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ABSTRACT

The geometric, kinematic, and deformational features along the subprovince
boundaries of the Archean Superior Province are keys to understanding the tectonic
amalgamation of the province. This field trip investigates the structural geology along
two of the subprovince boundaries—the Wabigoon-Quetico and Quetico-Vermilion—
of the Superior Craton. These boundaries separate the relatively high-grade gneisses
of the Quetico Belt from typical low-grade granite-greenstone terranes to its north
(Wabigoon) and south (Wawa). Both boundaries are characterized by different
styles of transpressional deformation and strike-slip tectonism. Along the Wabigoon-
Quetico boundary, deformation is recorded by a variety of structures controlled by
competence contrast of heterogeneous lithologies at a variety of scales: from weak
greenstones surrounding more competent gneiss domes to deformed polymictic con-
glomerates. Along the Quetico-Vermilion boundary, we will emphasize the role of
plutonism and pluton geometry on subsequent deformation. Lastly, we characterize
multiple deformation episodes in the Vermilion district in Minnesota.
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GEOLOGIC SETTING

The Superior Province (Fig. 1) is the largest contiguous
Archean terrane in the world. It is almost exclusively composed
of Archean rocks with only minor Proterozoic dike swarms and
Proterozoic or Phanerozoic cover. The Superior Province was, by
and large, stabilized crust by the end of the Archean, affected to
only a minor extent by Proterozoic deformation along its bound-
aries and internally by the Kapuskasing uplift zone. The cen-
tral part of the Superior Province remained unaffected by post-
Archean deformation, making it an important region for the study
of middle to late Archean deformation and tectonic processes.

The Superior Province can be divided into subprovinces on
the basis of lithostratigraphy, structural boundaries, and meta-
morphic grade (e.g., Card and Ciesielski, 1986; Percival et al.,
2006: Percival and Helmstaedt, 2006). The subprovinces are
generally of three types: granite-greenstone (volcanic-plutonic),
metasedimentary, and high-grade gneiss. On this trip, we will
investigate a part of the central Superior Province, which consists
of approximately cast-west-trending alternating bands of green-
stone subprovinces (containing both metavolcanic and plutonic
rocks) and relatively high-grade metasedimentary subprovinces.

The subprovinces were likely assembled by repeated island
arc—microcontinent collisions. Several pieces of evidence are
consistent with the island-arc accretion model. First, the rocks
can be interpreted as arc sequence subprovinces (metavolcanic
rocks of the greenstone belts) and their corresponding accre-
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Figure 1. Map of Superior Province, based on divisions by Card and
Ciesielski (1986).
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tionary prism subprovinces (metasedimentary rocks) (Langford
and Morin, 1976; Hoffman, 1989; Percival and Williams, 1989;
Card, 1990; Hoffman, 1990). Second, the ages in the greenstone
belts are generally similar along strike but differ systematically
across strike (Hoffman, 1989). Third, the deformation character-
istics found across the province are best explained by contrac-
tional deformation. With all evidence, a history of subduction and
overall accretion against an evolving tectonic margin to the north
was likely responsible for the juxtaposition of Superior Province
subprovinces (Langford and Morin, 1976; Percival and Williams,
1989; Card, 1990; Percival et al., 2006).

On this trip, we will observe structures formed at two of the
subprovince boundaries: the boundaries between the Quetico
metasedimentary subprovince and its neighboring greenstone
belts, the Wabigoon to the north and the Wawa to the south.
Throughout the Superior Province, subprovince boundaries are
commonly faulted or at least unconformable. The Wabigoon-
Quetico and Quetico-Wawa boundaries are zones with localized
deformation and major strike-slip features. Oblique collision
between the Wabigoon and Wawa volcanic-plutonic terranes
during the Neoarchean ca. 2.69-2.7 Ga (Stockwell, 1982; Davis
et al.,, 1989; Fralick and Davis, 1999) most likely formed the
tectono-metamorphic features of the two boundary zones (e.g.,
Poulsen, 1986; Percival and Williams, 1989). The metavolcanic
granite-greenstone subprovinces (Wabigoon, Wawa) were island
arcs that collided owing to ongoing subduction, and the metased-
imentary subprovince (Quetico) is composed of sedimentary
basin deposits between the arcs (Percival, 1989; Blackburn et
al., 1991; Williams, 1991). We will view the Wabigoon-Quetico
boundary in northwestern Ontario within the Rainy Lake Dis-
trict. Although most of the Superior Province lies in Canada, the
Quetico metasedimentary subprovince and the Wawa volcanic-
plutonic subprovince extend into northern Minnesota, and we
will view their boundary along the Vermilion fault system within
Minnesota’s Vermilion District greenstone belt (Wawa subprov-
ince) and adjacent regions of the Vermilion Granitic Complex
(Quetico subprovince).

Rainy Lake Zone

The Rainy Lake District (Fig. 2) lies on the western part
of the boundary between the Wabigoon granite-greenstone ter-
rane to the north and the Quetico metasedimentary terrane to the
south. The Quetico contains mostly amphibolite-facies metasedi-
mentary rocks, and the Wabigoon contains mostly greenschist-
facies metavolcanic rocks. The Rainy Lake region itself contains
rather complicated geologic relationships. It consists of a series
of lithostratigraphic terranes that were assembled along structur-
ally controlled, stratigraphically discordant boundaries during
the deformational events (e.g., Poulsen et al. 1980). The bound-
ary between the Wabigoon and Quetico subprovinces in this
region is divided among two major dextral strike-slip faults and
several interconnected minor faults (Poulsen, 1986), now with
mostly ductile shear zone fabrics (Czeck, 2001).
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The two major structures bounding the area are the Quetico
and the Rainy Lake—Seine River faults, which have most likely
behaved as both dextral faults and ductile shear zones during
their deformation histories (Fig. 2). The two faults and/or shear
zones converge to the east into a single structure and delineate a
wedge-shaped area between them (Poulsen, 1986, 2000a, 2000b,
2000c). Poulsen (1986) recognized the Rainy Lake boundary
area as a complex transpressive deformation zone. Within the
wedge, a complex pattern of anastomosing subvertical shear
zones and faults wraps around gneissic domes and granitoid
plutons (Poulsen, 1986, 2000a, 2000b, 2000c; Druguet et al.,
2008). Flattening fabrics, combined with the evidence for dextral
shearing, indicate an overall dextral transpressive tectonic regime
with subhorizontal NW-SE shortening (Poulsen, 1986; Tabor
and Hudleston, 1991; Borradaile and Dehls, 1993; Borradaile et
al., 1993; Poulsen, 2000a, 2000b; Czeck and Hudleston, 2003;
Druguet et al., 2008; Czeck et al., 2009).

The main lithological units in the Rainy Lake district can be
summarized on the basis of dates obtained by Davis et al. (1989)
and Fralick and Davis (1999), as follows:

1. Tholeiitic and calc-alkaline metavolcanic rocks that form
interlayered sequences with ultramafic to felsic composi-
tions, although basalts and andesites are most common.
Crystallization ages range from 2728 + 4 t0 2725 +2 Ma.

2. Metagabbroic rocks (including metadiabases and meta-
anorthosites) found as sills and larger intrusions of vari-
able dimensions, generally showing compositional and
textural layering. They are generally ca. 2728-2727 Ma,
and include the Grassy Portage Sill (2727 + 2 Ma).

3. Gneisses, mostly synvolcanic orthogneisses ca. 2725 Ma,
which vary compositionally from granitic to tonalitic,
include the core of the Rice Bay Dome.

4. Quetico turbiditic metasedimentary rocks, found to the
south of the Rainy Lake-Seine River fault. The youngest
analyzed detrital zircon is 2699 + 1 Ma.

5. Coutchiching Group metasedimentary rocks between
the two bounding faults (Quetico and Rainy Lake-Seine
River). They are bracketed in age between 2704 + 3 and
2692 + 2 Ma by detrital zircon and a cross-cutting intru-
sion. They contain metagraywackes and metapelites,
especially biotite schists, and locally contain porphyrob-
lasts of garnet, andalusite, and staurolite.

6. Seine River metasedimentary group. Syn- and post-
depositional with the nearby Coutchiching metasedimen-
tary rocks. The depositional age is bracketed between
2693 + 1 and 2692 + | Ma (Fralick and Davis, 1999).
Formed as one of the Superior Province’s molasse basin-
fill units (Corcoran and Mueller, 2007), and includes
the Seine River conglomerates (Wood, 1980; Frantes,
1987; Czeck, 2001; Czeck and Fralick, 2002; Czeck and
Hudleston, 2003; Fissler, 2006; Czeck et al., 2009).

