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The  unique  structural  architecture  of  Archaean  terranes  has  generated  competing  models  for  early  earth
tectonics.  Understanding  the structural  and  metamorphic  history  of  an  individual  terrane  allows  us to
compare  the deformation  path  to that predicted  by tectonic  models,  and  determine  the  best  model  for
matching  field  observations.  The  Finlayson  Lake  greenstone  belt  is  a Mesoarchaean  terrane  lying between
three different  gneiss  terranes  in  the  south-central  Wabigoon  subprovince  in  Canada.  The belt has  been
interpreted  as  either  a synformal  keel  sagducted  between  rising  gneiss  diapirs  or  as three  fault-bounded
allochtonous  sub-belts  of  different  ages.  We  present  a detailed  structural  field  study  to  define  the  defor-
mation  history  of the  Finlayson  Lake  greenstone  belt and  show  that  it  is not  consistent  with  either  previous
hypothesis.  The  Finlayson  Lake  greenstone  belt  is  a  single  volcanic  package  that  incorporates  detritus
from  exposed  felsic  terranes  similar  in age  and  composition  to  the adjacent  3.0  Ga  Marmion  tonalites.
The  geometry  of  the  greenstone  belt  is  defined  by  two outward-facing  palaeo  way-up  orientations  (anti-
clinal)  and  geothermobarometry  records  a clockwise  metamorphic  path  with  a  deep  prograde  event  at
820 ± 40 MPa  (27–30  km)  and 600  ±  45 ◦C,  followed  by  peak  metamorphism  at 635  ±  165  MPa  (21–23  km)
and  625  ±  25 ◦C. The  deformation  history  records  sinistral  transpression  during  peak  metamorphism  and
continued  flattening  during  retrogression  and  exhumation  from  ductile  to  brittle  regimes.  The  structural

and metamorphic  results  are  comparable  with  modern  subduction-accretion  style  settings.  The  intensity
of both  retrogressive  and brittle  deformation  fabrics  during  exhumation  decrease  from  east  to west  away
from the  eastern  boundary  shear  zone,  the  Marmion  Shear  Zone.  Stronger  deformation  along  the  eastern
margin  of  the  Finlayson  Lake  greenstone  belt,  adjacent  to the  Marmion  Shear  Zone,  suggest  reactivation
during  exhumation  and  is likely  related  to the  2.7  Ga  amalgamation  of  the  Superior  Province.
. Introduction

The fundamental architecture of Archaean continental frag-
ents worldwide is geometrically distinct from Proterozoic and

hanerozoic terranes, leading to various hypotheses for the pro-
esses of tectonics during this early part of Earth’s history. In
rchaean terranes, narrow belts of mafic volcanics, intrusives
nd sediments, usually metamorphosed at greenschist or low-
mphibolite facies, are pinched between equant or elliptical domes
f tonalite, trondhjemite, and granodiorite gneisses (TTGs), collec-
ively known as TTG-greenstone terranes (e.g. Anhaeusser et al.,
969; Marshak et al., 1992; Percival and Helmstaedt, 2004; Percival,

007a, and others). Archaean tectonics and crustal deformation
ave been addressed by various authors, generating a long-
tanding debate on when subduction-dominated tectonics took
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over from vertical diapiric tectonics (Fyson, 1978; Collins, 1989;
Schwerdtner, 1990; Lin et al., 1996; de Wit, 1998; Hamilton, 1998;
Chardon et al., 1998; Zegers and van Keken, 2001; Van Kranendonk
et al., 2004; van Hunen et al., 2008; Kusky et al., 2014). Geomet-
rically different interpretations of the inter-TTG greenstone belts
support the different tectonic models, either accretionary terranes
from collision-style tectonics (e.g. Sleep and Windley, 1982; Card,
1990; Calvert et al., 1995; Kusky and Vearncombe, 1997; Polat
et al., 1998; Percival et al., 2004) or as synformal keels sinking
or “sagducting” between rising TTG gneiss diapirs (Schwerdtner,
1984; Minnett and Anhaeusser, 1992; Robin and Bailey, 2009). The
kinematic signature and deformation history of exposed green-
stone belts and adjacent TTG domes should allow us to test these
tectonic settings for a given Archaean terrane, by interpreting belt-
scale architectures from detailed structural studies. The strongest

observational evidence for synformal greenstone belts as a result
of sagduction during diapiric tectonics comes from structural stud-
ies in the Australian Pilbara craton, which show strong flattening
fabrics parallel to the greenstone belt margins and steep stretching
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http://www.elsevier.com/locate/precamres
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ineations in the centre of the belt (eg Collins and Teyssier, 1990;
ollins et al., 1998). This architectural model has been adopted for
arts of the Superior Province in Canada without the same level of
etailed kinematics from greenstone belt field studies.

Thorough kinematic studies on Superior Province Archaean ter-
anes are rare (exceptions include Borradaile and Schwerdtner,
984; Lin et al., 1996; Polat and Kerrich, 1999; Lin, 2005; Parmenter
t al., 2006). Our contribution focusses on the Mesoarchaean Fin-
ayson Lake greenstone belt (hereafter referred to as the Finlayson
elt), which was deposited over a period of at least 70 million years
etween 2.93 Ga and 3.00 Ga (Davis and Jackson, 1988; Thomlinson
t al., 1999, 2003; Stone, 2010). The Finlayson belt is located in the
armion terrane of the south-central Wabigoon subprovince of

uperior Province (see Fig. 2 in Percival, 2007b, for regional con-
ext). Three TTG gneiss domes of similar ages border the Finlayson
elt: the 3.00 Ga Marmion gneiss; the 2.93 Ga Dashwa gneiss; and
he 2.94 Ga Hardtack gneiss (Fig. 1a) (see Stone, 2008). The litholo-
ies of the Finlayson belt are dominated by basaltic lava flows,
illow basalts and include finely laminated clastic and chemical
ediments, siltstones and graded sandstones with minor conglom-
rates (Stone, 2008, 2010). All depositional contacts are tilted to
ub-vertical and strike approximately northeast, parallel to the
astern boundary with the Marmion gneiss, defining the dominant
tructural fabric.

Two contrasting models have been suggested for the tectonic
evelopment of the Finlayson belt. Fold axes were inferred from
tratigraphic reversals and the Finlayson belt was  interpreted
s a sagducted synclinal keel (Stone and Kamineni, 1989; Stone
t al., 1992). Alternatively, Stone (2008, 2010) interpreted three
ault-bounded allochthonous sub-belts based on the two  different

easured ages and a third younger age inferred from petrographic
imilarities to the younger Steep Rock greenstone belt to the south.
ue to the lateral heterogeneity of units and lack of marker hori-
ons, lithologic mapping of the Finlayson belt has not resulted in
n equivocal structural model. However, a detailed structural and
inematic study of the greenstone belt allows us to test the validity
f either hypothesis and explore implications for the regional defor-
ation history of the south-central Wabigoon subprovince. We

isited lake-shore exposures throughout the belt and conducted
etailed structural mapping (Fig. 1). We  have produced a structural
ramework and metamorphic-deformational history that is wholly
ased on field data and observations. In this paper we  compare this
ramework to the predictions of the competing tectonic models,
nd place the local deformational history in regional context.

