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Abstract 

The debate about the formation of Archean (3.8-2.5 Ga) granite-greenstone 

terrains feature two hypotheses: 1) sagduction and diapirism and 2) arc-terrane accretion 

via plate tectonics processes.  The Superior Province in northeastern Minnesota is an 

Archean granite-greenstone terrain which is historically explained by arc-terrane 

accretion.   

 This work involves a structural and kinematic analysis of the deformational 

processes within the Shagawa Lake shear zone, northeastern Minnesota.  The Shagawa 

Lake shear zone, a zone of L-S tectonites that, strikes east-northeast and dips steeply, to 

lies within a greenstone belt bordered to the north and south by granitic complexes.  This 

work focuses on an ~18 km long and ~3-4 km wide portion of the shear zone.  Structural 

data were collected and compiled and oriented samples were collected for microstructural 

analysis. 

The Shagawa Lake shear zone foliation averages 065, 80 S.  Elongation lineation 

(Le) defines two major populations, a moderately to steeply-plunging group (90 ±30) and 

a shallowly-plunging group (15 ±10).  Strike-slip Le are few and overprint the pervasive 

dip-slip Le.   

Shear sense was interpreted in 34 thin sections within the L-S tectonite motion 

plane, normal to foliation and parallel to Le.  Microstructural kinematic data indicate that 

both south-side-up and north-side-up displacement occurred along and across the shear 

zone; no discernable spatial pattern emerged within the shear domains.  L-S tectonites 

with east-plunging Le indicate either south- or north-side-up shear parallel to Le, whereas 
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L-S tectonites with west-plunging Le dominantly indicate north-side-up shear parallel to 

Le.  Strike-slip L-S tectonites record sinistral shear.  

Overprinting relationships and the kinematic patterns within the Shagawa Lake 

shear zone are consistent with the relative rise of the southern region followed by rise of 

the northern region.  Within the Vermilion District the Giants Range Batholith (south) 

and Vermilion Granitic Complex (north) may represent the rising southern and northern 

regions respectively, with the volcanic basin concurrently sinking.   
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1.  Introduction 

Granite-greenstone terrains are a dominant and consistent feature found only 

within Archean (3.8-2.5 Ga) cratons.  The process of Archean granite-greenstone terrains 

formation is widely disputed, and two opposing hypotheses persist: (1) sagduction and 

diapirism caused by crustal-scale density instabilities that led to sinking of greenstone 

basins and rise of granitic bodies (McGregor, 1951; Anhauesser et al., 1969; Mareschal 

and West, 1980; Collins et al., 1998; Chardon et al., 2002; Rey et al., 2003; Van 

Kranendonk, 2004), and (2) modern-style arc-terrane accretion via plate tectonics 

processes which led to interlayered volcanic basins and volcanic-arc plutons (Windley, 

1984; Card, 1990; Stanley, 1992; Kimura et al., 1993; Cawood, 2006).  Diapirism was 

originally the favored hypothesis for the formation of Archean granite-greenstone terrains 

but with the formulation and acceptance of modern plate tectonics theory, post 1970’s 

research has focused on the arc-terrane accretion hypothesis, especially within the 

Superior Province of North America. 

The Superior Province in northeastern Minnesota is an Archean granite-

greenstone terrain (Fig. 1) which has been historically attributed to arc-terrane accretion 

(e.g., Bauer and Bidwell, 1990; Card, 1990; Czech and Hudleston, 2003), yet no robust 

evidence or arguments have been put forth to disprove the sagduction/diapirism 

hypothesis.  Many structural features within the granite-greenstone terrains are not 

predicted by the arc-terrane accretion hypothesis, such as moderately to steeply-plunging 

elongation lineations (Le) (will justify Le later) and diffuse shear zones (Lin,  
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2005), which might be more easily reconciled with sagduction/diapirism processes.  It is 

unclear which hypothesis most adequately explains the structural evolution of the 

Archean granite-greenstone terrains within northeastern Minnesota.   

The east-northeast striking, steeply-dipping Shagawa Lake shear zone in 

northeastern Minnesota lies within an Archean greenstone belt bordered to the north by 

the Vermilion Granitic Complex and to the south by the Giants Range Batholith.  Shear 

zones within greenstone terrains can provide critical insight into Archean geologic 

processes, because they are the locus of displacement involved in development of 

granite-greenstone terrains. 