7. “Algoman” calc-alkaline granitoid rocks. These are rela-
tively unmetamorphosed and poorly deformed granite,
granodiorite, and quartz monzonite rocks that form sev-
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eral individual plutons of similar age (including the Otter-
tail pluton at 2686 + 2 Ma). They were previously inter-
preted as postkinematic, and their crystallization age was
used as a constraint for the end of regional deformation
(Davis et al., 1989; Poulsen, 2000a). However, Czeck et
al. (2006) demonstrated that they formed syntectonically,
late within the Archean transpressional event.

The complex juxtaposition of varied lithologic units
accounts for intriguing and diverse geologic structures. Within
the Rainy Lake wedge, the structural styles and strain intensities
were largely controlled by the rheological contrasts of adjacent
rock types. In the field, we will see these rheologic contrasts at a
variety of scales, from centimeter-scale pebbles with contrasting
strengths in deformed conglomerates, to kilometer-scale strong
plutonic rocks surrounded by weaker volcanic rocks.

Many authors have found evidence for a three-phase defor-
mational history (Poulsen, 1986; Davis et al., 1989; Tabor and
Hudleston, 1991; Poulsen, 2000a; Druguet et al., 2008) associ-
ated with the late Archean oblique convergence, similar to the
deformational histories found along boundaries throughout the
central Superior Province. The structures may be similar in style
and sequence to neighboring regions, but the phases are unlikely
to temporally correlate across subprovince boundaries, and may
not even correlate within the Rainy Lake region owing to the
dynamic nature of the tectonic setting.

The three phases of deformation are as follows:

1. Early “stacking,” consisting of faulting, recumbent fold-

ing, and a weak regional schistosity.

2. Ductile transpressional deformation, resulting in the
majority of strain accumulation, the strong pervasive
deformational fabrics, and prograde greenschist to
amphibolite facies metamorphism.

3. Localization of structures during exhumation and retro-
grade metamorphism.

D, is characterized by early recumbent folding that produced
the inversion of the stratigraphic sequence leading to the present-
day juxtaposition of adjacent right-way-up and overturned folds
(Poulsen et al., 1980; Borradaile, 1982; Poulsen, 2000a). S, is
generally weak and subparallel to the layering in the metavolcanic
and metasedimentary rocks and is well developed in the gneiss
domes. Significant thrust or oblique faulting likely juxtaposed the
allochthonous units found within the Rainy Lake wedge during
D,, but owing to a general lack of marker units there is less direct
evidence for thrusting compared with the D, folding. However,
finite strain magnitudes within this and other Archean belts are
generally too low to be consistent with the now largely steeply
dipping units having been predominantly deformed by folding
(e.g., Schultz-Ela, 1988; Hudleston and Schwerdtner, 1997).

As the crust was “stacked” in D , rocks that were once near
the surface became buried. In these rocks, D, deformation was
followed by D, deformation, which is characterized by folding
and dextral shearing within a transpressional regime. F, folds
resulted in regional subparallel subvertical bedding, and S, folia-
tion with a mean ENE-WSW strike. The Seine River Group was
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deposited in a fault-related basin during early D, (Poulsen, 1986,
2000a), which explains the strong D, fabrics and minor amounts
of internal folding (Czeck, 2001; Czeck and Hudleston, 2003;
Czeck etal., 2009). The transition of D, to D, was not necessarily
contemporaneous across the Rainy Lake region, and the vertical
bedding in the Seine is likely a result of initial internal stack-
ing followed by D, deformation. The Algoman plutons, includ-
ing the Ottertail pluton, were emplaced and cooled during late
stages of D, (Czeck et al, 2006). Many leucocratic dikes and
quartzofeldspathic veins were emplaced throughout D, deforma-
tion (Druguet et al., 2008).

D, was responsible for the penetrative foliation and lineation
fabrics and much of the recorded strain throughout the region. In
general, the foliation is subvertical (Fig. 3B), and where strain
can be measured, such as within the Seine conglomerates, strain
is largely of a flattening type (Czeck, 2001; Czeck and Hudleston,
2003; Fissler, 2006; Czeck et al., 2009). Dextral shear-sense
indicators in the form of asymmetric folds, conglomerate strain
shadows, clast tiling, and other features are often observed on
subhorizontal planes regardless of lineation orientation (Czeck
and Hudleston, 2003).

Most of these fabric features along the boundary are consis-
tent with a type of ductile transpression first described by Sand-
erson and Marchini (1984). This style of transpression is a math-
ematical description of a specialized case of “transpression” that
in its simplest form just means oblique convergence (Harland,
1971). The style of transpression described by Sanderson and
Marchini (1984) involves homogeneous deformation consisting
of orthogonal simple shear and pure shear components with con-
stant volume in a vertically bounded zone (Fig. 4A). Such an ide-
alized scenario has since been termed monoclinic transpression
(e.g., Lin et al., 1998) and is perhaps most likely to correspond
with strain in deep, vertical ductile shear zones during oblique
convergence. The structural fabrics for this model include ver-
tical foliations, flattening fabrics, and asymmetric shear-sense
indicators on the horizontal plane (Fossen and Tikoff, 1993) (Fig.

foliation
138 measurements

Figure 3. Equal-area stereonets, rep-
resenting structural fabric in the Rainy
Lake region, from Czeck and Hudleston
(2003). (A) Stretching (mineral) linea-
tions. (B) Poles to foliation.

B

C

Figure 4. Transpression models. (A) Homogeneous monoclinic
transpression (Sanderson and Marchini, 1984). (B) Triclinic transpres-
sion with oblique simple shear component (Lin et al., 1998). (C) Tri-
clinic transpression model with horizontal simple shear component
and oblique extrusion direction (Czeck and Hudleston, 2003, 2004).
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Figure 5. Schematic deformation fabrics and strain predicted for monoclinic transpression (Fossen and Tikoff, 1993). Planes shown are
foliations, lines shown are stretching lineations, and schematic “pebble” indicates flattening strain and asymmetric strain shadows from
Czeck and Hudleston (2003). Wrench-dominated transpression has horizontal lineations at low strains (A), and vertical lincations at high
strains (B). Pure shear-dominated transpression has vertical lineations at all strain magnitudes (B). Only a detailed determination of strain
magnitude or kinematic vorticity will allow one to distinguish between pure shear-dominated transpression and simple shear-dominated

transpression at high strain.

5). The consistencies of fabrics observed along the Wabigoon-
Quetico boundary with the homogeneous transpression model
suggest that at least the Wabigoon-Quetico boundary as a whole
has undergone quasi-homogeneous transpression.

The lineation orientation (Fig. 3A) is one major aspect of
the structural fabric in the Rainy Lake region that does not mesh
with the monoclinic transpression model, which predicts either
vertical or horizontal lineations (Fossen and TikofT, 1993) (Fig.
5). The orientations of the stretching lineations, as defined by
the preferred orientation of metamorphic minerals, vary at the
hectometric scale; they plunge between 0° and 90° in both east
and west directions (Czeck and Hudleston, 2003). The subho-
rizontal asymmetric shear-sense indicators, combined with the
greatly variable stretching lineation orientations, prove to be
difficult to explain with most kinematic models. In shear zones
that deformed via simple shear, we would expect to find asym-
metric shear-sense indicators on the horizontal plane, but the lin-
eations should be horizontal. In shear zones that deformed via
homogeneous monoclinic transpression models (Sanderson and
Marchini, 1984; Fossen and Tikoff, 1993), we would expect to
find asymmetric shear-sense indicators on the horizontal plane,
but the lineations should be only vertical or horizontal depend-
ing on the amount of pure shear versus simple shear and the
strain magnitude. In many triclinic transpression models that can
explain obliquely plunging lineations (Jiang and Williams, 1998;
Jones and Holdsworth, 1998; Lin et al., 1998), the simple shear
component is no longer horizontal, so the asymmetric shear-
sense indicators should be found on a corresponding oblique

plane (Fig. 4B). For these reasons, most kinematic models for
shear zones are incompatible with structures found in the region.
The best model proposed for D, that explains the subhorizon-
tal asymmetric shear-sense indicators and the highly variable
stretching-lineation orientations is a triclinic transpression with
horizontal simple shear and variable extrusion direction (Czeck
and Hudleston, 2003, 2004) (Figs. 4C and 6). In the original
monoclinic transpression and in most subsequent triclinic mod-
els (Sanderson and Marchini, 1984; Fossen and Tikoff, 1993;
Robin and Cruden, 1994; Dutton, 1997; Jones and Holdsworth,
1998:; Lin et al., 1998), material was assumed to extrude verti-
cally upward. This assumption is logical, because in general, one
would expect the direction toward the Earth’s surface to provide
the least resistance for material movement. However, rocks at
depth may have other boundary conditions imposed by anasto-
mosing shear-zone geometries or large-scale rheology contrasts
owing to a diverse lithologic assemblage that caused localized
deviations in the extrusion direction. Certainly, the Rainy Lake
region has both complex three-dimensional anastomosing shear
zones and lithologies with strong competence contrasts that could
account for local variation in the extrusion directions.