. Geological setting

The Superior Province in Canada preserves one of the largest
ssemblages of Meso- to Neoarchaean terranes. The individual
erranes that make up the Superior Province amalgamated pro-
ressively from north to south within the 2.72–2.68 Ga tectonism
nown as the Kenoran orogeny (Polat and Kerrich, 2001; Percival
t al., 2006; Percival, 2007a), at which time most workers agree that
ome form of accretionary tectonics was active. Northward dipping
abrics associated with the east-west trending terrane boundaries
ave been interpreted as northward directed subduction zones
ctive during the accretion period (Calvert et al., 1995; Whalen
t al., 2002; White et al., 2003; Musacchio et al., 2004). The Wabi-
oon subprovince is bounded to the south by the Quetico terrane
etasediments, which separate the TTG-greenstone terranes of the
abigoon and Wawa subprovinces (Percival, 1989, 2007a; Percival
nd Williams, 1989). The east-west trending southern margin of the
abigoon subprovince has been interpreted as a fault with dex-

ral transpression (Williams, 1990; Bauer et al., 1992; Peterson and
aleski, 1999), known as the Quetico fault (Fig. 1a).
esearch 249 (2014) 100–114 101

The Marmion TTG gneisses are bounded on three sides by green-
stone belts: the 2.9–3.0 Ga Finlayson belt, the 3.0 Ga Lumby Lake
and 2.7 Ga Steep Rock greenstone belts (Fig. 1a). The contact rela-
tionships between the greenstone belts and the tonalite gneisses
are discussed by Thomlinson et al. (2003) and Stone (2010). The
younger Steep Rock greenstone belt has a documented unconfor-
mity at its base, suggesting that it was deposited onto the exposed
Marmion TTGs (Wilks and Nisbet, 1988; Stone, 2010). Mapped
contact geometries suggest that the Lumby Lake belt is in fault con-
tact with the Marmion gneiss and several major faults parallel to
the boundary have been documented within the belt (Thomlinson
et al., 1999). The contact between the Finlayson and the Marmion
gneiss is named the Marmion Shear Zone (Fig. 1a), which links to
the north with the Red Paint Lake Shear Zone (Davis and Jackson,
1988; Stone, 2008) and is cut to the south by the Quetico fault
(Bauer et al., 1992; Stone, 2008). The Marmion Shear Zone has
been intruded by Diversion Stock granitoids and the shear zone
core is not exposed (Fig. 1b). The western boundary is similarly
poorly exposed and separates the Finlayson belt from the Dashwa
gneisses in the south and the Hardtack gneisses to the north-
west. The dome-shaped Dashwa gneisses have a younger 2.68 Ga
intrusive pluton core (the Eye-Dashwa pluton), which along with
steep lineations that indicate vertical kinematics of a rising gneiss
dome relative to the surrounding greenstone belts (Borowski, 2013)
have been suggested to show the strongest evidence for solid state
gneiss diapirism in the region (see also Schwerdtner et al., 1979;
Schwerdtner, 1982).

The interpretation of a synformal keel Finlayson belt was
derived from a coarse-grid gravity study (Gibb et al., 1988) and
inferred synclinal fold axes (Stone and Kamineni, 1989) to explain
local pillow way-up reversals. A later interpretation by Stone (2008)
subdivided the Finlayson belt into three parallel western-, central-
(or Witch Bay) and eastern sub-belts, based on two  maximum age
dates of a 2.931 Ga felsic tuff and a 3.003 Ga quartz-feldspar vol-
canic porphyry from the greenstone belt’s western and eastern
zones, respectively. A youngest zircon detrital age from a con-
glomerate puts the upper limit on sedimentation in the eastern
sedimentary unit at 2.997 Ga (Stone, 2010), which falls within
the published age range that spans at least 70 million years. The
third belt that separates the eastern and western subdivisions is
different, with a lighter shade of green in outcrop, although the
lithological assemblages (pillow to massive basalt flows and diverse
sediments) are similar. The difference was related to contrasting
metamorphic grades with amphibolite facies on the margins and
greenschist facies in the centre (see Stone, 2010). We  test this
explanation below, as well as the hypothesis that the petrographic
contrasts could represent primary compositional differences across
the greenstone belt with associated variations in the extent of low-
grade metamorphic overprinting.

3. Field and petrographic observations

The Finlayson belt has undergone multiple deformation events
causing the development of tectonic structures including folds,
faults and grain-scale mineral fabrics. Below we  describe each of
these and their spatial variations before developing the structural
history of the belt. Due to recent lowering of the water level at Fin-
layson Lake, fresh exposures are found predominantly along the
lake-shore outcrops. Our contribution adds detailed, small-scale
structural mapping to the regional mapping by Stone (2008). By
distinguishing deformational fabrics of different kinematics, meta-

morphic grade and relative timing, we are able to investigate the
structural evolution in more detail.

In order to test the hypotheses for the geometry of the green-
stone belt, we  made detailed structural transects across and
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Fig. 1. Maps of the Finlayson Lake greenstone belt adapted from Stone (2008). Location in Ontario shown by white star on the top right map  of Canada. (a) Simplified regional
map  of the Lumby Lake, Finlayson Lake and Steep Rock greenstone belts (GSB) and associated gneiss domes, also showing the Quetico Fault, Marmion Shear Zone (MSZ) and
Red  Paint Lake Shear Zone. (b) Enlarged map  of the Finlayson belt showing: Pillow basalt way-up orientations; low- and high Fe chlorite groups (circles) for selected samples
(numbers); hornblende or actinolite amphibole occurrence (diamonds), locations with no diamond symbol have no amphibole preserved; mapped locations of altered fault
z agnet
o .

a
a
m
m
a
d

one  (triangles); and extent of fault beneath Finlayson Lake as extrapolated from m
f  sub-vertical foliation and dyke data for that area. White areas (b and c) are lakes

long strike, focussing on changes in facing direction, faults, folds,
nd foliations which preserve kinematic information. Field and

icrostructural studies have revealed evidence for at least 4 defor-
ation episodes affecting the Finlayson belt. The structural fabrics

nd mineral assemblages formed during each deformation are
escribed below.
ic data and field exposures. (c) Dashed area outlined in map (b) showing the strike

3.1. Belt-scale fabric and dykes
Overall the Finlayson belt has a well-defined structural fab-
ric that is easily observed in exposures and aerial photography.
The predominant structural fabric and lithological contacts are
sub-vertical and strike parallel to the eastern boundary at
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pproximately 040–060◦ (Fig. 2a–c). In the west the mean strike
s ENE and becomes more clustered with a NE strike in the east-
rn portion of the belt (Fig. 2a–c), consistent with previous work
Stone, 2008). Dykes are common throughout the Finlayson belt
nd consist of mostly mafic with few felsic dykes. Felsic dykes are
ore common in the eastern portion of the belt (see Section 3.6).

redominantly, dykes intrude parallel to the structural fabric
Figs. 1c and 2a). Dykes that are at an angle to the structural fabric
re folded. The dyke patterns suggest that magmatism was ongoing
efore, during and after deformation events of the Finlayson belt.

.2. Micro-scale inclusion fabric

The oldest fabric has only been observed as mineral inclusions
ithin younger hornblende crystals. Microscopic observations of

 coarse gabbroic unit (sample MS008) show the sub-mm scale
nclusion fabric set within aligned hornblende (Fig. 2f). The inclu-
ion assemblage consists of plagioclase, quartz and ilmenite that are
ligned and parallel across the thin section (Fig. 2f). We  interpret
he alignment on the inclusion mineral assemblage to represents

 prograde metamorphic foliation (S1), that is no longer preserved
n the macro scale. The angle between and lineated hornblende
s ∼30◦ with variations of >20◦ related to the variation of the lin-
ation fabric. The kinematic signature of S1 is not evident in the
ollected samples. Although the inclusion fabric has been almost
ntirely overprinted, this inclusion assemblage allowed us to calcu-
ate the prograde metamorphic pressure–temperature conditions
see Section 5).

.3. Greenstone belt way-up facing orientations

A first-order question for greenstone belt structure is identify-
ng the symmetry across the belt. The sagduction model predicts
n overall synclinal symmetry with both outermost limbs facing
nward, as was originally proposed for the Finlayson belt by Stone
nd Kamineni (1989). To test the overall structure of the Finlayson
elt we mapped the facing direction for several detailed transects
cross the belt in as much detail as possible and patterns were
etected on multiple scales. Palaeo way-up facing orientations can
e interpreted from pillow basalts by identifying the lobate tops
nd downward pointing tails. Due to the high degree of flattening
xperienced in the Finlayson belt, many pillow basalt exposures
re ambiguous with regards to way-up facing direction. Therefore,
e only include unambiguous pillow facing orientations from this

tudy and those mapped by Stone et al. (1992) in Fig. 1b.

