
slightly oblique to the mylonitic foliation. The obliquity 
of mica grains ( 'mica fish') is similar to that of asym- 
metric porphyroclasts and also yields a normal shear- 
sense (M in Fig. 6d). 

3.3. Brittle deformation 

In addition to the mylonitic microstructures attrib- 
uted to crystal-plasticity, evidence of brittle deforma- 
tion is present in a 0.2-0.5 km thick zone overlying 
mylonites (Fig. 4). Brittle deformation is most intense 
adjacent to mylonites and decreases in intensity into 
the hanging wall (Sharbot Lake domain). Using the 
terminology of Sibson (1977) the fault rocks range 
from crush breccia with meter-scale clasts to ultraca- 
taclasite. Veins containing calcite, epidote, quartz and 
pyrite are common. The most intensely brecciated 
rocks are completely altered to chlorite and fine white 
mica. Ultracataclastic seams occur in zones one mille- 
meter to a few centimeters wide. Less intensely brec- 
ciated rocks (crush breccia) contain well defined 
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i I 

Fig. 7. Equal-area, lower-hemisphere projections of slickensides 

(great circles ) and slickenlines (dots) associated with brittle defor- 
mation along the RLSZ. Dotted lines are Paleozoic faults. Solid 
triangles are o.~ directions and solid squares are o" 3 directions based 
on fault inversion analyses. Thick arrows on the map are azimuths 
of extension directions. 

slickensides, which are developed within thin gouge 
zones. Locally, epidote, quartz and calcite overgrowths 
on slickensides have a fibrous, stepped habit which 
allow the sense of slip of the last movement on the 
surface to be inferred (Petit, 1987). Slickenside and 
slickenline orientations were measured at several local- 

ities along the RLSZ (Fig. 7). Slickensides with down- 
dip slickenlines generally strike north-northeast and dip 
steeply east. Slip-sense indicators are dominantly 
normal. 

Paleostress orientations were estimated using the 
computer program of Sperner et al. (1993) based on 
the method of Angelier (1989). Given the fault ori- 
entations, the method minimizes differences between 
calculated and measured striation orientations by iter- 
atively changing principal stress directions and stress 
ratio, R [ = (0.2 - o3) / ( o"1 - 0 3)  ] .  The average angle 
between measured striation orientations and maximum 
shear stress calculated for the fault planes (F) and the 
number of faults with displacement sense contrary to 
that predicted (nev) are also reported (Table 1). Sta- 
tions with few fault slip-sense data ( < 10) were con- 
sidered less reliable. Southeast-northwest extension 
directions were obtained using data from two stations 
(RVL and CDN), which reflects brittle deformation 
along the RLSZ (Fig. 7, Table 1). The third data set 
(station BDH), located at the intersection of the RLSZ 
and a previously mapped fault that strikes east-west, 
indicates north-south extension. Faults in the region 
with an east-west orientation are associated with the 
Paleozoic (post-Middle Ordovician) Ottawa graben 
(Kumarapeli, 1985) (Fig. 1). These faults are gener- 
ally high-angle normal faults along which the northern 
block has moved down, which is consistent with 
paleostress analysis at this locality. 

3.4. Timing of displacement 

Plutonic bodies, large-scale regional folds and met- 
amorphic units are cross-cut by the RLSZ. The young- 

Table 1 
Principal stress orientations from inverse analyses 

Station RVL Station BDH Station CDN Station JOL a Station SRD" Station MTG a 

trend plunge trend plunge trend plunge trend plunge trend plunge trend plunge 

o.~ 209 79 284 55 127 82 
o.~ 48 l0 80 32 32 1 
o.~ 317 3 177 12 302 8 

121 2 160 60 315 16 
31 3 28 21 55 30 

242 86 290 20 200 55 

R 0.247 0.729 0.196 0.757 0.139 0.824 
F 8 15 12 0 2 4 
nev 2 0 0 0 0 I 

"Considered unreliable due to paucity of data. 
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est of these cross-cut units in the footwall contains 
metamorphic zircons that have crystallization ages 
between 995 and 1050 Ma (Corfu and Easton, 1995), 
requiring that the RLSZ was active after 995 Ma. Addi- 
tionally, the crystal-plastic to brittle nature of the zone 
indicates activity below temperatures associated with 
the brittle to plastic transition of quartzofeldspathic 
rocks (250-350°C; e.g., Sibson, 1983). Thus, a dis- 
placement history late in the evolution of the Grenville 
orogen is inferred from cross-cutting relations and 
structural observations. 