Domains of higher strain are localized in the relatively
incompetent metavolcanic and metasedimentary rocks and chan-
neled around the competent gneissic domes, metagabbros, and
Algoman plutons. Two-dimensional strain was estimated using
folded and boudined dikes, and the areas of lowest strain are
located on the “strain shadow” flanks of the gneiss domes and
plutons (Castano, 2007; Druguet et al., 2008). As a result, the
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Figure 6. Schematic deformation fabrics and strain predicted for transpression with oblique extrusion; from Czeck and Hudleston (2003). Planes
shown are foliations, lines shown are stretching lineations, and schematic “pebble” indicates flattening-strain and asymmetric-strain shadows.
(A) Simple view of transpression with nonvertical extrusion. (B) Schematic view of transpression with overall bulk vertical extrusion and local-
ized zones ol nonvertical extrusion. Dark-colored ellipses represent schematic competent zones that influence local extrusion directions. The

relative location of (A) is indicated.

dominant, composite S + S, foliation displays a complex hetero-
geneous pattern both in orientation and intensity.

Dextral transpression continued as the rocks were exhumed,
as evidenced by retrograde metamorphism and D, structures
(Poulsen et al., 1980; Poulsen, 2000a). During B, strain local-
ized along major mylonitized dextral shear zones and faults
such as the Quetico and Rainy Lake-Seine River faults, narrow

mesoscale shear zones, and crenulation bands. This late stage of

deformation is more brittle-ductile in nature than D, and thus rep-
resents rock exhumation. Progressive D, to D, dextral transpres-

sional deformation was likely controlled by the distribution of

lithologic units with contrasting competence, the previous struc-
ture, and the emplacement of the Algoman plutons. Many of the
late quartz veins may have been emplaced during D, but this
inference needs to be more rigorously tested. '

Some authors note that the final D, stage of deformation
involved amplification of strike-slip motion along wrench zones

(Bauer et al., 1992). The latest brittle faulting has largely been
described as dextral strike-slip motion (Kennedy, 1984); how-
ever, some late-stage brittle faults associated with N-S shorten-
ing have been observed (Tabor and Hudleston, 1991). In all like-
lihood the last stages of deformation associated with the oblique
convergence may have been strongly partitioned, with the major
strike-slip faults accommodating the boundary-parallel motion,
and the domains between the major faults accommodating the
boundary-perpendicular motion (Tabor and Hudleston, 1991).
Rb/Sr dating of one pseudotachylite sample from each of the
boundaries was conducted by Peterman and Day (1989). The
resulting age for the pseudotachylites from the Rainy Lake-
Seine River fault and the Quetico fault are 1950 + 20 and 1937 =
46 Ma, respectively, leading to an intriguing hypothesis that
these faults may have been reactivated during Proterozoic oro-
genesis south of the Superior Province. However, it should be
noted that these dates do not match more recent dates for the
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carliest onset of Paleoproterozoic orogenesis at ca. 1875 Ma
(Schulz and Cannon, 2007).

Vermilion Fault System

In northeastern Minnesota the Vermilion Granitic Complex
is the southwestern extension of the Quetico subprovince, and
the Vermilion District is the southwestern extension of the Wawa
subprovince (Southwick, 1972; Sims, 1972, 1976; Hudleston et
al., 1988; Bauer and Bidwell, 1990) (Fig. 7). The local bound-
ary between these two subprovinces is delineated by a series of
faults that includes largely dextral strike slip along the Vermilion
fault and south-side down dip slip on the Haley and Burntside
Lake faults (Sims, 1976) (Figs. 7 and 8). The Vermilion fault is
a major dextral structural feature that can be traced on the aero-
magnetic and geologic maps of Minnesota (Chandler, 1991;
Chandler and Lively, 2007; Jirsa et al., 2011, respectively) to
the northwest corner of the state. Its trace cuts across the entire
Vermilion Granitic Complex to the northwest and is interpreted
to offset the projection of the Rainy Lake-Seine River fault and
therefore the southwestern projection of the Quetico-Wabigoon
subprovince boundary in Minnesota. Aeromagnetic data (Chan-
dler and Lively, 2007) also clearly show that the Vermilion fault
is cut by the Kenora-Kabetogama dikes (ca. 2.067 Ga; Schmitz et
al., 2006). Along the southern margin of the Vermilion Granitic
Complex the Vermilion fault extends into the Vermilion District,
where it continues as the Wolf Lake and North Kawishiwi faults
(Sims, 1976). A series of dextral strike-slip faults and shear zones
that roughly parallel the Vermilion fault are concentrated in an
anastomosing pattern in the central Vermilion District in the
vicinity of the town of Ely (Fig. 8).

The boundary between the Quetico and Wawa subprovinces
is generally considered to be the break across these various faults,
which juxtapose amphibolite facies rocks of the Vermilion Gra-
nitic Complex on the north and the greenschist facies rocks of
the Vermilion District greenstone belt on the south. Thus Sims
(1976) marked the boundary from west to east by the Haley fault,
the Vermilion fault, and the Burntside Lake fault (Figs. 7 and 8).
Sims (1976) inferred south-side-down dip slip on both the Haley
and the Burntside Lake faults based on the lower grade, green-
schist-facies rocks on their south side. He estimated the offset
on the Vermilion fault to be 16.8—19 km of dextral displacement
on the basis of stratigraphic correlations across the fault, and he
noted that reversing this offset would juxtapose the Haley and
Burntside Lake faults, which he inferred were originally a sin-
gle dip-slip (normal?) fault. As a result of this offset the western
extension of the Vermilion fault (on its path toward the north-
western corner of Minnesota) cuts into the Vermilion Granitic
Complex to form the northern boundary of the Wakemup block
(Bauer, 1986), which is bounded on the south by the Haley fault
(Figs. 7 and 8).

The focus for the southern (Minnesota) part of the trip will
be on the Vermilion fault system and its relationship to defor-
mation in adjacent parts of the Vermilion Granitic Complex on
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the north and the Vermilion District on the south. The follow-
ing brief overview of the Vermilion Granitic Complex provides
background for stops and discussion of the Wakemup Bay and
Bumntside Lake plutons.

Vermilion Granitic Complex

The Vermilion Granitic Complex (Southwick and Sims,
1980) (Fig. 7) is broadly composed of biotite schist from a
graywacke protolith, schist-rich to granite-rich migmatite, and
the Lac La Croix Granite (Southwick, 1972; Hudleston et al.,
1988; Bauer et al., 1992). This complex is bounded to the north
by biotite schist of the Kabetogama Peninsula (Fig. 7) and to
the south by the Vermilion District (Figs. 7 and 8). The biotite
schist becomes more migmatitic to the south from the Kabe-
togama Peninsula and to the north from the Vermilion fault sys-
tem, where it is considered to be the high-grade equivalent of
the greenschist-facies metagraywacke of the adjacent Vermilion
District (Sims, 1972). The migmatite leucosomes are composed
of pink leucogranite that is indistinguishable from Lac La Croix
Granite (Southwick, 1972; Bauer, 1986). The biotite schist con-
tains detrital zircons as young as 2700 Ma, and monagzite ages of
the pink Lac La Croix biotite granite indicate an age of 2665 +
2 Ma (Percival and Williams, 1989).

Two major tonalite-trondhjemite bodies and numerous
lenses of tonalite-trondhjemite occur in the southern Vermilion
Granitic Complex. The Wakemup Bay tonalite (Figs. 7 and 9)
is an elliptically shaped body that occupies the core of a major
antiformal structure north of the Haley fault (Bauer, 1986). The
Bumtside trondhjemite (Green and Schulz, 1982) occurs as a len-
ticular intrusive body parallel to the Bumtside Lake fault (Fig.
10). Both of these plutons vary in composition from trondhjemite
to tonalite to granodiorite and locally contain a foliation approxi-
mately parallel to the boundaries of the intrusion. Veins of trond-
hjemite have intruded the supracrustal rocks to form a locally
complex intrusion migmatite, and veins from both of these plu-
tons are folded by both the F, and F, fold phases that affected the
migmatite (cf. Bauer, 1986, and discussion below).