.3.1. Belt-scale pillow reversal
Variations in pillow facing orientations are observed in the

inlayson belt and have previously been reported on geological
aps (Stone and Kamineni, 1989). Our detailed transects show

wo domains of pillow basalt facing orientations. In the western
ortion of the Finlayson belt, pillows face predominantly north-
est, whereas in the central portion of the belt they are southeast

acing, such that the two domains face outwards (Fig. 1b). Pillow
asalts are only locally preserved in the eastern Finlayson belt (see
ections 3.4 and 3.6). The two domains of pillow facing orientations
re separated by a 3–7 m wide linear zone of intense foliation and
lteration (see triangles in Fig. 1b). The alteration assemblage is
redominantly ankerite and pyrite and the pre-existing rock struc-
ure has been overprinted by an intense foliation. The edges of the

ost intense alteration can be very sharp (<1 m),  but typically grade
o unaltered rock over a distance of 1–5 m.  Although no kinematic

ndicators were observed around this feature, the linear geometry
nd concentrated alteration suggests a belt-scale fault separates the
wo domains of way-up orientations (Fig. 1b). This newly identified
ault, here named the Finlayson Fault, may  have taken advantage
esearch 249 (2014) 100–114 103

of a pre-existing weakness such as a larger-scale anticline axis,
which would be consistent with the belt-scale pillow reversals. The
observed fault locations coincide with linear magnetic high features
(Ontario Geological Survey, 2009) and in Fig. 1b the fault has been
traced along the magnetic anomaly that coincides with the obser-
vations. The pillow facing orientations are outward, opposite to the
facing directions predicted by synclinal symmetry.

3.3.2. Structures leading to local pillow basalt reversals
Sub-vertical lithological units within each way-up facing

domain defined above are mostly conformable on traverses perpen-
dicular to the structural fabric. The strike and dip of the lithological
contacts are parallel to the strongest foliation. A planar alignment
(S2) of predominantly plagioclase and weakly aligned hornblende
is parallel to the lithological contacts. The weak amphibole lin-
eation (L2) is observed in coarser gabbroic units (Fig. 2f) and seen in
thin section for finer grained lithologies. Amphiboles in rare meta-
gabbros show a mean plunge of 45◦ to 70◦ within the S2 foliation.
Co-planarity and definition of these fabrics by alignment of the
hornblende motivate us to interpret the weak amphibole lineation
as co-genetic with S2 foliation (S2 − L2 fabric).

We  were not able to identify any repetition of sedimentary or
volcanic packages which might support a hypothesis of 100 m-scale
folding across the belt. Folds are observed throughout the belt, but
these are typically localised and small scale with a wavelength of a
few centimetres to 1 m (e.g. Fig. 2h–i). The long limbs of the folds
are parallel to the S2 structural fabric (Fig. 2h–i) and fold axes across
the belt are consistently steeply plunging sub-parallel to L2 (Fig. 3b).
Although pillow basalt way-up orientations are mostly consistent
in the two domains either side of the Finlayson Fault (Section 3.3.1),
reversals have been documented by Stone and Kamineni (1989) and
we observed local zones of palaeo way-up reversals. The outcrop
in the Masuba Bay area of Finlayson Lake exposes one fold hinge
of a larger (20 m wavelength) isoclinal F2 fold (Fig. 3a). The fold
asymmetry records sinistral kinematics and within the short limb
of the fold, pillow way-up orientations are reversed. A parasitic
1 m wavelength fold shows the same sinistral sense of rotation and
folding of preserved pillow basalts around the axial trace (Fig. 2h).

The intensity of the S2 structural fabric is generally consistent
across the Finlayson belt. A few discreet small shear zones are
observed parallel to the S2 foliation. One example is a sinistral 50 cm
wide shear zones striking sub-parallel to the local S2 foliation in the
central portion of the Finlayson belt (Fig. 2j). Fig. 2j shows sheared
pillow margins preserving sinistral kinematics. The shear structure
preserves the same sinistral kinematics and amphibole mineralogy
as the S2 foliation and we interpret the two structures to be syn-
kinematic. In the eastern portion of the Finlayson belt S2 structures
are only observed in the hinge zones of F2 folds, where the inter-
section angle of the fold limbs and later overprinting retrograde
foliation (see Section 3.4) is increased (Fig. 2i).

3.4. Schistosity

The dominant structural fabric observed throughout the Fin-
layson belt is a sub-vertical chlorite foliation (S3), which is
penetrative from belt to thin section scale. The chlorite-foliation
developed sub-parallel to the S2 foliation and is defined by retro-
gressive chlorite replacing amphibole (Fig. 2d). The cross-cutting
relationship is locally revealed by overprinting at a moderate angle
across the asymmetric F2 fold hinges (Fig. 2i). No mineral lineation
is associated with S3, but intersection lineations of the sub-parallel
S2 and S3 fabrics are commonly observed in outcrops and easily

mistaken for mineral lineations. The intensity of the foliation is
directly proportional to the amount of chlorite growth, which is cor-
related with the extent of amphibole to chlorite retrogression and
is strongest at the eastern boundary (Fig. 2a–e). The most intensely
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Fig. 2. Field pictures from the Finlayson belt. (a) Pillow basalts in the western Finlayson area showing well-preserved pillow margins. Structural fabrics shows a mean strike
and  dip of 252/86 N with a 95% confidence of 17◦ (stereonet). (b) Pillow basalts in the central portion of the Finlayson belt show partially retrogressed pillow margins. Foliation
has  an average strike and dip of 238/84 N with a 95% confidence of 6◦ (stereonet). (c) Basalts are retrogressed to strongly foliated chlorite schists in the eastern Finlayson and
this  photo shows a mafic dyke intruding parallel to the dominant structural fabric. Foliation is tightly clustered around 228/85 N with a 95% confidence of 3◦ (stereonet). (d)
Backscatter image of a basalt in the western Finlayson area showing partial retrogression of amphibole to chlorite. (e) Plane polarised transmitted light thin section image
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Fig. 3. (a) Field map  of pillow reversal zones in short limbs of sinistral F2 folds from
Masuba Bay area (See Fig. 1). Dashed lines show the trace of the fold hinge and dotted
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Fig. 4. Plot of chlorite compositions measured by microprobe for 18 samples and
165 chlorite analyses. Locations of samples are shown in Figure 1b. Samples MS079
and MS085 are part of the eastern Finlayson farther north at Red Paint Lake (Fig. 1a).
Samples are grouped spatially into eastern-western Finlayson (dark circles) and cen-
tral Finlayson (light circles) as determined from field descriptions of dark or light
green basaltic units. Chlorite compositions from western and eastern Finlayson sam-

remnant actinolite is preserved in the eastern portion of the Fin-

o
i
b
f

ine traces out the isoclinal fold. Location of parasitic fold (Fig. 2h) is indicated in
ower right corner. (b) F2 fold axes from across the Finlayson belt showing steep to
ub-vertical plunges.

oliated units are chlorite schists, where the phyllosilicates form
ervasive parallel foliation surfaces and completely overprint the
2 − L2 structures (Fig. 2c and e). These chlorite schists are found
ithin 1–2 km of the eastern margin of the Finlayson belt striking

ub-parallel to the eastern boundary at 230◦ with a sub-vertical dip
Fig. 2c). To the west the foliation is weaker, displaying stronger
hlorite foliation in fine grained rocks such as pillow margins and
eaker overprint in coarse grained rocks. In areas of the weakest

oliation, chlorite retrogression only partially replaces amphiboles
s shown in Fig. 2d. Parallel phyllosilicates and flattened clast sym-
etry of quartz grains are consistent with pure shear strain within

he quartz ductile regime during retrogression.