Hornblende 4°Ar/39Ar cooling ages of 934 + 3 and 
1007 ___ 3 Ma obtained by Cosca et al. ( 1991, 1992) on 
either side of the zone place the time of shearing at or 
after ~ 930 Ma. To further constrain the timing of 
movement along the RLSZ new 4°Ar/39Ar data were 
collected ( Table 2). A laser step-heating technique was 
used on biotite from amphibolite and mica schist. Rock 
samples were crushed, sieved and biotite grains were 
selected using a binocular microscope. Grains were 
cleaned in de-ionized water in an ultrasonic bath. Sam- 
ples ( 1-3 grains) were packaged and irradiated at the 
University of Michigan's Ford Phoenix reactor at loca- 
tion L67 for 90 MWh. Neutron flux gradients were 
monitored with the MMhb-1 standard using an age of 
520.4 Ma (Samson and Alexander, 1984). An argon- 
ion laser system was used for step-heating by defocus- 
ing the beam to uniformly heat the grain(s) and 
increasing the laser power. Each step consisted of heat- 
ing for 60 s followed by 2 min of gas purification using 
two 10 1/s SAES getters (ST101 alloy) and a liquid 
N 2 cold finger. Argon isotopic ratios (4°Ar-36Ar) were 
measured with a Mass Analyzer Products 215 mass 
spectrometer with a Nier source and Balzers electron 
multiplier. Source plus multiplier mass discrimination 
was determined after each step-heating run by meas- 
uring the 4°Ar/36Ar ratio of 3 X 10 -9 cm 3 (STP) of 
atmospheric argon. Extraction line blanks were meas- 
ured every five steps. Maximum line blanks measured 
during the runs were 3 × 10 -16 mol for 4°Ar, and 
2;< 10 - ~  to 5×  10 -18 mol for 39Ar, 38Ar, 37Ar, and 
36Ar. Plateau ages were calculated as the inverse vari- 
ance weighted mean of dates from steps in the plateau. 
Criteria used to define a plateau are that the plateau 
include 50% or more of the total 39Ar released in three 
or more consecutive steps and the ages of all steps 
overlap at 20-. A replicate of each sample was run to 

evaluate reproducibility and grain to grain variability 
between analyses. 

The biotite step-heating spectra obtained have 4°Ar 
loss characteristics for the first few steps (Fig. 8). How- 
ever, the spectra have consistent ages over most of the 
39Ar release, yielding plateaus ages of 901 +__ 1 and 
986 ___ 1 Ma on either side of the shear zone (Figs. 2a, 
8). Sample LVT130B has a plateau age identical to the 
total gas age. Therefore, this sample is inferred to have 
cooled through the biotite closure temperature at 901 
Ma. Sample RVL118B has a spectrum indicative of 
significant 4°Ar loss and disparate total gas and plateau 
ages. Although this loss may be due to an episodic 
thermal event, there is no information to support this 
interpretation. The spectra is interpreted to have under- 
gone diffusive loss of 4°Ar during slow cooling and the 
cooling age is inferred from the total gas age (969 Ma). 