The biotite schist in the southern part of the Vermilion
Granitic Complex, adjacent to the Vermilion District, contains
local staurolite- and sillimanite-bearing mineral assemblages
indicative of middle amphibolite-facies metamorphic condi-
tions (Bauer, 1986). However, the metamorphic record along the
northern boundary of the Vermilion Granitic Complex is more
complex. Just south of the Kabetogama Peninsula, kyanite occurs
locally in assemblages with garnet + muscovite + staurolite, but

»
>

Figure 7. Generalized geologic map of the Vermilion Granitic Com-
plex and adjacent areas in northern Minnesota. The Minnesota-Ontario
boundary is approximately defined by Rainy Lake, Namakan Lake,
the Loon River, and Lac La Croix. Geology adapted from Southwick
(1972), Sims and Southwick (1985), and Day et al. (1990). See Figure
8 for explanation of map units. RLSR—Rainy Lake-Seine River.
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Figure 8. Generalized geologic map of the Vermilion District (Wawa subprovince), northeastern Minnesota

showing stop localities for Day 4. Geology adapted from Sims and Southwick (1985). See Figure 7 for match
line to the adjacent Vermilion Granitic Complex features discussed in the text.
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and a bedding-parallel S, foliation, and outline the F, and F, folds discussed in the text.

kyanite is replaced by sillimanite, still within the staurolite zone,
within 5 km south of the peninsula (Tabor, 1988). Farther south
into the Vermilion Granitic Complex, within more migmatitic
zones adjacent to arcuate satellitic plutons of the granite (Fig. 7),
metamorphic assemblages progressively grade from muscovite +
K-feldspar to K-feldspar without muscovite in sillimanite-
bearing rocks. Locally, cordierite replacing staurolite in assem-
blages with muscovite + biotite (+ garnet + sillimanite) (Bauer
and Tabor, 1990) is indicative of late decompression (cf. Pattison
et al., 1999, 2002). The replacement reactions occur in the schist
adjacent to F,, pluton-cored folds (Fig. 7), discussed below, and
are interpreted to be a response to uplift and decompression dur-
ing F, folding.

Vermilion District and Adjacent Areas

The Vermilion District, ~160 km long and 10-30 km wide,
is bounded to the south by the Giants Range Batholith, to the east
by the Saganaga Granite, and to the north by the Vermilion Gra-
nitic Complex (Sims and Southwick, 1985) (Fig. 8). The most
common rock units include low-grade metasedimentary and
metavolcanic rocks, including basaltic to dacitic volcanic rocks
associated with pyroclastic, volcaniclastic, and epiclastic depos-

its (Sims, 1976). In contrast to the Vermilion Granitic Complex,
the Vermilion District contains a coherent stratigraphy. The old-
est unit in the sequence, the Ely Greenstone, is subdivided into
a lower member of tholeiitic pillow lavas that is overlain succes-
sively by the Soudan Iron Formation member and the Upper Ely
member, which comprises a second sequence of pillowed to mas-
sive tholeiitic basalt flows and locally interlayered iron formation.
In the western Vermilion District (Fig. 8), the Ely Greenstone is
interlayered with a sequence of dacite tuff, dacite porphyry, and
volcaniclastic sedimentary rocks of the Lake Vermilion Forma-
tion. At approximately the same stratigraphic level in the central
Vermilion District (Fig. 8), volcanogenic graywacke and slate of
the Knife Lake Group are interlayered with and overlie rocks of
the Upper Ely member. To the east and northeast, the Knife Lake
Group thickens considerably and is continuous with metasedi-
ments in adjacent parts of Canada. The Giants Range Batholith
is a large composite granitic body that includes components that
span the prominent D, deformation, which produced most of the
strain in the Vermilion District (discussed below). Boerboom and
Zartman (1993) obtained U-Pb ages for the pre- to syn-D, Britt
granodiorite and the syn- to post-D, Shannon Lake Granite that
bracket D, deformation in the Vermilion District to the interval
between 2685 and 2669 Ma.
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Figure 10. Generalized geologic map of the Burntside Lake area.
Deformation the Vermilion District (Jirsa et al., 1992), where they are recog-

Deformational events along the southern margin of the Ver-
milion Granitic Complex and its boundary with the Vermilion
District are similar in many respects to the deformation along
its northern boundary with the Rainy Lake zone. Flattening
fabrics, combined with the evidence for dextral shearing, indi-
cate an overall dextral transpressive tectonic regime produced
by subhorizontal NW-SE shortening (Hudleston et al., 1987).
However, much of the simple shear strain is strongly partitioned
into the Vermilion District south of the boundary, and much of
the pure-shear component of the shortening produced folding
in the Vermilion Granitic Complex. The southern boundary
of this complex, similar to the Rainy Lake zone, includes an
early phase of recumbent folding (D)) followed by metamor-
phism and a strong strain- and fabric-forming event (D,). Early
recumbent folding (F)) and a weak, nearly bedding-parallel S,
foliation were folded by upright ¥, folds along and across the
southern Vermilion Granitic Complex boundary with the Ver-
milion District. Downward facing strata produced by this defor-
mational sequence is evident in F, folds across the Haley fault
(Bauer, 1985) and to the southwest, in the western extension of

nized as early recumbent nappe-like folds in the Lake Vermilion
Formation. Despite the D, designation for this earliest deforma-
tional event, and its similarity to D, in the Rainy Lake zone, it is
unlikely that this deformation was synchronous across the two
subprovince boundaries.

Upright folding of the overturned and upright limbs of F,
folds produced moderately to gently plunging F, folds with east-
wesl-trending axial planes. F, folds in the Vermilion Granitic
Complex commonly contain an axial planar S, foliation, which
is rarely a crenulation foliation where S is well developed. The
strongest D, fabric elements, however, are L, stretching linea-
tions suhpaf‘u]lel to F, fold hinges along both the southern and
northern margins of this complex. During the D, event, ductile
dextral shear was concentrated in steeply dipping east-west—
trending shear zones in the Vermilion District, similar to those
along the Rainy Lake—Seine River fault in the Rainy Lake zone.
In the northern Vermilion District, shear was strongly concen-
trated in relatively incompetent, steeply dipping metasedimen-
tary and tuffaceous units interlayered with more competent
greenstone units (Bauer and Bidwell, 1990). Concentrated zones
of ductile shear are not evident within the Vermilion Granitic
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Complex away from its boundary regions. However, emplace-
ment of syntectonic satellite plutons of the Lac La Croix Granite
reoriented F, folds that were then refolded by large regional F,
folds during continued regional north-south shortening (Bauer et

, 1992). The F, and F, folds on all scales are nearly coaxial,
resulung in common type-3 fold interference patterns. Large, rel-
atively open F, folds are common across the Vermilion Granitic
Complex and are responsible for the large fold patterns and axial
traces mapped by Southwick and Ojakangas (1979) and shown
in Figure 7. F, folds include the folds that appear to have been
intruded by the Lac La Croix Granite, south of Kabetogama and
Namakan Lakes, and the Wakemup Bay pluton in the northwest-
emn part of Lake Vermilion (Figs. 7 and 8). However, it is also
clear that decimeter- to meter-scale layers of the Lac La Croix
Granite are folded by upright F, folds in the migmatites to the
west of the main batholith. Such observauons are consistent with
syntectonic emplacement of the granite during both the F, and
F, fold events. If, as suggested by Bauer (1986) and Bauer et
al (1992), F, folds formed in response to continued north-south
shortening following reorientation of F, folds during intrusion,
the formation of F, and F, folds could have overlapped in time
during shortening across the Vermilion Granitic Complex.

The U-Pb monazite age of 2665 + 2 Ma for the syn- to late-
D, Lac La Croix Granite (Percival and Williams, 1989), and the
D, bracket between 2685 and 2669 Ma, based on the U-Pb zircon
ages (Boerboom and Zartman, 1993), suggest that D, deforma-
tion began somewhat earlier in the Vermilion District than in the
Vermilion Granitic Complex. However, north-south shortening
across the Vermilion Granitic Complex, to include the F, folding,
may well have persisted longer in the higher grade, Iess compe-
tent rocks of this complex.

Finally, late-stage faults at a high angle to the subprovince
boundary (longitudinal faults of Sims, 1972) cross-cut all of the
folds and commonly display left-lateral offset (Fig. 8).

DAY 1: MINNEAPOLIS TO
FORT FRANCES, ONTARIO

DAY 2: RAINY LAKE ZONE, ONTARIO
Rainy Lake Zone

Many of the stop descriptions are modified from a pre-
vious field guide (Czeck and Poulsen, 2010). All stops are in
the Rainy Lake district (Fig. 2), which is a complex zone of
allochthonous units at the boundary between the Wabigoon and
Quetico subprovinces.

Stops are shown in Figure 2, and localities are described by
UTM coordinates based on NAD 83, UTM Zone 15U.