I performed an analysis of the Shagawa Lake shear zone to determine the 

structural and kinematic history as an example of a representative Archean granite-

greenstone terrain in northeastern Minnesota.   Field and laboratory work included 

measuring foliation and Le, and analysis of oriented thin sections for microstructural 

indicators.   

This paper highlights structural and kinematic relationships within the Shagawa 

Lake shear zone shown by foliation, Le orientations, and microstructural kinematic 

interpretations.  Foliation trajectories are generally straight along the strike of the shear 

zone and Le orientations are mostly steep with regions of shallow and oblique plunging 

Le that exhibit no clear spatial pattern.  Based on microstructural data, shear sense is 

recorded in the plane perpendicular to foliation and parallel to Le.  Kinematic indicators 

record both south-side-up and north-side-up shear with no apparent pattern along and 

across the shear zone.  East-plunging Le dominantly indicates south-side-up shear and 

west-plunging Le consistently indicates north-side-up shear.  Locally, north-side-up shear 
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overprints dominantly south-side-up shear in two thin sections from adjacent field 

locations.  Strike-slip shear occurs in a localized zone that might overprint the early 

oblique to dip-slip shear.  Two samples record sinistral strike-slip shear.  Structural data 

neither prove nor disprove either hypothesis because the foliation and Le are widely 

distributed in orientation and location.   

Structural data do not exhibit an ideal pattern of either hypothesis.  Kinematic 

patterns within the shear zone, however, are consistent with rising of the southern and 

northern granitic complexes and concurrent sinking of greenstone basins, forming south-

side-up and north-side-up oblique- to dip-slip shear within the greenstones and volcanic 

sediments.  Within the Shagawa Lake shear zone, relative displacement with respect to 

bounding granite bodies indicates that the southern Giants Range Batholith rose early, 

followed by rise of the northern Vermilion Granitic Complex.  Late dextral displacement 

along the Vermilion Fault can account for laterally displaced rock units on published 

geologic maps.  
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2.  Archean Cratons 

 Debate about the formation of granite-greenstone terrains within Archean cratons 

continues.  The two prevailing hypotheses will be explained broadly in the context of 

granite-greenstone terrains around the world and then I will focus on the Superior 

Province in northeastern Minnesota.    

 

 2.1 Granite-Greenstone Terrains: Sagduction/Diapirism versus Arc-terrane 

Accretion 

 Archean granite-greenstone terrains define basin-shaped narrow linear belts of 

metamorphosed volcanic rocks that surround round to elliptical shaped granitic 

complexes (Anhauesser et al., 1969).  The first substantial research of granite-greenstone 

terrains was performed in the Rhodesia Craton in South Africa.   The greenstone units 

rapidly thin away from the center of thick basins and consistently trend around the 

distinct elliptical to round-shaped granite bodies (Anhauesser et al., 1969; McGregor, 

1951). The elliptical shape of the granites and surrounding elongate greenstone belts in 

all Archean granite-greenstone terrains was some of the first evidence used to formulate 

the sagduction/diapirism hypothesis. 

The sagduction/diapirism hypothesis involves two steps starting with Earth’s 

originally differentiated crust marked by variations in crustal thickness: 1) volcanism 

from the mantle and deposition of volcanic packages within thin regions of the crust, and 

2) density instabilities that cause volcanic packages to sink into basins and granitoids to 

rise to the surface (Fig. 2) (Anhaeusser, 1969; Rey et al., 2003; Van Kranendonk, 2004).   
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The sagduction/diapirism hypothesis predicts: 1) narrow basins of volcanic rocks 

between adjacent granite bodies, 2) steeply-dipping metamorphic foliation and steeply-

plunging Le within greenstone belts, 3) structural transition from steep (basin center) to 

shallow towards the edge of the granite bodies, and 4) a transition from low- to moderate-

T metamorphic facies towards the granite bodies within the greenstone belts (Collins et 

al., 1998; Chardon et al., 2002; Hickman, 2003: Rey et al., 2003; Van Kranendonk, 2004, 

Sandiford, 2004).  A high geothermal gradient during the Archean may have facilitated 

the sagduction/diapirism process.  Gravitational forces would have had a greater effect in 

the Archean due to weaker crust and could have assisted the concomitant sagging of 

greenstone belts and diapiric rise of granitoids (Rey and Houseman, 2006).   