The closure temperature (T~) for Ar in biotite 
( ~ 300°C) is lower than that of hornblende ( ~ 500°C) 
(Dodson, 1979; Harrison, 1981; Harrison et al., 1985; 
Grove and Harrison, 1993). If biotite cooling ages were 
similar on either side of the zone, activity must have 
ceased prior to the time at which the region passed 
through the biotite closure temperature. On the other 
hand, shear zone activity contemporaneous with or 
post-cooling (through To) would result in offset cool- 
ing ages, thereby signifying continued shear zone 
activity at least until the cooling age in the footwall 
rocks. The closure temperature of biotite may depend 
on composition, although the details of this dependence 
are ambiguous (Harrison et al., 1985; Grove and Har- 
rison, 1993). Biotites analyzed have similar composi- 
tions (41% versus 51% annite, Table 3) so the 
difference in closure temperature associated with this 
minor compositional difference cannot account for the 
68 m.y. difference in cooling age between the biotites. 
The difference in biotite cooling ages on either side of 
the shear zone is attributed to displacement across the 
zone that occurred until at least 901 Ma and possibly 
later. The temperature (300°C) of the footwall rocks 
at 901 Ma is consistent with the transition from crystal- 
plastic to brittle deformation that is inferred from field 
observations. 

4. Discussion 

Extensional deformation in the Grenville orogen has 
only recently been recognized (Hanmer, 1988; Carlson 
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Table 2 

Argon isotope data obta ined dur ing biotite s tep-heat ing runs 

51 

1 2 3 4 5 6 7 8 9 10 11 
Power 39Ar fraction 39ARK 4°Ar/39Ar 38Ar/39Ar 37Ar/a9Ar 36Ar/39Ar 4°Ar*/39ArK % 4°Ar Age error 

(mW) of total moles atmos. (Ma) (Ma) 1~ 

RVL118B Biotite 

100 0.008 8.86E-14 46.704 0.646154 0.985850 0.018907 31.2731 33.0 348 12 
200 0.086 9.75E-13 94.712 0.398463 0.255223 0.002006 93.0859 1.7 886 3 
240 0.106 1.21E-12 106.772 0.428569 0.252102 0.002290 106.504 0.3 984 3 
260 0.142 1.62E-12 107.403 0.216031 0.248529 0.000829 107.010 0.4 988 2 
265 0.063 7.15E-13 105.988 0.725161 0.243907 0.002310 105.788 0.2 979 5 
280 0.045 5.09E-13 107.021 0.431890 0.247099 0.001903 106.437 0.5 984 4 
320 0.077 8.79E-13 106.365 0.520602 0.248728 0.002250 105.989 0.4 981 4 
360 0.070 7.99E-13 107.400 0.581182 0.249597 0.002069 107.152 0.2 989 4 
400 0.092 1.05E-12 106.987 0.309926 0.250267 0.002235 106.680 0.3 985 2 
440 0.051 5.81E-13 106.188 0.421400 0.247790 0.002386 105.673 0.5 978 3 
480 0.051 5.77E-13 105.688 0.628307 0.245127 0.003004 105.119 0.5 974 5 
520 0.042 4.74E-13 106.044 0.736085 0.250204 0.002483 105.630 0.4 978 6 
560 0.040 4.50E-13 104.397 0.565552 0.241852 0.002736 104.057 0.3 967 5 
620 0.039 4.42E-13 105.648 0.436610 0.245551 0.002644 105.215 0.4 975 3 
700 0.038 4.32E-13 105.947 0.717389 0.254620 0.003160 105.706 0.2 979 5 
800 0.016 1.81E-13 106.254 0.721964 0.254987 0.004437 105.273 0.9 975 8 

1000 0.021 2.41E-13 105.047 0.737873 0.257478 0.003895 104.096 0.9 967 6 
2000 0.015 1.74E-13 104.651 0.594847 0.263292 0.004055 104.591 0.1 971 6 

J = 0.006812 +0 .000014 
total gas age = 969±2  
plateau age (240-400) = 986+1 mswd 1.0 