.5. Mineralogy

Stone (2010) mapped different structural units in the Finlayson
elt based on darker green metabasalts in the western and east-
rn portions and lighter green metabasalts in the central portion
Fig. 1b). Stone (2010) attributed these to different metamorphic

rades of dark hornblende (amphibolite grade) versus light actino-
ite (greenschist grade) and used this distinction to correlate parts
f the Finlayson to other nearby greenstone belts. Here we  relate
he paragenesis to the observed structural fabrics described above

f chlorite schist. (f) Two examples from single thin section of coarse gained metagabbr
nclusions (S1) within hornblende. (g) Acicular amphibole growth of L2 hornblende in sa
asalts.  (i) Cryptic F2 fold in the central Finlayson visible in hinge zones. (j) Sheared pill
oliation sheared into parallelism with high strain zone (dotted lines) show sinistral kine
ples show a complete overlap in composition (dark circles). The spatial groupings
show a clear separation into higher- (dark circles) and lower- (light circles) iron
compositions.

and combine these observations with electron microprobe mineral
analyses in samples from across the belt in order to test the origin
of the colour differences.

Sample MS008 (Fig. 2f) from the western portion of Finlayson
belt (Fig. 1b) was selected to represent the best preserved higher
grade metamorphic assemblages with only weak retrogression
seen as acicular amphiboles (Fig. 2g). This sample revealed a min-
eral assemblage preserved as inclusions (Section 3.2; Fig. 2f). The
inclusion mineral assemblage consists of hornblende, plagioclase,
quartz and ilmenite ± epidote. This inclusion assemblage forms
with a preferred orientation (S1) and records a prograde foliation
preserved within the S2 − L2 fabric.

The peak metamorphic paragenesis is variable in units
depending on their bulk composition. The assemblages con-
sist of amphibole + plagioclase + ilmenite, amphibole + plagioclase
+ ilmenite + quartz and amphibole + plagioclase + epidote + ilmenite
± quartz. The least retrogressed units that best preserve the
S2 − L2 fabric are typically gabbroic with weakly lineated
amphiboles (L2). Sample MS008 preserves a peak paragene-
sis of amphibole + plagioclase + ilmenite, which was used for
pressure–temperature and pseudosection calculations (see
Section 5).

The retrogressive overprinting assemblage, which increases in
abundance from west to east includes chlorite, actinolite, albite,
quartz, titanite and epidote. The intensity of retrogression varies
considerably from weakly altered units with preserved hornblende
to intermediate retrogression including partial replacement of
hornblende by actinolite and finally to chlorite schists with no
preserved amphiboles. The majority of chlorite retrogression is
accompanied with the development of the foliation. Poikilitic and
euhedral titanite is common around relict ilmenite grains through-
out the Finlayson belt and overgrows both the L2 fabric of the
amphiboles and S3 chlorite foliation.

We compared the amphibole compositions across the belt in
order to test the contrasting metamorphic grades that Stone (2010)
proposed. Actinolite is found in the central Finlayson belt and rare
layson belt (Fig. 1b). Hornblende is only preserved in the western
portion of the belt (Fig. 1b). Therefore, the distribution of actinolite
versus hornblende as suggested by Stone (2010) does not explain

o (sample MS008) with coarse lineated hornblende (grey shaded L2) with aligned
mple MS008. (h) Sinistral F2 fold in the Masuba Bay area, showing folded pillow

ow basalts in a sinistral shear zone. Deformed pillow margins (solid lines) and S2

matics. (k) Coarse grained pillow basalts.
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he occurrence of a colour difference by metamorphic grade within
he Finlayson belt. We  analysed chlorite (n = 164) and found that
hlorite compositions from the lighter and darker metabasalts, as
apped by Stone (2010), correspond to a clear division of lower-

ron and higher-iron compositions (Fig. 4). The chlorite in the darker
reen volcanics corresponds to the high-iron group and have a
trong pleochroism and deeper green colour. The data shows that
he lighter green colour of the basalts in the central Finlayson vol-
anics (previously named the Witch Bay sub-belt, see Stone (2010))
s coincident with a paler green chlorite with lower iron content
Fig. 1b).

The origin of this chemical difference in the chlorite may  reflect
ifferent parental sources with primary differences in magnesium-

ron ratios. Our limited whole rock geochemistry dataset suggest
hat the lighter basalts have higher magnesium-iron ratios (n = 2)
han the darker basalts (n = 5), consistent with the differences
bserved in the chlorites. However, the current whole-rock geo-
hemistry dataset is not extensive enough to exclude any other
rigins for the colour differences, such as preferential seques-
ering of Fe by other phases, such as pyrite, and the extent of
etrogression.

.6. Coarse-grained pillow basalts

Most earlier structures have been overprinted in the eastern
ortion of the Finlayson belt (see Section 3.4). The only preserved

ithological structures are pillow basalts that have an unusual
oarse grained texture (Fig. 2k) with the primary S2 fabric pre-
erved. Coarse grained pillow basalts are found as discrete zones
ocated immediately adjacent to competent felsic intrusive dykes

ithin the region of intensely foliated chlorite schists. The typically
ominant foliation in this region is very weak to absent in the pre-
erved pillow basalts. These pillows have similar aspect ratios to the
hose in the western portion of the Finlayson belt and were likely
lso deformed under the same conditions (see Section 3.3.2). How-
ver, a coarse grained metamorphic mineral texture is unique to
he eastern pillow basalts (Fig. 2k). The mineralogy consists mainly
f coarse euhedral amphiboles with no preferred orientation. The
argins of the amphiboles are retrogressed to chlorite, but no pen-

trative foliation is developed. The proximity to intrusive dykes
uggest that the coarse grained texture may  be resultant from con-
act metamorphism during intrusion of the felsic dykes. This coarse
exture is not found beyond 10–15 m from the intrusive dykes.

.7. Veins

Veins in the Finlayson belt of multiple generations include
onomineralic and polymineralic combinations of quartz, calcite

nd/or ankerite ± pyrite, chalcopyrite and accessory monazite. The
eins are emplaced predominantly vertically along pre-existing
tructures and have mutually crosscutting relations between the
ifferent populations of veins. Quartz veins are the most common
nd are boudinaged and folded (Fig. 5). Boudinaged quartz veins
how pure shear kinematics with stretching in both dip- and strike-
arallel axes, parallel to foliation. Deformed quartz veins within
he zones of coarse grained pillow basalts (see Section 3.6), are
mplaced crosscutting the S2 fabric. The quartz veins are folded
nd boudinaged axial planar to the S3 foliation (Fig. 5). The felsic
ykes that are spatially associated with the coarse pillow basalts
how the same generation of folded veins within them (Fig. 5b).
hese veins are recording a shortening that postdates the S2 fabric.
he amount of shortening measured in three quartz veins that post-

ate S2 and show only S3 shortening increases from west to east.
hortening was calculated by measuring the original length (l0) of
he vein and the final folded length (l1) (see Fig. 5b for example).
he ratio of final to original quartz vein lengths are 15:41 (63%) at
esearch 249 (2014) 100–114

the eastern boundary, 31:67 (54%) at approximately 1 km west of
the boundary and 268:541 (50%) for veins 2 km west of the eastern
boundary. The trend of increasing shortening towards the east is
consistent with the intensity of the chlorite retrogression.

Non-planar and discontinuous ankerite veins are concentrated
in zones of intense foliation and can range in thickness from sub-
cm to massive 1–3 m wide zones of intense veining and alteration.
These veins pinch and swell and are associated with massive sulp-
hides that are scattered throughout the Finlayson belt. Massive
ankerite zones entrain abundant foliated volcanic wall rock, sug-
gesting that the fluids used the foliation as a conduit, as seen at
the Finlayson Fault. Abundant euhedral coarse pyrite grains grow
on the mafic volcanic rafts within the ankerite veins. Calcite veins
are the most rarely observed vein-type. Most commonly, the cal-
cite veins form as late sub-horizontal veins in the chlorite schists of
the eastern margins of the Finlayson belt. The late calcite veins cut
the foliation surfaces as well as pre-existing quartz and/or ankerite
veins (Fig. 6a). Foliation-parallel calcite veins are also observed, but
most commonly in association with quartz as a co-mineralising
phase.