The arc-terrane accretion hypothesis involves convergence of island arcs upon 

continental crust by means of modern-style plate tectonic processes (Windley, 1984; 

Chadwick et al., 2000; Card, 1990; Cawood, 2006; Krapez and Barley, 2008) (Fig. 3).  

The arc-terrane accretion hypothesis predicts that: 1) Archean lithosphere was strong and 

was capable of sustaining convergence, 2) foliations formed parallel to the subduction 

margin, 3) the upper-plate age provinces young toward the subducting plate margin, and 

4) crustal domains include evidence for volcanic arcs, fore-arcs and back-arc basins 

(Card, 1990).  

Various structural, geochemical and stratigraphic studies of granite-greenstone 

terrains in Archean cratons of South Africa, Australia, India and Greenland do not 

conclusively support sagduction/diapirism over arc-terrane accretion or vice-versa.   
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In some granite-greenstone terrains, a variable Le displays steep to shallow plunge along 

the edge of granite bodies.  These relations are attributed to the initiation of density 

instabilities with the greenstones shedding off rising granites, thereby mimicking the 

granite shape (Collins et al., 1998; Chardon et al., 2002; Rey et al., 2003; Van 

Kranendonk et al., 2004).  In the Bindura-Shamva greenstone belt in Zimbabwe 

displacement between adjacent batholiths caused obliquely plunging Le.  Conversely, 

synorogenic basins in the Western Australian Yilgarn craton are similar to modern arc-

terrane accretion settings by displaying linear zones of subsidence adjacent to zones of 

strike-slip displacement (Krapez and Barley, 2008).  In Greenland’s Isua Greenstone Belt 

(~3.64 Ga), based on structural studies Hanmar and Greene (2002) concluded that the 

scale and style of crustal deformation is similar to modern thrust-nappe stacking, 

implying that plate tectonic processes were operative.  

Geochemical data are also invoked to explain the origin of granite-greenstone 

terrains and more specifically the granite bodies.  The granite to greenstone ratio within 

granite-greenstone terrains is 4:1 spurring the question “Where did the large amounts of 

granite come from?”  Trace element geochemical data are interpreted as evidence that 

granites formed from reworked sialic crustal material (Anhaeusser, 1969; Condie et al., 

1982), consistent with either hypothesis.  Granites can be emplaced both during and 

directly after sagduction/diapirism readily explaining the syn- and post-deformation 

granites that exist in granite-greenstone terrains (Arth and Hanson, 1975).  However, 

Engle (1968) argued that K, U, Th, and Pb trace element values of the Archean Rhodesia 

craton in South Africa are similar to Phanerozoic crust, which he interprets as evidence 

that lithosphere forming processes were similar in the Archean and the Phanerozoic.  On 
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this basis he argues for a plate tectonics related origin of granite-greenstone terrains.  The 

origin of granites in granite-greenstone terrains remains unclear. 

Stratigraphic data have been proposed to support both hypotheses.  The 

stratigraphic location of greenstone terrains around dome-shaped granitic bodies is 

consistent with the sagduction/diapirism hypothesis.  Stratigraphic data in favor of arc-

terrane accretion suggest sediment was deposited in back-arc settings where extension 

was steady and directly related to tectonic convergence and uplift (Krapez and Barley, 

2008).    

The Archean lithospheric geothermal gradient was likely higher than today, and is 

an important factor to consider when studying Archean granite-greenstone terrains.  The 

Archean crust was characterized by3-4 times greater heat production from radioactive 

isotope decay and a higher geothermal gradient due to greater heat production and a 

strong greenhouse effect from high concentrations of carbon dioxide (CO2) and methane 

(CH4) in the atmosphere (Lambert, 1980; Fowler, 2004; Zahnle, 2006; Rey and 

Houseman, 2006).  The possible extensive cover of greenstones on the surface could have 

also thermally insulated the granitic crust (Rey et al., 2003).  All of these factors would 

have resulted in weaker crust and resultant broad ductile deformation of the Archean 

crust (West and Mareschal, 1979).   