LVT130B Biotite 

20 0.000 3.84E-15 66.82 3.744659 0.125992 0.022705 33.9703 49.2 396 120 
40 0.001 1.15E-14 88.51 1.670375 0.136638 0.012636 60.9772 31.1 658 34 
60 0.013 1.44E-13 88.97 0.468630 0.009477 0.001498 85.0665 4.4 864 5 
80 0.015 1.74E-13 90.54 0.462493 0.006123 0.000844 88.9819 1.7 895 4 
100 0.015 1.76E-13 88.67 0.397788 0.004859 0.000682 87.1141 1.7 881 4 
120 0.037 4.20E-13 89.90 0.309144 0.004214 0.000330 89.0048 1.0 896 3 
130 0.019 2.15E-13 90.42 0.207922 0.005507 0.001135 88.4918 2.1 892 2 
140 0.044 5.06E-13 89.25 0.302410 0.002918 0.000626 88.6608 0.7 893 3 
150 0.014 1.61E-13 90.16 0.427686 0.003631 0.001214 89.2634 1.0 898 4 
160 0.024 2.70E-13 90.35 0.258232 0.003278 0.001000 89.5430 0.9 900 2 
170 0.050 5.65E-13 90.47 0.291821 0.002835 0.000395 89.7109 0.8 901 2 
180 0.044 4.98E-13 90.57 0.395576 0.003019 0.000418 89.6605 1.0 901 3 
200 0.047 5.38E-13 90.79 0.322024 0.003364 0.000424 89.3872 1.5 899 3 
260 0.046 5.21E-13 90.33 0.318925 0.003763 0.000686 89.1899 1.3 897 3 
300 0.089 1.01E-12 90.34 0.227065 0.003042 0.000257 89.7926 0.6 902 2 
340 0.036 4.14E-13 90.67 0.220164 0.003818 0.000788 89.6036 1.2 900 2 
380 0.086 9.76E-13 90.65 0.208806 0.003147 0.000236 90.1951 0.5 905 2 
440 0.068 7.78E-13 90.24 0.227255 0.002914 0.000416 89.8202 0.5 902 2 
500 0.167 1.90E-12 99.81 0.129099 0.003181 0.000283 90.5362 0.3 908 1 

2000 0.186 2.11E-12 90.38 0.114836 0.002315 0.000181 90.2102 0.2 905 1 
J = 0.007222 +0.000007 
total gas age = 901±1 
plateau age (150-440) = 901-t-1 mswd 1.1 

Columns:  1 =  laser power  ( b e a m  diameter  1.5 m m ) ;  2 = fraction 39Ar released; 3 = moles of  K-derived 39Ar in step. 4 - 7  = isotopic ratios 
corrected for  blank,  mass  discr iminat ion,  Ca-,  K-, and Cl-derived A r  isotopic interference, decay  of  37mr, and  36mr f rom decay  o f  36C1. 8 = ratio 

of  radiogenic  4°Ar to K-der ived 39Ar. 9 = %4°Ar a tmospher ic  o f  total 4°Ar in fraction. 10 = apparent  ages calculated using decay  constants  

r ecommended  by  Steiger and  J~iger (1977) .  11 = includes uncertainties in J ,  mass discrimination,  blank,  and  isotopic measurements .  
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et al., 1990; Culshaw et al., 1994). In the Metasedi- 
mentary Belt, the Bancroft shear zone has been docu- 

mented as a synorogenic extensional shear zone active 

from 1045 to 1030 Ma (Mezger  et al., 1991), which 

initiated during compressional tectonics and continued 

until at least 960 Ma (van der Pluijm et al., 1994). 

Based on the geochronologic data presented here exten- 
sion along the RLSZ was active until at least 901 Ma. 

Thus, the Metasedimentary Belt has at least a 130 m.y. 
history of extensional deformation, which occurred 

later in the southeast Metasedimentary Belt based on 
brittle structures unique to the RLSZ. 