Stop 2-1: Moderately Strained Seine Metaconglomerates

From Fort Frances, Ontario, drive east along Highway 11 for
~68 km (42.3 mi) to Mine Centre. From Mine Centre, continue
driving east on Highway 11 for 15.2 km (9.4 mi) to Horsecollar

215

Junction. Quicrop along north side of Highway 11 across from
Junction. (15U 0542130E, 5398538N)

The Seine Group was deposited in a fluvial system (e.g.,
Lawson, 1913; Wood, 1980; Czeck and Fralick, 2002) and con-
tains metamorphosed interbedded conglomerates and sandstones.
The lithofacies found within the Seine match various environ-
ments of braided stream systems including channels and bars.
Conglomerate-dominated, longitudinal bar-channel sequences are
the most common; however, sandier channel sequences are not rare
and dominate higher levels in the group (Czeck and Fralick, 2002).

There are several late-stage sequences similar to the Seine
in the Superior Province, many bearing a striking resemblance
to one another. They are known as Timiskaming-type sequences
and have long been recognized as having formed in a dynamic
tectonic environment (e.g., Lawson, 1913; Pettijohn, 1943). All
of these conglomerates are found along major wrench zones,
leading to the conclusion that these conglomerates were depos-
ited synkinematically in wrench-related basins (Poulsen, 1986;
Poulsen, 2000a).

Within the Seine conglomerates throughout the region,
asymmetric shear-sense indicators are prevalent. In general, these
are either in the form of asymmetric strain shadows at the ends
of clasts, wrapped foliation indicating rotation of the most rigid
clasts, or clast tiling. All of these shear-sense indicators suggest
dextral shear and are most evident on the subhorizontal plane,
regardless of lineation orientation, which varies on a hectometric
scale. The best model proposed for the deformation in the meta-
conglomerates that explains the subhorizontal asymmetric shear-
sense indicators, the dominant flattening fabrics, and the highly
variable stretching-lineation orientations is a transpression with
horizontal simple shear and a variable extrusion direction (Czeck
and Hudleston, 2003, 2004). The specific clast strain, combined
with the other structural evidence, should allow for a more rigor-
ous test to this model.

The metaconglomerates within the Seine Group provide an
excellent opportunity to observe competence contrasts and their
effects on deformation. The deformation here is typical of much
of the Seine: The granitoid clasts are fairly undeformed, and the
volcanic clasts display significant flattening. Minor amounts of
quartzite, banded iron formation, and other lithologic clast types
are also observable.

Czeck et al. (2009) used the clast shapes on the three-
dimensional road outcrops to calculate strain within the Seine’s
various clast populations using the R/¢ method for two-
dimensional strain (Ramsay, 1967; Dunnet, 1969; Lisle, 1985),
a bootstrap statistical technique (McNaught, 2002; Muichrone,
2005; Yonkee, 2005), and best-fit three-dimensional ellipsoid
calculations (Launeau and Robin, 2003, 2005) (Fig. 11). In most
cases the calculated long axes of the strain ellipsoid match the
mineral lineation, and short axes are normal to the foliation, indi-
cating that primary clast fabrics have not significantly affected
the results. The strain magnitude is strongly dependent on lithol-
ogy and varies greatly and nonsystematically throughout the
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region. In general, the mafic and felsic volcanic clast popula-
tions have similar strain magnitudes at a particular outcrop, and
granitoid clasts have consistently smaller strain magnitudes. The
regional-scale variations in strain magnitude cannot be linked to
changes in the concentrations of clast types within the outcrops
(Fissler, 2006), but are likely related to spatial proximity to the
minor shear zones. Of the 26 outcrops evaluated, 19 have an
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overall flattening strain, 5 exhibited a constrictional strain, and 2
exhibited plane-strain. Flattening dominates throughout the field
area, whereas constriction exists in the western and easternmost
stations. Strain magnitude does not correlate with strain shape.
At this particular outcrop, strain magnitude is typical of
many of the sites and long/short strain axes ratios were ~2:1 for
granitoid clasts, 6:1 for mafic volcanic clasts, and 4:1 for felsic
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(stations A-Z). From Czeck et al. (2009).
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volcanic clasts. The strain results plot in the flattening field.
Czeck et al. (2009) also used detailed finite strain measurements
of the clasts to calculate effective viscosity contrasts using estab-
lished methods (Treagus and Treagus, 2002). The two volcanic
clast populations have similar effective viscosities, regardless of
strain magnitude, with ratios of felsic/mafic ranging from 0.27
to 2.12 and an average ratio of 1.19. The granitoid clasts are sig-
nificantly more competent than the mafic clasts, with effective
viscosity ratios ranging from 2.35 to 12.39 and an average ratio
of 5.61. The results are consistent with a qualitative competence
hierarchy of granitoid > felsic > mafic, although the quantitative
effective viscosity ratios change with strain magnitude. For small
strains, granitoid >> felsic > mafic. For large strains, granitoid >
felsic = mafic. The variations in these ratios throughout the field
area indicate that the effective viscosity contrast between clast
types is strain dependent and possibly deformation-path depen-
dent (Czeck et al., 2009).

Stop 2-2: Highly Strained Seine Metaconglomerates
Continue east along Highway 11 for 18.7 km (11.6 mi). Outcrop
is along north side of Highway 11. (15U 0559619E, 5398914N)

The Seine metaconglomerates at this locality are extremely
deformed (among the highest strain found within this unit),
reflected in the strained shapes of both the volcanic and plutonic
clasts. Many clasts are deformed beyond recognition, giving the
rock a striped appearance. [s it possible to reliably estimate strain
in a rock that is this deformed? Most likely, all strain estimates
are minimum estimates, because only the least deformed clasts
can be measured. Czeck et al. (2009) estimated strain for the vari-
ous clast types at this outcrop and found the most disparate strain
measurements in their study. Long/short strain axes ratios were
~3:1 for granitoid clasts, 11:1 for mafic volcanic clasts, and 136:1
for felsic volcanic clasts! The errors for the best-fit ellipsoids
were high, leading to doubts as to the veracity of these results
(don’t put much faith in these numbers!).

The lineation plunges ~44°E. Although this lineation orien-
tation is the approximate “average” stretching lineation for the
Seine, it cannot be thought of as “typical” because the lineation
orientations are so inconsistent. This outcrop is a key locality for
demonstrating that the lineation orientation is not directly related
to the amount of strain (Czeck, 2001; Fissler, 2006; Czeck et al.,
2009). This is important because most transpression models pre-
dict subvertical-vertical lineations in highly strained outcrops,
and outcrops such as this one allow us to rule out many kinematic
models. Again, the dextral asymmetric indicators are most promi-
nent on the subhorizontal plane, which allows us to rule out many
triclinic transpression models. The combination of subhorizontal
asymmetric shear indicators and variable lineation orientations
makes a deformation model of quasi-homogeneous transpres-
sion with a variable extrusion direction most likely (Czeck and
Hudleston, 2003, 2004).

This outcrop also displays some crenulation cleavage. In
general, crenulations formed in the Seine when the clasts are
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strained enough to create a layering effect. Therefore, crenula-
tions formed relatively late within the strain history, probably
during D,. Crenulations of both dextral and sinistral senses
can be observed, indicating that there was likely still a signifi-
cant pure shear component to the strain at the time of crenula-
tion formation.

The extensive silica veining and carbonate alteration in this
rock suggest that fluids infiltrated the rock during deformation.
The relative timing of the carbonate fluid and quartz veins is
ambiguous in thin section, suggesting that they were at least, at
times, coeval (Czeck, 2001). Fluid flow in shear zones is often
associated with the possibility of preferential volume loss of solu-
ble material, although the largely constrictional strains measured
here (Czeck et al., 2009) are not consistent with typical volume-
loss apparent strains, which fall in the flattening field (Ramsay
and Graham, 1970). There was probably a symbiotic relationship
between fluid localization and enhanced deformation. With such
instances of fluid infiltration in highly deformed zones, one might
ask the “chicken versus egg” question of whether the fluid caused
the high deformation through softening of the rock, or whether
the high deformation caused paths for fluids to infiltrate. We will
leave the “chicken versus egg’ question open for discussion.

Stop 2-3: Two-Dimensional Horizontal View of

Seine Metaconglomerates

Return west on Highway 11 for 24.4 km (15.2 mi). Turn south
onto Forest Tour Road (dirt track heavily overgrown with
weeds). Continue along Forest Tour “Road” for 0.7 km (0.4 mi).
(15U 0536866E, 5398509N)

This outcrop allows us to see a large two-dimensional
view of the Seine metaconglomerates with many beautiful
examples of clast tiling, asymmetric strain shadows, and other
kinematic indicators.

Many sandy beds and channels, locally with graded bedding,
can be located within this outcrop. Is it possible to determine
stratigraphic facing here? As a note of historical interest, A.C.
Lawson recognized cross-beds in the Seine sandstones as early
as 1911, only a year or so after their significance as a “way-up”
indicator was appreciated in younger, flat-lying rocks elsewhere.
Lawson’s work in the Seine appears to have been the first use of
observed reversals in stratigraphic facing to define traces of folds
in a Precambrian setting.