Metamorphic facies of granite-greenstone terrains varies generally from 

greenschist to amphibolite-facies or medium to high temperature and low to medium 

pressure.  Metamorphic conditions generally increase from greenschist-facies within the 

greenstone belts to amphibolite-facies towards the edge of the granitic bodies 

(Anhauesser, 1969).  Evidence for blueschist-facies metamorphism, diagnostic of modern 
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arc-terrane accretion, has not been documented in any Archean craton.   However, the 

lack of blueschist-facies rocks could result from a lack of sodic–rich volcanic rocks, or to 

later overprinting, rather than to unique thermal conditions during the Archean 

(Anhauesser et al., 1969).   

  

 2.2 Superior Province 

The Archean Superior Province is the location of numerous studies focused on 

granite-greenstone terrain development.  Archean rocks in the Superior Province, not 

unlike other Archean cratons, consist of large elliptical granite bodies surrounded by 

metavolcanic and metasedimentary rocks (Fig. 1).  Early studies of granite-greenstone 

terrains development in Archean cratons, including the Superior Province, invoked 

sagduction/diapirism (McGregor, 1951; Anhauesser, 1969; Hooper and Ojakangas, 1971; 

Sims, 1979; Mareschal and West, 1980).  Based on mapping in northeastern Minnesota, 

Sims (1979) concluded that the upright folding of volcanic packages was 

contemporaneous with emplacement of granitic bodies located to the north and south of 

the Vermilion District consistent with sagduction/diapirism.  

With the acceptance of modern plate tectonics, however, research in the Superior 

Province has favored arc-terrane accretion.  This new interpretation is based on data 

from: 1) seismic images, which can be interpreted to record remnant subducted plates 

(Calvert et al., 1995), 2) radiometric ages of 3.0 Ga  in the northern Sachigo subprovince 

to 2.7 Ga in the southern Abitibi and Wawa subprovinces, which infer units young 

progressively from north to south (Card, 1990; Kimura et al., 1993), and 3) rock units 

that could correlate lithologically with accretionary wedges and an arc-accretion tectonic 



 12

setting (Percival and Williams, 1989).  Dextral transpression by way of northwest-

directed oblique convergence evolved as the favored tectonic process for the Superior 

Province in northeastern Minnesota (Tabor and Hudleston, 1991; Jirsa et al., 1992; Czech 

and Hudleston, 2002). 

Although the two hypotheses in this paper are discussed separately, recently some 

research suggests that both processes could have occurred in the Superior Province.  In 

Canada, for example, workers conclude that vertically dominated tectonism evolved into 

dominantly horizontal tectonism over time (Bedard et al., 2003; Lin, 2005; Parmenter et 

al., 2006). Lin (2005) states that vertical and horizontal deformation mechanisms do not 

have to act exclusively of each other.  Granite-greenstone terrains could have resulted 

from dip-slip and strike-slip displacement by way of sagduction/diapirism that may have 

transitioned to the arc-terrane accretion process with time.     

  

 2.3 Northeastern Minnesota 

The Superior Province, northeastern Minnesota, is a broad region of volcanic 

rocks bordered to the north and south by granitic complexes.  The Superior Province in 

northeastern Minnesota is comprised of the Quetico Subprovince to the north and the 

Wawa Subprovince to the south.  The Vermilion District is located within the Quetico 

and Wawa subprovinces.   

 Vermilion District 

The Vermilion District contains, from north to south, the Vermilion Granitic 

Complex, Newton Lake/Bass Lake Formation, Knife Lake Group/Vermilion Lake 

Formation, the Soudan Iron Formation separating the Lower and Upper Members of the  
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Ely Greenstone, and the Giants Range Batholith (Fig. 4).  Figure 4 illustrates a cross-

section through the Vermilion District with each of these units in stratigraphic order, and 

referenced to its equivalent stratigraphy within each of the hypotheses outlined in figures 

2 and 3.   