The RLSZ is a low-angle ( ~ 30°), crystal-plastic to 
brittle extensional shear zone in the Metasedimentary 

Belt of  the Grenville orogen. Seismic reflectors that dip 

~ 13 ° have been interpreted to correlate with the RLSZ 

(White et al., 1994; Zelt et al., 1994). In these studies, 
the RLSZ is a major thrust fault that juxtaposes rela- 

tively high acoustic velocity rocks of the hanging wall 
with less dense rocks of  the footwall. However, the 

field data do not support a thrust shear-sense along the 

RLSZ. Rather, our results emphasize that the mode of  
unroofing and exhumation of  the Metasedimentary Belt 

was characterized by extensional faulting. The RLSZ 

may be a reactivated suture zone or thrust fault, but the 
present data conclusively support an extensional his- 

tory only. 

The RLSZ is composed of three components: pro- 

tomylonites, mylonites and breccias that were juxta- 

posed as the ambient temperature decreased during 

exhumation of this fault system (e.g. Grocott, 1977; 

Passchier, 1984). Based on the relative thickness of  the 

cataclastic versus crystal-plastic portions of the shear 
zone, shallow-level,  brittle deformation was more 

Table 3 
Representative biotite compositions determined by electron micro- 
probe analysis 

LVT130B RVL118B 
Wt% oxid 

SiO2 36.14 35.75 
TiO2 1.66 2.01 

AlzO3 19.00 16.15 
Cr203 0.03 0.00 

FeO 15.53 20.73 
MnO 0.24 0.16 
MgO 12.41 11.03 
BaO 0.17 0.42 
CaO 0.02 0.08 

NazO 0.29 0.09 
KzO 9.52 9.02 

F 0.60 0.16 
CI 0.00 0.34 

H~O 2.81 3.30 
O=F -0.25 -0.07 

O=CI 0.00 -0.08 
Total 98.16 99.10 

# of ions normalized to 14 cations 
Si 5.529 5.548 

Aliv 2.471 2.452 
Alvi 0.956 0.502 

Ti 0.191 0.235 
Cr 0.004 0.000 
Fe 1.988 2.690 

Mn 0.031 0.021 
Mg 2.830 2.552 
Ba 0.010 0.026 
Ca 0.003 0.014 
Na 0.085 0.027 

K 1.858 1.785 
A site 1.943 1.812 

O 20.000 20.000 
O (OH site) 0.841 0.412 

F 0.290 0.080 
CI 0.000 0.090 

OH 2.868 3.418 

Mg# 0.587 0.487 

a)  1 (300 

< 

9oo 

800 

' ' ' ' m  , _ _ 2 ,  , , , 

BIOTITE 
ti = 969  ± 2 

b) looo 

-@ 

LVT130B 
BIOTITE 
ti = 901 * 1 

r 9o1 1 - J  

B00 
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 o.e 0.8 

Fraction ~ A r  Released Fraction 39Ar Released 

1.0 

Fig. 8. Ar-release spectra with + 1o- errors from biotite samples located in (a) the hanging wall and (b) the footwall. Total gas ages are given 
as t~. Sample locations are shown in Fig. 2. The spectra indicate *°Ar loss in the first few steps. Displacement prior to cooling through the closure 
temperature would yield similar ages on either side of the zone. Therefore, these data indicate RLSZ activity at least until 901 Ma. Universal 
Transverse Mercator grid coordinates are 4971225N, 372600E for sample RVLI 18B, and 4990750N, 361920E for smaple LVTI30B. 
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localized than the deep-level, plastic deformation (Fig. 
4). Sibson (1977) presented a conceptual model for 
fault zones that predicted narrowing and increased 
localization of fault displacement over the transition 
from 'quasi-plastic' to 'elastico-frictional' deformation 
processes. Bak et al. (1975) described a well exposed 
example of a shear zone in Greenland with width 
decreasing and shear strain increasing toward shal- 
lower structural levels. The structural observations of 
the plastic to brittle RLSZ are in accord with these 
studies. 