3.8. Faults and fractures

The youngest structures in the Finlayson belt are faults and frac-
tures, which show brittle deformation of quartz. These faults are
most abundant in the eastern portion of the Finlayson belt. Most
faults only accommodate small-scale offset ranging between 5 cm
and 5 m.  Slip is localised on earlier planar structures (S2 and S3)
and displacement is measured from offset dykes and veins. Slick-
ensides are observed on exposed foliation surfaces of the chlorite
schists of the eastern Finlayson belt (Fig. 6a). Slicks are typically sub
vertical and in one outcrop can range in rake between 90◦ and 70◦

(Fig. 6a). Fig. 6a shows the relationship of veins, including quartz-
ankerite and ankerite veins parallel to the chlorite foliation and
sub-horizontal calcite veins cutting the foliation and other vein sets.
The calcite veins post-date the S3 chlorite foliation development
(see Section 3.7). These calcite veins are displaced along S3 folia-
tion surfaces that accommodated slip (Fig. 6b), showing that the S3
foliation surfaces were reactivated as (small-scale) slip surfaces.

The predominant sense of strike slip recorded along faults is
sinistral with only few dextral faults (Fig. 6c). The amount of ver-
tical slip on these faults is not constrained, but if these faults are
coeval to the sub vertical slickensides seen on chlorite foliation, we
can assume vertical slip is larger than strike-parallel slip. The conju-
gate orientations of dextral versus sinistral faults are symmetrical
around the pole to the chlorite foliation (Fig. 6c). Domains of sinis-
tral faults strike between 350◦ and 050◦, whereas dextral faults
strike between 230◦ and 320◦, separated across the orientation of
S3 foliation (Fig. 6c).

3.9. Boundaries of the Finlayson belt

Greenstone belt boundaries are key to unravelling the kine-
matic history of greenstone-TTG contacts and the tectonic setting
that juxtaposed supracrustal with crustal terranes. The ambiguity
of the contacts as either large shear zones, slightly faulted non-
conformities or both is often difficult to establish in any Archaean
greenstone-TTG terrane. Here we  present the observed constraints
focussed on the eastern boundary of the Finlayson belt. The west-
ern boundary to the Dashwa (Fig. 1a) was investigated as part of
an unpublished study (Borowski, 2013) and we present evidence

for boundary kinematics from his field work and other published
studies for completion. The northwestern contact to the Hardtack
TTGs was  observed at one small exposure in the Red Paint Lake
area (Fig. 1a).
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.9.1. The eastern boundary
The eastern boundary of the Finlayson belt has been interpreted

s the Marmion Shear Zone or Marmion Fault, which marks the
outhwestern extension of the Red Paint Lake Shear Zone (Fig. 1a).

ig. 5. Deformed quartz veins in the Finlayson belt. (a) Folded and boudinaged quart vein
ein  recording shortening. Dashed black line (l0) shows trace of original length and solid 

uartz  veins (lines) and poles to boudinaged veins (open circles). Regional (shaded area) a
he  references to colour in this figure legend, the reader is referred to the web version of 

ig. 6. (a) Block-sketch of intensely foliated chlorite schists in eastern Finlayson. Expos
b)  Sub-horizontal calcite vein showing offset along foliation plane. (c) Sinistral (black lin
rea  represents a conjugate set of sinistral and dextral faults at the same outcrop and sh
trike/dip), which separates the orientations of dextral and sinistral structures, suggestin
esearch 249 (2014) 100–114 107
The Marmion Shear Zone is not exposed and the structure has been
intruded by the Diversion Stock granitoids (Fig. 1b), preventing
any direct field observations and kinematic interpretations. The
only available minimum age constraint for movement along the

s within coarse-grained pillow basalts. (b) Intrusive felsic dyke with folded quartz
line (l1) is the trace of the final folded vein. (c) Orientation data for limbs of folded
nd local (red star) chlorite foliation is plotted for comparison. (For interpretationof
this article.)

ed foliation surfaces (not to scale) show slickensides with oblique to vertical slip.
es) and dextral (grey lines) brittle faults from the Finlayson belt. The grey shaded

ow the compression field. Dashed line is the average chlorite foliation (230/50 N –
g sub-parallel shortening axes for D3 and D4.
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armion Shear Zone is from the approximately 2.7 Ga Quetico Fault
hat cuts it to the south (Fig. 1a). Metasediments close to the east-
rn margin of the Finlayson belt may  include abundant mm-sized
eldspar grains and carry rare tonalite blocks up to 20 cm large sug-
esting that the greenstone belt units were deposited onto or close
o exposed felsic basement. The presence of exposed felsic base-

ent is consistent with Marmion-age 3.0 Ga inherited zircons in
he conformable sedimentary units of the Finlayson belt (see Stone,
008), further suggesting that exposed felsic terranes similar in age
nd composition to the Marmion gneisses were eroded into the
asin before the greenstone belt was deformed. Although the age
f Diversion stock is poorly constrained, the structural relations
emonstrate that it intruded along the already established contact
etween the Finlayson belt and Marmion TTGs. From published
aps (Stone, 2008) the boundary between the Finlayson belt and
iversion stock is expected to be exposed along shoreline outcrops

n the Marmion Lake and Red Paint Lake to the east and north of
inlayson Lake, respectively. At each expected boundary location

 preferentially eroded 30–50 m wide zone was observed, sepa-
ating Finlayson mafic volcanics (chlorite schists) from Diversion
tock granitoids. One location showed remnant slivers of the Diver-
ion Stock granitoid in contact with the greenstone belt. From this
ocation we were able to measure the strike and dip of the eastern
oundary. On average the contact strikes 050◦ (035–070◦) and dips
5◦ (60–80◦) to the southeast. The boundary zone is characterised
y well foliated mafic volcanics and a series of granitoid dykes that

ncrease in density towards the main Diversion Stock intrusion over
pproximately 50–100 m.  The granitoid dykes are parallel to the
oundary and greenstone belt fabric and are petrographically iden-
ical to the main Diversion Stock intrusion. Although some dykes
re undeformed, many have been fractured, suggesting localised
rittle deformation postdating their intrusion.

.9.2. The western boundary
In the west the Finlayson belt is bounded by two  different

TG terranes, the 2.93 Ga Dashwa gneiss and the 2.94 Ga Hard-
ack gneiss. Both are younger than the 3.0 Ga Marmion TTGs and
he Finlayson belt. The Dashwa TTGs, amongst other Wabigoon
ubprovince gneiss domes, have been cited amongst the key exam-
les of solid state gneiss diapirism within the Superior Province
Schwerdtner et al., 1979; Schwerdtner, 1984, and unpublished
eldwork: Borowski (2013)). They document concentric foliation
atterns, the younger 2.68 Ga Eye-Dashwa intrusive core, steeply
lunging ductile lineation structures and greenstone belt-down
inematics supporting diapiric tectonic processes. Schwerdtner
1990) refuted the diapiric model based on structural tests of rela-
ive timing of folding and doming, suggesting that upright folding in
he TTGs occurred prior to the doming phase. We observed better-
reserved ductile deformation close to the western margins of
he Finlayson belt, consistent with our observations of decreasing
etrogression from east to west.

The northwestern contact of the Finlayson belt to the Hardtack
neisses has only been documented in published maps (Stone and
amineni, 1989; Stone, 2008). We  observed the contact to the Hard-

ack gneiss at Red Paint Lake (Fig. 1a), where the northern extent
f the Finlayson Lake greenstone belt is exposed. The contact is
aulted and the Hardtack tonalites brecciated. The amount of off-
et, kinematics or preexisting structures was not identified from
his limited exposure. We  were not able to investigate this contact
ny further.