Stop 2-4: Ottertail Pluton

Return to Highway 11 and continue driving west for ~32.2 km
(20 mi). Outcrop lies on both sides of Highway 11. (15U
0510221E, 5397524N)

The Ottertail pluton is one of the calc-alkaline granitoids
of the Algoman type according to Lawson (1913) that range in
composition from diorite to granite. They are compositionally
distinct from the older orthogneisses in the area, such as the
Rice Bay Dome, which typically have a tonalitic composition
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(Poulsen, 2000a). All of the Algoman-type intrusions have rela-
tively discrete discordant boundaries and are generally semi-
elliptical in map view. Although the Ottertail is obviously rela-
tively late, as judged simply by looking at the map, the details
of how late is a bit more complicated and requires a look at both
its margins and interior.

The Ottertail itself is mostly granite to granodiorite. The
granites are two-feldspar subsolvus granites, containing both
K-feldspar and plagioclase along with quartz, hornblende, and
biotite. Across its extent it has a heterogeneous composition and
grain size distribution (Czeck et al., 2006).

Here we are in the center of the Ottertail pluton with its
typical granitic chemistry. The rocks appear largely unmetamor-
phosed in outcrop but in fact were subjected to low-grade, locally
hydrous metamorphism. Chlorite is the primary metamorphic
mineral present, which formed by retrograde metamorphic reac-
tions of biotite and hornblende (Czeck et al., 2006). Trace evi-
dence of other metamorphic minerals, including epidote, clino-
zoisite, and zoisite, are typically present (Czeck et al., 2006).

The pluton is not highly deformed, but a range of defor-
mation microstructures can be observed throughout to varying
degrees. The amount of grain-scale deformation varies non-
systematically throughout the pluton. In most samples, quartz
microstructures, such as undulose extinction and subgrain forma-
tion, indicate that some solid-state deformation accommodated
by dislocation creep mechanisms was active (Czeck et al., 2006).
In the samples with the most deformation microstructures, a
weak to moderate S-C fabric, quartz ribbons, fractured feldspars,
and kinked biotites have also been observed (Czeck et al., 2006).
Variations in the microstructural assemblages are most likely
due to strain localization or possibly different cooling histories.
The microstructures indicate that the granite was emplaced and
cooled enough to deform in the solid state (in at least some parts)
during deformation.

Anisotropy of magnetic susceptibility (AMS) analyses
were conducted for the Ottertail pluton. For those not familiar
with this technique, AMS is a nondestructive method commonly
used to obtain three-dimensional average rock fabric (Borra-
daile, 1988; Grégoire et al., 1998). The distribution and shape
of the iron-bearing minerals in a rock dominate the strength of
the anisotropy and the shape of the AMS ellipsoid. In a rock in
which magnetite is the primary magnetic carrier, the shape and
distribution of magnetite grains control the AMS ellipsoid where
the long axis of the magnetite grain typically aligns with the long
axis of the AMS ellipsoid (e.g., Borradaile and Henry, 1997). If
the grains are equidimensional and distributed homogeneously
throughout the rock, the AMS ellipsoid is spherical. The greater
the distribution heterogeneity of the grains, the greater the AMS
ellipsoid deviates from a sphere. The three axes of the AMS
ellipsoid are k1, k2, and k3, with k1 > k2 > k3. The k1-k2 plane
(pole to k3) is the magnetic foliation plane, and the k1 is the
magnetic lineation direction. Well-defined planar AMS fabrics
within the Ottertail pluton are roughly coincident with the steep
foliations measured in the surrounding rocks, indicating that the
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AMS fabrics were most likely caused by regional deformation
(Czeck et al., 2006).

Gravity inversion analysis indicates that the pluton is shal-
low, with a maximum depth of ~4.5 km (Czeck et al., 2006). The
shallow nature of the pluton supports the conclusion that the steep
internal fabrics are unlikely to be purely flow from a feeder zone,
but rather a result of the regional strain. The pluton was likely
syntectonic, late in D,. Its geometry is consistent with intrusion
into a transpressional setting, possibly into shallow rhombo-
chasms created by en echelon P shears related to the major shear
zones or along oblique thrusts (e.g., Tikoff and Teyssier, 1992).

Stop 2-5: Ottertail Pluton Margin

Return to Highway 11 and continue driving west for ~2.8 km
(1.7 mi). Outcrop lies on both sides of Highway 11. (15U
0508292E, 5396632N)

At this stop, we will view breccias that are common at the
margins of the Ottertail (Poulsen, 2000a). The breccia-like char-
acter implies hydraulic fracturing at the pluton edge. The xeno-
lithic blocks within the breccia are foliated country-rock rem-
nants that were likely deformed during D, and D,. The strong
foliation within these blocks suggests that a significant part of D,
deformation occurred prior to intrusion of the pluton.

The Ottertail pluton’s composition near the boundaries has
significantly higher percentages of chlorite, biotite, and homn-
blende, presumably input from the country rock. Much of the
chlorite is a retrograde reaction product of either biotite or
hornblende. Together, the percentages of these three minerals
range from 2% to 15% in the center of the pluton, grading to
34%-58% along the eastern and western margins (Czeck et al.,
2006). Feldspars are more sericitized in these boundary regions
(Czeck et al., 2006).

Stop 2-6: Pseudoboudins

Return west on Highway 11 for 11.7 km (7.3 mi). Turn south-
west on dirt road and park. Outcrop is on a dirt road turnoff
(south side of highway). Also note a small outcrop on north side
of Highway 11. (15U 0497963E, 5393628N)

At this outcrop of pelitic-psammitic schists, we can see fine
examples of segmented pegmatite veins resembling boudin trains.
Some of these segmented veins are indeed boudins, and they can
be distinguished on the basis of (1) clearly defined edges, typi-
cally with straight sides formed by fractures that are oriented at
high angles to the host rock fabric, and (2) clear fabric deflection
of the host rock into the boudin neck regions. However, within
other segmented veins we can see distinct examples of appar-
ent boudinage or “pseudoboudinage” (Bons et al., 2004; Bons
and Druguet, 2007; Druguet et al., 2008) (Fig. 12). In pseudo-
boudinage, a string of pegmatite beads is oriented at a low angle
to the foliation and layering. Although resembling boudinage,
this structure more likely formed by irregular inflation and col-
lapse during vein intrusion (Bons et al., 2004) or intrusion into
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dilational jogs (Bons and Druguet, 2007). This interpretation is
based on (1) the irregular “caulifiower” shape of the individual
segments, and (2) the large amount of extension required to
form these structures by boudinage, an amount that is incom-
patible with strain determined from nearby boudins (Druguet et
al., 2008). Subsequent vein-parallel tectonic extension may have
produced further separation between segments. Good examples
of boudinage and pseudoboudinage can be seen at the outcrop
off the south side of the highway. Good examples of folded and
boudinaged veins can be seen at the small outcrop on the north
side of the highway.

Stop 2-7: Shear Zones within the Grassy Portage Sill:
Moderate Strain

Return west on Highway 11 for 1.6 km (1 mi) to the point
at which a major power line intersects Highway 11. Park off
road and observe rocks on south side of Highway 11. (15U
0497603E, 5395098N)

The Grassy Portage intrusion is a large metamorphosed,
layered gabbroic sill, which is exposed ~20 km along its strike.
It has been overturned so that it dips steeply to the northwest
(Poulsen, 2000a). Within the sill, layering is formed by variations
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in mineralogy and chemistry, both regionally (kilometer scale)
and locally (centimeter scale) (Poulsen, 2000a). Compositions
range from melagabbro to anorthosite (Poulsen, 2000a). The
margins have been exploited for disseminated chalcopyrite and
pyrrhotite mineralization (Poulsen, 2000a).

Within the sill the anorthositic rocks are usually found as
lenticular pods within the gabbros that range in size up to 50 cm
maximum diameter. They have adcumulate textures of fine-
grained andesine (Poulsen, 2000a).

Here, we observe small centimeter-scale shear zones within
the coarser grained gabbros, with both dextral and sinistral off-
sets indicated by fabric deflection. Most of the shear zones are
steep-subvertical, but they have curved intersecting geometries
that intersect as shallow planes.