The Mohr-Coulomb criterion and Andersonian fault 
models predict normal fault dips of ~ 60 ° (Anderson, 
1951). However, in many extensional terranes low- 
angle ( < 3 0  °) normal faults have been described, 
which do not follow the Andersonian fault model (e.g. 
McKenzie, 1978; Coney, 1980; Shackelford, 1980; 
Scott and Lister, 1992). Scott and Lister (1992) argued 
for a low-angle origin for normal faulting in a meta- 
morphic core complex in the Basin and Range prov- 
ince. A general mechanical model for low-angle normal 
faulting in isotropic crust has not been developed, but 
several hypotheses have been developed to explain ini- 
tiation of low-angle normal faults. The circumstances 
required in these models are varied: (a) synextensional 
magmatism alters the stress field thereby mechanically 
favoring low-angle geometries (Parsons and Thomp- 
son, 1993); (b) major crustal flexure alters the stress 
field ( Spencer and Chase, 1989); and (c) pre-existing 
interfaces or structural weakness guides otherwise 
mechanically unfavorable fault geometries (Davis and 
Coney, 1979; Brun and Choukroune, 1983). An alter- 
native explanation for low-angle normal faults is rota- 
tion of relatively high-angle (60 ° ) faults to low-angles 
(30 ° dip) during extension (e.g. Davis, 1983). 

Initiation of low-angle normal faulting along the 
RLSZ cannot be related to synextensional magmatism. 
At a few localities, pegmatitic pods occur within the 
RLSZ but these are not obviously synextensional. In 
addition, the igneous rocks deformed in the RLSZ are 
intensely deformed during crystal-plastic deformation 
of old ( > 1200 Ma) protoliths (e.g. van Breeman and 
Davidson, 1988; Corfu and Easton, 1994). The most 
recent magmatism is high-K20 magmatism that 
occurred between 1089 and 1076 Ma (Corriveau and 
Gorton, 1993). These rocks are not spatially correlative 
with the RLSZ and predate extension in the region 
(Mezger et al., 1991 ). Flexure of the crust in response 

to crustal loading during or following shortening can- 
not be evaluated using presently available data because 
the Grenville orogen is an ancient mountain belt. The 
model of Spencer and Chase (1989) may be testable 
and applicable to the Basin and Range province in the 
western U.S., but its application to the Grenville is 
ambiguous. A pre-existing interface, and contrasting 
lithologies, are present along the RLSZ. The Sharbot 
Lake domain is dominated by large mafic plutonic com- 
plexes while the Mazinaw domain is composed of 
metasedimentary, metavolcanic, and felsic gneisses 
(Fig. 2a). Other zones of weakness may be thrust faults 
mapped near the RLSZ. However, these are oblique to 
the zone and no field evidence exists for previous 
thrusting along the RLSZ. As discussed below, struc- 
tural weakness may have played a role in the develop- 
ment of the RLSZ based on the contrast in lithology 
(possible suture site) and ubiquitous brecciated rocks 
adjacent to mylonites. 

Assuming that the metamorphic isograds were hor- 
izontal before extension, the west to east increase in 
metamorphic grade in the hanging wall and footwall 
indicates that rotation accompanied displacement dur- 
ing the transition from plastic to brittle processes. Using 
the modes of extension outlined by Wernicke and 
Burchfiel (1982), block rotations are associated with 
planar or listric faults. Rotations associated with a pla- 
nar fault require rotation of the fault along with rotation 
of the blocks (domino block fault model; Davidson, 
1989). The domino block fault model is unlikely con- 
sidering the spacing of known extensional faults in the 
Metasedimentary Belt and thus the size of rotating 
blocks: the Bancroft shear zone is ~ 80 km west of the 
RLSZ (Fig. 1). Given that amphibolite-facies rocks 
occur in the footwall adjacent to the RLSZ, a minor 
rotation of say 10 ° would require lower greenschist to 
sub-greenschist rocks in the hanging wall adjacent to 
the Bancroft shear zone. Such low-grade metamorphic 
rocks are not observed. 