. Strain interpretations
The Finlayson Lake greenstone belt shows consistent kine-
atic indicators across the entire belt with early ductile fabrics,

etrogressive overprint and late stage minor brittle faulting. In
esearch 249 (2014) 100–114

this section we  discuss and compare the strain that resulted in
the various structures described above in order to constrain the
deformational history of the greenstone belt.

4.1. Sinistral transpression at amphibolite facies

The prograde foliation (S1), which is preserved as inclusions
within lineated hornblende (L2), has been almost entirely over-
printed and cannot be conclusively oriented. However, S1 records
an early deformation with the fabric formed at an angle of ∼30◦ to
L2 (Fig. 2f). The S2 deformation occurred at amphibolite facies as
seen from preserved hornblende lineations in the western portion
of the Finlayson belt. Structures include sinistral folds with steep
fold axes parallel to L2 and local sinistral shear zones (Section 3.3.2).
Both types of structures are kinematically consistent with sinistral
transpression during formation of S2 − L2. All these fabrics can be
explained by a horizontal north-south shortening.

4.2. Pure shear at greenschist facies

The S3 retrogressive chlorite foliation clearly cross-cuts and
overprints the S2 − L2 fabric (Section 3.4). There is no textu-
ral evidence for simple shear during the development of S3
and all outcrops display fabrics showing flattening during chlo-
rite retrogression. The well developed chlorite foliation of the
eastern Finlayson suggests a southeast-northwest trending hor-
izontal shortening axis, perpendicular to the eastern boundary
(Figs. 2c and 6c). The orientation of the greenschist facies short-
ening axis can be contrasted to the shortening axis interpreted
from the older amphibolite facies structures and records a 40◦ to
50◦ change in the shortening direction. The amount of shorten-
ing measured in three quartz veins that post-date S2 and show
only S3 shortening decreases away from the boundary from 63%
at the boundary, to 54% at 1 km and 50% at 2 km away perpendicu-
lar to boundary. Our observations demonstrate that the Finlayson
belt has at least two different sub-parallel fabrics from separate
deformation events.

4.3. Brittle reactivation

Late-stage small brittle faults in the eastern portion of the
Finlayson belt show slip on pre-existing S2 and S3 fabrics. The ori-
entations of sinistral and dextral faults are subdivided (Fig. 6) and
define a southeast-northwest compression parallel to the shorten-
ing direction interpreted for S3. Therefore, we infer that shortening
continued in the same orientation through the transition from duc-
tile to brittle deformation.

5. Metamorphic constraints

Field and petrographic observations show that the western
portion of the Finlayson belt preserves the highest metamor-
phic grades of the older deformation event. Metamorphic
assemblages indicate that peak metamorphism took place at
amphibolite-facies conditions, and was  followed by progressive
retrogression to lower-greenschist-facies conditions. The dom-
inant peak assemblages are amphibole + plagioclase + ilmenite,
amphibole + plagioclase + ilmenite + quartz and amphibole +
plagioclase + epidote + ilmenite ± quartz, depending on bulk rock
composition. Garnet has not been observed anywhere in the belt.
The L2 mineral lineations (Fig. 2f) of peak-metamorphic amphibole
are consistent with the sinistral transpression, and position this
deformation event at peak metamorphism.
The peak metamorphic minerals, and amphibole in particular,
contain a characteristic inclusion assemblage consisting of amphi-
bole + plagioclase + quartz + ilmenite + epidote ± calcite. Plagioclase
inclusions (S1) have a consistently lower XAn compared to peak
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Table  1
Average hornblende and plagioclase mineral composition used in geothermobarom-
etry. Minerals analysed from Sample MS008. Inclusion compositions measured for
D1 pressure–temperature and matrix compositions measured for D2.

Inclusion (D1) Matrix (D2)

Amphibole Plagioclase Amphibole Plagioclase

SiO2 45.25 61.87 44.49 60.84
TiO2 0.27 n.d. 0.30 0.01
Al2O3 10.72 23.91 12.67 24.37
FeO  17.44 0.36 17.05 0.26
MgO  9.85 0.00 9.26 0.00
MnO  0.29 n.d. 0.25 0.01
CaO  11.45 5.14 11.86 5.82
Na2O 1.34 8.56 1.22 8.16
K2O 0.28 0.11 0.35 0.11

Total 96.88 99.95 97.46 99.58

XAb – 0.72 – 0.75
XAn – 0.28 – 0.25

T  (◦C) 600 ± 45 625 ± 25
P  (MPa) 820 ± 40 635 ± 135
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We have shown that coaxial shortening occurs across the tran-
sition from greenschist facies ductile flattening (D3) into brittle
etamorphic (S2) matrix plagioclase, and amphibole is higher in
l and Ca, and lower in Mg,  Fe and Na (Table 1).

Retrogression is progressive, with initial replacement and over-
rowth of peak-amphibole by a new, acicular amphibole generation
Fig. 2g). Epidote and quartz (re-)appear in samples where they
id not form part of the peak metamorphic assemblage. More

ntensely retrogressed samples are dominated by chlorite + albite
 actinolite, and may  contain carbonate. The retrograde path is
ccompanied by pure shear kinematics to form the chlorite-defined
3 foliation. Euhedral titanite growth records a final, static equili-
ration after the formation of S3.

The best-preserved amphibolite facies metamorphic assem-
lages are from the coarse gabbroic unit. In order to further
onstrain metamorphic conditions, a pseudosection was  calculated
or the bulk-rock composition of sample MS008 from this unit,
sing the PerpleX suite of programs (Connolly, 2005). We  use the
002 version of the Holland and Powell (1998) thermodynamic
atabase for mineral end-members, and solid solution models from
olland and Powell (1996, clinopyroxene), Holland and Powell

1998, epidote), Holland et al. (1998, chlorite), Newton et al. (1981,
lagioclase), Diener et al. (2007) and Diener and Powell (2012,
mphibole), White et al. (2000, ilmenite) and White et al. (2007,
arnet) as implemented and modified in PerpleX 6.6.8. Calcula-
ions were run at water-saturated conditions and with the oxygen
ugacity buffered at Ni-NiO. The resulting diagram is shown in Fig. 7.

For sample MS008, the peak paragenesis is plagio-
lase + amphibole + ilmenite, and it contains an inclusion
aragenesis of plagioclase + amphibole + ilmenite + quartz ±
pidote. Combining the pseudosection P–T fields with ther-
obarometry (Holland and Blundy, 1994) on coexisting

lagioclase-amphibole pairs in these two assemblages, sug-
ests conditions of close to 600 ◦C, 820 MPa  for the prograde
nclusions, and 625 ◦C and 635 MPa  for the peak conditions (Fig. 7,
rror bars are the spread in P and T for the various pairs analysed).
he peak and inclusion assemblages are used to constrain the P–T
ange within the respective fields in Fig. 7. Retrograde conditions
re bound by the reappearance of chlorite, which is at approxi-
ately 550 ◦C for this bulk-rock composition. For sample MS008

tatic titanite re-enters the mineral assemblage at temperatures of
500 ◦C. Based on our calculations the reappearance of quartz will
ary significantly depending on the bulk compositions, with either

uartz preceding or postdating titanite retrogression, therefore
ample MS008 is used as a guideline only for retrograde conditions.
esearch 249 (2014) 100–114 109

6. Deformation history of the Finlayson belt

A summary sketch of the Finlayson belt along with its deforma-
tion history is shown in Fig. 8. The earliest deformation event (D1)
is only recorded as aligned mineral inclusions and is not seen at the
macroscopic scale. From mineral analyses of these inclusions we
are able to constrain the pressure and temperature conditions dur-
ing D1 at 600 ± 45 ◦C and 820 ± 40 MPa  (Fig. 7), which corresponds
to a depth of approximately 27–30 km for typical greenstone belt
densities of 2.7–3.0 g/cm3 (Peschler et al., 2004). The kinematics
associated with D1 are unknown.