Stop 2-8: Shear Zones within the Grassy Portage Sill:

High Strain

Continue west along Highway 11 for 2.8 km (1.7 mi) to the junc-
tion with Highway 502. Turn right and drive north along High-
way 502 for 2.2 km (1.4 mi). Turn east along Baseline Road and
drive for ~4.9 km (3 mi). Outcrop is a small mound on north side
of road. Other outcrops are across road within recently forested
logging trails. (15U 0498897E, 5399146N)
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Figure 12. Schematic illustration of geometrical differences between apparent boudinage and actual boudinage from Bons et al. (2004).
(A) Collapse and inflation of a pegmatite dike upon emplacement, without any dike-parallel stretching. (B) Boudinage of a solidified

pegmatite dike, resulting from dike-parallel stretching.
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Here, we observe the sill along its base (northwest margin)
on a subhorizontal glaciated surface. This lower portion of the sill
is dominated by compositions of gabbroic and anorthositic rocks
that either may have formed by gravitational setting or autointru-
sion (Poulsen, 2000a). The metagabbroic rocks range from leu-
cogabbro to gabbro in composition and contain hornblende and
plagioclase with minor amounts of chlorite and biotite (Poulsen,
2000a). Most of the gabbros have a poikilitic texture with horn-
blende megacrysts, but some have an equigranular texture.

D zoisite-rich anorthosite pods

_ metagabbros

Bauer et al.

At this particular outcrop the pods have adcumulate textures
but are composed of fine-grained zoisite. The zoisite textures
indicate that they were formed by hydrous alteration of plagio-
clase, as evidenced by some relict plagioclase grains with quartz
and minor amounts of calcite (Carreras et al., 2010).

The metagabbros contain a wavy pre-shearing weak foliation
formed by aligned and linked amphiboles, which strikes ~110°
with steep-subvertical dip. The orientation of this local folia-
tion is consistent with the prevailing foliation in the immediate

[:I covered (grass and gravel)

fractures

traces of shear zones
and mylonitic foliation

Figure 13. Detailed outcrop map of the shear zones within the Grassy Portage Sill, from Carreras et al. (2010).
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region, which is deflected from the typical NE-SW regional
strike to a WNW-ESE orientation caused by deflection around
the Rice Bay Dome.

Both the gabbros and anorthosites are affected by subse-
quent small-scale (centimeter to decimeter) shear zones, defined
by deflection and intensification of this prevailing foliation, and
studied in detail by Carreras et al. (2010) (Fig. 13). These bands
are narrow and discrete, with a maximum width of a few cen-
timeters, and define an anastomosed pattern with orientations
dominated by NNW-SSE-striking, moderately to steeply dipping
strands (Carreras et al., 2010). Inside the shear zones the rocks
are well-foliated and fine-grained mylonites. The shear zones
are preferentially within the gabbros and commonly localize at
the gabbro-pod margins. This prevalence of ductile deformation
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within the gabbros indicates that the gabbros were less competent
than the anorthosites during much of the deformation. However,
the shear zones also cut across some pods, where they are defined
by mylonitic banding with finer grain size and segregated com-
positional banding.

Through detailed kinematic analysis, including foliation
deflection patterns and relative timing criteria outlined in their
paper, Carreras et al. (2010) determined evolution of the shear
zones, including the relative timing of initiation and subse-
quent rotation of the features (Fig. 14). They distinguished
two main sets of shear zones, dextral and sinistral, each of
which exhibits a range of orientations. The final angular pat-
tern between dextral and sinistral shears is not an original
feature. Dextral and sinistral shears formed together at nearly

A FINAL STAGE
EARLY SETS LATE SETS LATE EXTENSIONAL FRACTURES (F)
b)
30% 1320
s
70%
iy, Sewi, 0 10 20 25 50 / 10 20
SEQUENTIAL DEVELOPMENT
B EARLY STAGE LATE STAGE

Figure 14, Two-dimensional (horizontal) kinematic model for shear zone set formation from Carreras et al. (2010). (A) Mean orientation
of the early and late dextral (D) and sinistral (S) sets of shears and corresponding rose diagrams. The finite bulk shortening direction faces
the obtuse angle between the sets. In both stages there are more dextral shears than sinistral ones. The orientation and corresponding rose
diagram of the late fractures (F) is also included. (B) Model lor the sequential development of shears, drawn on the XZ plane with north
upward. In addition to shears, the orientation of the bulk X and Z directions, the assumed shear plane, and the trend of the preexisting folia-
tion (dashed lines) have been drawn. Itis assumed that the initial angle that faced the bulk shortening direction between sets was ~90°. As
deformation progressed, the two sets rotated in opposite directions, and the angle between them increased. The later development of new
dextral and sinistral sets led to complex coalescences and cross-cutting relationships.
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right angles, and the angles progressively opened toward the
extension direction as a result of increasing strain. The obtuse
angles were achieved by the combined effects of continued
shearing on newly forming shears and internal deformation of
the lozenge-shaped domains of lesser deformed rock. Through
time there was an increasing prevalence of dextral shears over
sinistral ones. The studied pattern and sequential analysis
indicate that bulk deformation was noncoaxial, with a defor-
mation regime evolving from a pure shear-dominated dextral
transpression to a higher vorticity dextral transpression (Car-
reras et al., 2010).

Fractures are the latest structures, cutting both the foliation
and shear zones. They are present exclusively in the anorthosite
(zoisite) pods and are chiefly oriented transverse to the mylonitic
foliation. The regularity of the fracture orientations suggests that
they formed in response to the final state of instantaneous strain,
because one would expect them only to be subparallel if they
had formed without any subsequent rotation. They are interpreted
as extensional (Mode I) fractures. The incidence of the fractures
exclusively within the pods indicates that the pods were relatively
more competent than the surrounding gabbros at this final stage
of deformation.

Stop 2-9: Folds and Syntectonic Veins within

Mafic Metavolcanics

Return to Highway 502 and drive north 4.2 km (2.6 mi). Outcrop
lies along east side of Highway 502. (15U 0496149E, 5401196N)

At this stop, we are in relatively incompetent mafic metavol-
canic rocks that are channeled between more competent units:
the Black Sturgeon Bay gneiss dome to the northwest, the Rice
Bay gneiss dome to the southwest, and the Baseline Bay (Algo-
man) pluton to the east. The foliation at this outcrop strikes
approximately NE-SW in an orientation that is consistent with
the foliation in the incompetent units being channeled around
the more competent units. Here, the banded mafic metavolcanic
rocks are isoclinally folded (F,). A sequence of leucocratic veins
are intruded into the host rock.

The leucocratic veins are syntectonic with D, because many
such veins that cross-cut F, folds are coplanarly folded with them
(axial planes are subparallel), although in a more open geometry.
This relationship reveals that the host rocks underwent folding
prior to vein intrusion, but both vein and host rock underwent
additional D, folding. Druguet et al. (2008) used veins such as
these to estimate two-dimensional strain in metavolcanic and
metapelitic host rocks surrounding the competent Rice Bay
gneiss dome. This outcrop is in one of the highly strained zones
(Figs. 2 and 15).

The veins and their host rocks underwent a competence
inversion. When the veins were first intruded, they were less
competent than the host rock, but as they cooled they even-
tually became more competent. Less competent veins, which
must have been some of the last to intrude, have cuspate mar-
gins and irregular vein boundaries. More competent veins,
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which must have intruded and cooled during the deformation,
are folded.
Return to Fort Frances and hotel.

DAY 3: RAINY LAKE ZONE, ONTARIO (CONTINUED)
AND WESTERN LAKE VERMILION, MINNESOTA

Part 1: Rainy Lake Zone (Continued)

Stops are shown in Figure 2. Stops 3-1 through 3-4 are in the
Rainy Lake District at the boundary between the Wabigoon and
Quetico subprovinces.

Stop 3-1: Folding and Syntectonic Veins in Alternating
Pelitic and Psammitic Schists

Return to Highway 11 and drive east 27.3 km (17 mi), immedi-
ately to the east of Highway 502 turnoff. Outcrop is along south
side of Highway 11. (15U 0495680E, 5396171N)

At this stop we are in relatively incompetent metasedimen-
tary rocks that are channeled between more competent units, the
Rice Bay gneiss dome to the northwest and the Grassy Portage
gabbroic sill to the east. The foliation at this outcrop is striking
approximately NE-SW, parallel with the map expression of this
channeled metasedimentary unit. The rock consists of alternating
pelitic and psammitic schists with F, isoclinal folds easily seen in
the metapsammitic layers and early quartz veins.

There are multiple veins ranging from quartz to leucocratic
in a variety of orientations. We can see folding and boudins in
the veins, depending on their orientation. The folds in the veins
have a tighter geometry in the pelitic schists compared with the
psammitic schists, owing to the higher competence contrast
between the veins and the metapelites (e.g., Ramsay, 1967;
Cruikshank and Johnson, 1993). Based on two-dimensional
strain analysis of vein deformation with assumed constant vol-
ume, this outcrop is in a moderately strained zone with long/
short axial strain ratios of ~2:1 and plane strain (Druguet et al.,
2008) (Fig. 15).