Mylonitic shear foliations dip 30 ° east-southeast 
while brittle fault surfaces dip 60 ° east-southeast, cut- 
ting mylonitic foliations. The discrete brittle faults 
occur along a cataclastic zone parallel to the mylonite 
zone. A listric fault may produce structures consistent 
with those observed. However, displacement will only 
produce rotation in the hanging wall and not account 
for the observed west to east increase in metamorphic 
grade in the footwall. Wernicke and Axen (1988) 
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describe the evolution of listric fault systems accom- 
panied by isostatic uplift of  the footwall, which may 
produce such a difference in metamorphic grade. They 
depict sequential slicing of the hanging wall to maintain 
the listric geometry as displacement occurs. However, 
different field relations are observed along the RLSZ. 
The cataclastic portion of the shear zone always occurs 
adjacent to and within the mylonite zone. This obser- 
vation suggests that brittle deformation was localized 
along the mylonite zone. If  sequential slicing of the 
hanging wall occurred, brittle faults should be observed 
cutting the hanging wall, but they are not. The listric 
model then requires that the observation that mylonites 
always occurring adjacent to breccias is coincidental 
(i.e. the erosional level is consistently at the intersec- 
tion of the brittle faults and mylonite zone). 

Based on the arguments above, a model describing 
the evolution of the RLSZ must involve distortion of 
the hanging wall and footwall and maintain the location 
of the shear zone through the transition from plastic to 
brittle processes. A geometric model consistent with 
these observations is outlined in Fig. 9. Initiation of the 
shear zone follows the Mohr-Coulomb criterion and 
Andersonian faulting (Fig. 9a).  Subsequent displace- 
ment unloads the footwall, and footwall uplift and flex- 
ural rotations occur (Buck, 1988), which reduce the 
dip of the shear zone. Continued displacement further 
shallows the shear zone and juxtaposes mylonites and 
breccia (Figs. 9b, 9c).  Brittle deformation is accom- 
modated along discrete high-angle faults within the 
breccia zone, which follows the structurally weak zone 
produced by mylonitization (Fig. 9c).  The geometric 
observations and metamorphic data thus require a 
model of shear localization along a previously weak- 
ened zone and rotation due to isostatic flexural rotations 
of the footwall and hanging wall. 

The observations and model given here may be 
applicable to regions which have likely undergone 
greater magnitudes or more widespread extension, such 
as the Basin and Range province of southwestern North 
America. Detachment faults that bound metamorphic 
core complexes are associated with tens of  kilometers 
of extension and typically have dips of  < 25 ° (e.g. 
Wernicke, 1981 ; Davis, 1987). These faults generally 
underlie hanging walls with domino and listric fault 
arrays and fault blocks. Perhaps a critical dip angle 
( ~ 25 °) is reached during rotation of extensional faults 
before new faults dissect the hanging wall (Jackson, 

. v . \  
......... z x ~ .  ................. 

. o , v .  . . . . . . .  

mvlonites \ ~  

E 

Fig. 9. Geometric model of extension associated with the RLSZ 
consistent with the observed differences in metamorphic grade and 
shear zone geometry. (a) Initial high-angle (60 °) shear zone wid- 
ening and possibly shallowing with depth. BPTis the transition from 
brittle to crystal-plastic dominated deformation processes. Dark stip- 
ple is active mylonite. Small ticks are discrete brittle faults. (b) 
Subsequent displacement initiates flexural rotations in the footwall 
and hanging wall and juxtaposes mylonite and breccia. Thin lines 
schematically represent isograds. Light stipple indicates area added 
to the section. (c) Cataclastic deformation is accommodated along 
discrete high-angle faults (small ticks) in the breccia zone that has 
rotated to a low angle (30°). The breccia zone is localized along the 
previously weakened mylonite zone. Subsequent erosion leads to 
west to east increase metamorphic grades in the hanging wall and 
footwall, and offset metamorphic grade across the zone. 

1987; Jackson et al., 1988). Thus, the RLSZ may rep- 
resent a deep-seated, early stage equivalent of normal 
faulting in regional extensional terranes such as the 
Basin and Range province. 
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