The pressure and temperature conditions of D2 sinistral trans-
pression are coeval with peak metamorphism along a clockwise
P–T path at 625 ± 25 ◦C and 635 ± 125 MPa  (Fig. 7), which cor-
responds to approximately 21–23 km depth. This implies that the
Finlayson belt was exhumed by 4–9 km between D1 and D2 under
near isothermal conditions. Sinistral transpression is recorded on
both sides of the Finlayson Fault, which separates the outward fac-
ing pillow basalt domains (Fig. 8). Therefore, any major motion
on the Finlayson Fault either predates or is synchronous with D2.
Although no kinematics are observed with the Finlayson Fault due
to overprinting retrogression, it can be postulated that sinistral
strike slip offset was prevalent, if the fault was  active during D2
sinistral transpression. The Finlayson Fault may  represent the trace
of the anticlinal fold axis that defines the belt-scale pillow facing
geometry. There are no constraints to quantify significant fault off-
set or just preferred flattening of the fold axis along the lineament,
but the localised retrogression and alteration of the structure sug-
gests a preferred fluid conduit and our interpretation as a major
fault (Fig. 8a).

Magmatic activity was ongoing after sinistral transpression,
evidenced by the intrusion of dykes along S2 foliation (Fig. 1c). Some
dykes show weak S3 chlorite foliation and pure shear, plastically
deformed quartz veins supporting the intrusion of dykes before
S3 flattening. Recrystallisation to the coarser texture of pillows
related to contact metamorphism strengthens the rock, protec-
ting it against pervasive S3 chlorite retrogression and shortening.
Retrogressive chlorite in these pillow basalts is confined to the
margins of amphibole grains (Fig. 2k), also consistent with contact
metamorphism occurring prior to the onset of greenschist facies
retrogression.

Pure shear, greenschist facies deformation (D3) is defined by
the onset of chlorite retrogression and the development of S3
foliation with no lineation. Chlorite becomes stable below approx-
imately 550 ◦C (Fig. 7), which marks the upper temperature limit
for the onset of D3 deformation. Titanite appears at approximately
500 ◦C (Fig. 7). As ilmenite is still stable during D3 flattening, the
static overgrowth of titanite defines the lower bound for short-
ening associated with D3. The pressure conditions for D3 are
unconstrained. The shortening axis rotated from approximately
north-south during D2 to northwest-southeast during D3, perpen-
dicular to the current orientation of the eastern boundary and the
inferred Marmion Shear Zone. The flattening intensifies towards
the Marmion Shear Zone from 50% to 63%. The strain estimate of
63% was measured in the contact metamorphic aureoles where
strain is at a local minimum. Therefore, we infer that shortening in
the chlorite schists was  greater than 63% during D3. The increased
intensity of retrogression in the eastern Finlayson may  be related to
increased fluid flow closer to the eastern margin along the Marmion
Shear Zone. Therefore the eastern boundary of the Finlayson belt
is likely a crustal scale structure with enhanced greenschist facies
retrogression in its proximity.
faulting (D4), presumably during exhumation (Fig. 7). The localisa-
tion of brittle deformation in the eastern part of the belt near the
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Fig. 7. Pressure–temperature pseudosection calculated for gabbro-sample MS008. Mineral abbreviations follow Kretz (1983) with solid solutions indicated with a capital
letter.  Prograde conditions (D1) are constrained by the inclusion paragenesis pl + amp  + ep + ilm + q and pl-amp geothermobarometry to 820 ± 40 MPa  and 600 ± 45 ◦C,
whereas  the D2 peak metamorphic paragenesis of pl + amp  + ilm formed at 635 ± 165 MPa  and 625 ± 25 ◦C. The retrograde paragenesis contains ep, tit and q, and is not well
constrained and depends on the bulk composition of the rock. However, we  can show that D3 deformation is constrained by the appearance of retrogressive chlorite (syn-D3)
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nd  the (re-)appearance of static titanite (post-D3) within quartz-ductile P–T cond
uartz  brittle P–T conditions, which plots to lower pressure–temperature condition

armion Shear Zone supports the hypothesis of continued activity
n this structure during exhumation.

The exact ages of deformation events in the Finlayson belt are
ot known, but can be broadly tied into the tectonic evolution of
he Superior Province. The early deformation events (D1 and D2) of
he Finlayson belt are likely associated with the stabilisation of the
.9–3.0 Ga Marmion terrane of the south-central Wabigoon sub-
rovince. The larger Wabigoon subprovince is suggested to have
ormed by accretion of the Marmion, Winnipeg River, eastern-
nd western Wabigoon terranes as early as 2.92 Ga (see Tomlinson
t al., 2004; Percival, 2007a), which is consistent with the youngest
ges of the Finlayson belt and adjacent gneiss terranes. A possible
ause of the post-D2 deformation could be related to the accretion
f the Wawa, Wabigoon and Quetico subprovinces (Percival and
illiams, 1989; Williams, 1990). Amalgamation of Archaean sub-

rovinces to form the Superior Province occurred between 2.72 and
.68 Ga and has been suggested as a significant part of continen-
al growth during Earth history (Polat and Kerrich, 2001). Brittle
eactivation of structures in other greenstone belts in the Wawa
ubprovince have been tied to the activity of the Quetico Fault
t around 2.7 Ga (Peterson and Zaleski, 1999), which lies just to

he south of the Finlayson belt (Fig. 1a). Our interpreted NW-SE
hortening direction for D3 and D4 deformation associated with the
eactivation of the Marmion Shear Zone is kinematically consistent
ith dextral transpression on the Quetico Fault.
 (see arrows showing D3 limits). The late stage deformation (D4) occurred within
ly at < 400 MPa  (∼15 km)  and < 350 ◦C.

7. Resolving the tectonic settings for greenstone belts

The overall dome-and-keel geometry of TTG-greenstone belt
provinces is common throughout Archaean cratons, yet the tec-
tonic processes and kinematics that formed them are still much
debated. Marshak and Alkmim (2012) compared dome-and-keel
provinces globally and subdivided them into three kinematically
different settings that allow for orogenic collapse-, accretionary-
and diapiric-style tectonics. The subsurface geometry of the inter-
dome greenstone belts have been interpreted by seismic and
gravity surveys and vary from basin-shaped synclinal belts (e.g.
Gibb et al., 1988; Peschler et al., 2004; Ranganai, 2012) to flat
sheet-like geometries related to thrust faulting of allochthonous
belts (Stettler et al., 1988, 1997; de Wit, 1991). Ground-truthing
of the model for synformal greenstone belt structures is drawn
from symmetric metamorphic grades and synformal symmetry
of mapped units, such as inward facing palaeo way-up orienta-
tions of pillow basalts (e.g. Collins and Teyssier, 1990; Minnett and
Anhaeusser, 1992; Lin, 2005). On the one hand, field evidence for
synformal greenstone belt geometries have been reported in most
Archaean terranes, such as the Warrawoona greenstone belt, Pil-

bara (Collins and Teyssier, 1990) and the Barberton greenstone belt,
Kaapvaal (Anhaeusser, 1984). On the other hand, evidence for non-
synformal geometries from asymmetric metamorphic grades and
structures of the same greenstone belts is also reported (de Wit,
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Fig. 8. (a) Sketch cross section of the Finlayson Lake greenstone belt. Density of solid lines represents intensity of retrogressive chlorite foliation. Steeply plunging folds
in  western and central portion of the section indicate observed sinistral transpression (solid outline) and cryptic folds overprinted by chlorite foliation (dashed outline).
Oppositely facing pillow domains are separated by the Finlayson Fault. (b) Breakdown of the deformation history of the Finlayson belt. (1) Sinistral transpression with
approximately north-south shortening and sinistral folds. (2) Local felsic dykes and contact metamorphic aureoles, preserving zones of pillow basalts within the chlorite
s g inte
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chist  domain. (3) Greenschist facies pure shear chlorite foliation, showing increasin
eactivation of pre-existing structures in the eastern Finlayson belt during shallow 

982; Kloppenburg et al., 2001). Although the tectonic implica-
ions are disputed, a common result from detailed structural studies
n greenstone belts is a polydeformation history (de Wit, 1991;
eterson and Zaleski, 1999; Polat and Kerrich, 1999; Thomlinson
t al., 1999; Kloppenburg et al., 2001; Lin, 2005; Kerrich and Polat,
006; Lin and Beakhouse, 2013).