Stop 3-2: Decimeter-Scale Upright Folds

Drive west on Highway 11 for 200 m. Outcrop is along north
side of Highway 11 directly west of Highway 502 turnoff. (15U
0495180E, 5396173N)

The next stop is very near the last, within the layered
metasedimentary rocks. Here we can observe decimeter-scale,
low-amplitude folds within the sedimentary layers. Note that
the F, folds plunge eastward and display an asymmetry con-
sistent with the position on the southeast flank of the Rice Bay
Dome. Two outcrop localities convincingly demonstrate down-
ward facing in this metasedimentary (metagraywacke) unit:
near Pocket Pond (pillow lavas) and Bear Pass Boat Launch
(graded beds) (Poulsen et al., 1980). In both cases the metagray-
wackes are structurally beneath but stratigraphically above the
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metavolcanics, a relationship that is supported by zircon ages
(Davis et al., 1989). Given that these metasedimentary rocks are
younger than both the mafic-ultramafic rocks to the east, and the
felsic rocks in the core to the dome to the northwest, there is a
problem in interpreting their configuration prior to development
of the F, “dome.” The possible solutions are shown in Figure 16,
all resulting in “stacked” tectonostratigraphy. Therefore, in the
big-picture view, down-plunge and eastward from this locality is
an antiformal syncline.

Stop 3-3: Deformed Pillow Basalts
Drive west along Highway 11 for 11.9 km (7.4 mi). Outcrop is on
the N side of the highway. (15U 0484372E, 5392969N)

Here, we can observe metabasalts with prominent pillows
in three dimensions. Stretching lineations defined by alignment
of mafic minerals and long axes of pillows are near vertical.
Strain appears to be constrictional, although detailed strain mea-
surement has not been performed. The pillow rinds have been
stretched vertically, forming boudins with quartz-filled necks.
Leucocratic intrusions have cuspate structures that preserve
magmatic relationships and weak internal fabrics, suggesting
syntectonic intrusion.
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Figure 16. Schematic cross section showing alternative explana-
tions for stacking of tectonic slices in Rice Bay-Bear Pass area.
From Davis et al. (1989). Numerals refer to zircon ages.
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Stop 3-4: Four Consecutive Sets of Strongly

Deformed Leucocratic Veins within a Foliated
Metasedimentary Rock

Drive west along Highway 11 for 5.1 km (3.2 mi) to junction
with George Armstrong Road. Park on pullout on south side
of highway. Outcrop is on the N side of the highway. (15U
0479787E, 5391252N)

This outcrop is a strongly foliated metasedimentary rock of
the Quetico Group between various Algoman granitic intrusions
to the north and south. Four consecutive sets of strongly deformed
leucocratic veins intrude the host rock and are boudinaged and
folded depending on orientation. Where veins intruded at angles
higher than 30° with respect to the foliation, they were folded.
When intruded at lesser angles, they were boudinaged, or folded
and then boudinaged. There is an increasing measurable strain in
progressively older veins, which indicates multiple synkinematic
D, intrusions (Druguet et al., 2008). Based on two-dimensional
strain analysis of vein deformation with assumed constant volume,
this outcrop is in a highly strained zone with long/short axial strain
ratios of ~5.5:1 and flattening strain (Druguet et al., 2008) (Fig. 15).
In this highly strained zone, the folds are tighter than at outcrops
showing lesser deformation. The folds are tight to isoclinal and
classified as Ramsay (1967) Class IC and 2 folds, characterized
by relative thickening of the hinge zones, which is compatible with
flattening strain. Lastly, the veins are offset by discrete brittle faults,
primarily dextral, that presumably occurred during D,.

Drive back to Fort Frances and then over the U.S. border at
International Falls and drive south on Highway 53 to the town of
Cook, Minnesota.

Part 2: Wakemup Bay Tonalite and Vermilion Fault

Much of the work in this section is based on the results of
R. Bauer and colleagues (Bauer, 1981, 1986; Bauer and Bidwell,
1990) and the Master’s thesis of K. Charkoudian (2003).

Stops are shown in Figure 9, and localities are described by
UTM coordinates based on NAD 83, UTM Zone 15T.

Stop 3-5: Biotite Schist

From Cook, Minnesota, take Highway 24 north until it becomes
adjacent 1o the western edge of Lake Vermilion. The stop is near
“Head of the Lakes” resort. The GPS location for this stop is
approximate. (15T 474844E, 5310679N)

The Wakemup block is a lozenge-shaped fault block bounded
by the Vermilion fault to the north, and the Haley fault on the
south, east, and west (Fig. 9). Three main units within this block,
in age order, are the biotite schist, homblende diorite (appinite)
dikes and sills in the schist, the Wakemup Bay pluton, and local
veins of granite and pegmatite that are probably late stages of the
Lac La Croix Granite. The pluton is surrounded by the biotite
schist on all sides and is capped in the center of the pluton by an
isolated exposure of flat-lying biotite schist and appinite, which
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is topographically higher and structurally overlies the pluton
(Fig. 9). This stop highlights the schist.

Bauer (1986) identified three phases of folding adjacent to
the Wakemup Bay tonalite in the Vermilion Granitic Complex.
The earliest (F) folds are most evident as tight to isoclinal folds
of quartz veins and thin granitic stringers oriented at a high
angle to the approximate bedding-parallel foliation in the biotite
schist. On a more regional scale, F folds have also been recog-
nized in downward-facing F, folds across the Haley fault (Bauer,
1985) and in the western Vermilion District (Jirsa et al., 1992).
The intermediate-age (F,) folds trend E-W and are regionally
pervasive in the biotite schist. The third episode of folding (Ey
produced large casterly plunging F, fold axes along the western
margin of the Lac La Croix Batholith (Fig. 7). Along the southern
margin of the Vermilion Granitic Complex, major F, folds were
locally refolded about westerly to northwesterly plunging F, axes
(Fig. 7). Bauer et al. (1992) suggested that late D, emplacement
of the Lac La Croix Granite and associated satellite plutons reori-
ented F, folds, which were then refolded by large regional F,
folds during continued regional north-south shortening.

Approximately 2 km to the north, the Vermilion fault
extends in a WNW-ESE-oriented direction and crosses High-
way 24. Aligned creeks (Hoodoo, Black), elongate lakes (Hoo-
doo, Black, Wolf), and elongate bays of Lake Vermilion (Black,
Norwegian, Wolf) demarcate its position in this area. The lack
of any exposures of the Vermilion fault is, unfortunately, a
regional phenomenon.

Stop 3-6: Wakemup Bay Tonalite

Turn S on Highway 24 north, returning in the direction of Cook.
Approximately 7 km (4.3 mi) S, umn left (E) on Highway 78. Turn
left (N) on County Road 478 (Wakely Road); there will be signs
Sor Wakemup campground. Continue past the turnoff for the camp-
ground until the intersection with Soderholm Beach Road, and park
there. A power line road to the north of the intersection contains a

large owtcrop of Wakemup Bay tonalite. (15T 468619E, 5305964N)

This stop provides a look directly at the Wakemup Bay
tonalite. There is overall a shallowly dipping foliation and pres-
ervation of compositional banding. The Wakemup Bay pluton
typically contains a weak to moderate foliation, which is paral-
lel to foliation in the surrounding schist (Fig. 9). The foliation is
defined by compositional banding of parallel grains of biotite,
and less commonly by flattened quartz grains. Some leucocratic
veins of granodiorite occur in the pluton and are parallel to folia-
tion within the pluton (Bauer, 1986). At the outer contacts of the
pluton, foliations in the biotite schist dip away from the pluton on
all sides, and parallel the boundaries of the pluton. In the center
of the pluton the foliation is dominantly flat lying. The foliation
dips gently to the south near the southern edge of the pluton, and
gently to the north near the northern edge of the pluton (Bauer,
1986). Sparse, open warps of S, with hinge lines plunging gently
to moderately to the east, occur in the schist just east of the pluton
contact and represent the only minor F, structures observed in the
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area. The axial planes of these folds, like those of the pluton-cored
F, structure, are cast-west striking and steeply dipping. Along the
northern contact the Wakemup Bay tonalite is locally folded with
F, folds, which suggests that the tonalite was emplaced before or
d[lring the late stages of F, folding (Bauer, 1986).

Microstructures

The Wakemup Bay pluton records dominantly magmatic
microstructures, except along northwestern and western contacts
of the stock, where it displays a stronger foliation parallel to schist
contact. In thin section, feldspars are euhedral, and quartz grains
are sub-equant (Fig. 17). Biotite is aligned, suggesting that mag-
matic flow occurred. Locally, the Wakemup Bay pluton exhibits
evidence for solid-state deformation, mostly by the elongation

Figure 17. Thin sections/field photos from Wakemup Bay pluton,
shown under cross-polarized light. (A) Magmatic fabric, typical of
most of the exposures. (B) Crystal-plastic deformation, character-
ized by elongate quartz but only minor grain-size reduction that oc-
curs locally.