We emphasise here the complex and diverse tectonic histories
ecorded in Archaean greenstone belt terranes and that multiple
inematic interpretations are presented for single greenstone belts
lobally, similar to the previous work for the Finlayson Lake green-
tone belt. By combining detailed field mapping with structural
nd kinematic data we are able to establish the deformation his-
ory of greenstone belts and test the different hypotheses that
xist for individual terranes. The consistent structural and kine-
atic evidence from across the Finlayson Lake greenstone belt

upports the presence of a single volcanic package with a common

eformation history. We  show that the greenstone belt records a
olydeformation history with sub-horizontal shortening axes and
hat the eastern boundary was an active structure during com-
ressive deformation and exhumation. Thermodynamic data from
nsity towards the eastern boundary and the Marmion Fault. (4) Sinistral and dextral
E shortening.

mineral analyses show that the shortening axis was horizontal to
depths of 27–30 km (D1). Sinistral transpression of the Finlayson
belt continued along the exhumation path past 21 km depth for D2
and followed by flattening during the D3 greenschist facies and D4
brittle regimes. The overall structural geometry of the greenstone
belt is not consistent with a synform as proposed by Stone and
Kamineni (1989), but rather related to a belt-scale anticline, the
hingeline of which we  interpret as the trace of the Finlayson Fault.
Local reversals in palaeo way-up orientations within the Finlayson
belt can be explained by counterclockwise folds and sinistral trans-
pression kinematics during D2. Measurements from the exposed
eastern boundary show a steep slightly outward (southeast) dip-
ping greenstone belt margin, in contrast to the inward-dipping
basin-shaped structure that was  interpreted from gravity studies
(Gibb et al., 1988).

It is important to highlight that siliciclastic sediments and

clasts of tonalite similar in age and composition to the 3.0 Ga
Marmion gneisses are incorporated within the Finlayson belt
(Stone, 2010, and this study). The age and structural rela-
tions between the Finlayson and exposed Marmion-equivalent
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erranes rule out the possibility of crustal buoyancy contrasts
equired for diapiric juxtaposition. The pressure–temperature cal-
ulations for maximum burial at D1 and peak metamorphism at
2 show a geothermal gradient of 20 and 30 ◦C/km, respectively.
his is significantly colder compared to geothermal gradients of
0–50 ◦C/km expected for greenstone-TTG terranes in the Archaean
e.g. Watson, 1978; Condie, 1984). The cold geothermal gradi-
nt from our calculated pressure–temperature path (Fig. 7) is
ypical for subduction-accretion models as suggested for other
rchaean terranes (e.g. Kisters et al., 2012; Dziggel et al., 2014).
he pressure–temperature path of the Finlayson belt shows a
teep exhumation path along near-isothermal conditions form-
ng a clockwise pressure–temperature path (Fig. 7). Clockwise
ressure–temperature paths are common for modern continental
ollision and subduction settings (Ernst, 1988; Handy et al., 1999;
an Staal et al., 2008). A modern example in the Alpine subduction-
ccretion setting (the Ivrea crustal section), shows a multistage
eformation history of prograde and peak metamorphism accom-
anying the dominant structural fabrics, followed by overprinting
reenschist facies retrogression during exhumation (Handy et al.,
999).

The deformation fabrics in the Finlayson belt, specifically
2 structures, have strong similarities to deformation fabrics
escribed for the Schreiber-Hemlo greenstone belt in the Wawa
ubprovince, including steep fold axes that have been attributed
o a transpressional setting (Polat and Kerrich, 1999; Kerrich and
olat, 2006). Polat and Kerrich (1999) interpret the tectonic setting
f the Schreiber-Hemlo greenstone belt as a result of subduction-
ccretion. It is important when interpreting the palaeo-tectonic
etting of Archaean rocks to account for the conditions of petro-
enesis, deposition, deformation and metamorphism.

The lithologies of the Finlayson belt are comparable to any
ypical Archaean greenstone belt, containing abundant pillow
asalts and massive basaltic lavas as the predominant lithologies
ogether with siliciclastic siltstone, sandstones and conglomerates
nd chemical sediments followed by younger felsic intrusives. No
omatiites have been observed in the Finlayson belt, but komati-
tes have been mapped in the adjacent Lumby Lake greenstone belt,

hich is of the same age. These lithologies have been argued to
e typical of oceanic plateaus (e.g. Desrochers et al., 1993; Polat
nd Kerrich, 1999; Wang et al., 2013), where magmatic production
s more volumetrically significant than sedimentation, and water
epth is somewhat shallow.

Comparing Archaean greenstone belts to modern subduction-
ccretion settings based on lithologies is difficult, as the archetypal
ignature is the dominant sedimentary package, which are not
bserved in most greenstone belts. The depositional basins asso-
iated with Phanerozoic subduction settings are quite variable.
ost trench deposition is characterised by voluminous, relatively

mmature clastic sediments, with minor volcanics and chemi-
al sediments (e.g. Xiao et al., 2002; Ota et al., 2007). Tectonic
élanges, thought by many to be a structural signature of sub-

uction, form most readily in subducting sediments (Moore et al.,
985). However, many active subduction zones have little or no
ediment deposited in the trench, and the subducting pile is dom-
nated by oceanic magmatic rocks and chemical sediments. Thin
ubducting sediments are correlated with narrow, intense shear-
ng, so the voluminous tectono-sedimentary mélanges known from
hanerozoic accretionary wedges are not expected (c.f. Meneghini
t al., 2009). Oceanic plate assemblages, subducted and then tec-
onically underplated, are preserved in the rock record (e.g. the
icoya Ophiolite, Berrange and Thorpe, 1988; Vannucchi et al.,

006). This phenomenon may  be favoured by thicker, more buoy-
nt oceanic crust, even under modern conditions. Thus, a modern
nalog exists for developing an assemblage dominated by oceanic
olcanism and minor sedimentation (oceanic plateau or proximal
esearch 249 (2014) 100–114

rift) and imposing a subduction-type metamorphic path on those
rocks. The lithologies of the Finlayson belt do not discriminate
between depositional settings (e.g. back arc, rift, oceanic plateau).
Our observations, which focus on the detailed structural and meta-
morphic history of the Finlayson belt show similarities in structural
and metamorphic evolution to modern subduction-accretion sett-
ings.

8. Conclusion

We  have shown that the Finlayson Lake greenstone belt pre-
serves a polydeformation history of at least four distinct events
that follow a clockwise pressure–temperature path. The shortening
axis remains horizontal throughout the deformation history, recor-
ding an older amphibolite facies sinistral transpression during peak
metamorphism, which is followed by a retrogressive flattening and
brittle faulting during exhumation. Our results are consistent with a
subduction-accretion tectonic setting for the Finlayson Lake green-
stone belt. Detailed kinematic and structural studies of greenstone
belts worldwide show the importance of polydeformation histories
with varied shortening orientation, often sub horizontal. Therefore,
in order to correctly interpret the tectonic settings of greenstone-
TTG terranes the details of the local and regional deformation
histories need to be understood. In this study we show that by fur-
ther defining the kinematics and deformation histories of Archaean
terranes, the tectonic processes that juxtaposed supracrustal and
crustal terranes can be tested. This is a necessary step before we
can truly resolve the tectonic processes that resulted in all rep-
resentative greenstone belt geometries globally and further our
understanding of Early Earth processes.
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