The Vermilion Granitic Complex includes the Lac La Croix Granite, granite-rich 

and biotite-rich migmatites, biotite and amphibolite schists, metagabbro, metabasalt, and 

the Wakemup and Burntside trondhjemites.  The Newton Lake Formation/Bass Lake 

Formation contains protoliths of gabbro diabase pyroxenite and periodite, basalt flows, 

banded iron formation, and volcanic rocks of clastic, calc-alkalic and tholeittic 

composition.  The Knife Lake Group/Vermilion Lake Formation consists of protoliths of 

felsic tuff, conglomerate and felsic volcanic rocks.  The Upper Ely Greenstone member 

contains metadiabase and metagabbros, tholeiitic pillowed basalt and calc-alkalic 

volcanic rocks.  The Lower Ely Greenstone member includes tholeittic basaltic and calc-

alkalic volcanic rocks.   The Giants Range Granite is a quartz monzonite (Jirsa and 

Miller, 2004).  The calc-alkalic volcanic rocks of the Upper Ely Greenstone Member may 

be more similar to volcanic rocks of the Knife Lake Group (Green et al., 1966).  The 

Newton Lake Formation and Knife Lake Group may be equivalent lithologically to the 

Bass Lake Formation and the Vermilion Lake Formation of the western Vermilion 

District.  The Vermilion fault system trends E-W and displaced volcanic rock units ~17 

km (Sims, 1976) (Fig. 5).   

Shagawa Lake shear zone 
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The Shagawa Lake shear zone is one in a series of SW-NE trending shear zones in the 

Vermilion District, including the Mud Creek, Burntside Lake and Kawishiwi shear zones 

(Fig. 5).  The shear zones of the Vermilion District occur within a volcanic and  

volcaniclastic greenstone belt bordered to the south and north by granitic bodies, the 

Giants Range Batholith and Vermilion Granitic Complex, respectively.  The greenstone 

belt includes the Newton Lake Formation, Knife Lake Group and Lower and Upper Ely 

Greenstone.   

 Previously the Shagawa Lake shear zone had only been structurally and 

kinematically studied in areas around Shagawa Lake and farther east in Canada (Bidwell, 

1988; Bauer and Bidwell, 1990; Wolf, 2006).  The Shagawa Lake shear zone is 

interpreted to have undergone northwest-directed subduction resulting in dextral 

transpression across an east-striking convergent margin (Bidwell, 1988; Bauer and 

Bidwell, 1990) but may have undergone sinistral displacement in Canada (Wolfe, 2006).  

Displacement is interpreted to be top to the southeast.  Dextral oblique shear is the 

dominant interpretation for the Shagawa Lake shear zone. 

 Deformation within granite-greenstone terrains occurs mostly within the 

greenstone belts.  Shear zones within these greenstone belts are a prominent 

deformational feature and offer an ideal location to perform structural analyses within 

granite-greenstone terrains.   
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 3.  Methods  

 A structural and kinematic analysis was conducted within the Shagawa Lake 

shear zone by performing field and laboratory work.  Field work included collection of 

foliation and Le data, and oriented samples for microstructrual analysis.  Microstructural 

analysis and creation of structural and kinematic maps was conducted using optical 

microscope and computer laboratories. 

 

3.1 Field Work 

During approximately three months of field work, foliation and Le orientations, 

and oriented samples were collected along and across the Shagawa Lake shear zone.  

North-south transects on the west, central and east portion of the study area and along 

lakes and roads were the focus of data collection.  201 oriented samples were collected in 

the field.  Rock samples were oriented in reference to the foliation and Le (Hansen, 

1990).  Geologic data were recorded at every field spot including the outcrop location in 

UTM and latitude/longitude coordinates, rock type, foliation and Le orientation (if 

present) and any other consistent and relevant structural features such as tension gashes 

and kink bands.   

In general foliations range from continuous or spaced cleavages and are defined 

by compositional layering and flattened or aligned minerals. Foliations form during 

deformation and metamorphism.   Le is defined by aggregates or preferred orientation of 

minerals on the foliation plane.  Foliated rocks without an Le are considered S-tectonites 

and foliated rocks with an Le are classified as L-S tectonites.  Pitch is the angle measured 
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on the foliation plane from the strike of the foliation to the plunge of the Le.  Le is an 

indication of the displacement direction during deformation.   

Tension gashes and kink bands were documented at outcrop scale.  The location, 

rock type, orientation and abundance of each were recorded in relation to the foliation 

and Le.  Tension gashes form perpendicular to the stretching direction.  In the case of the 

Shagawa Lake shear zone, tension gashes typically formed perpendicular to Le, 

indicating that Le likely formed parallel to the direction of tectonic transport.  No shear 

sense indicators were confidently interpreted in the field due to poor 3-D outcrop views.  

Because, Le-perpendicular tension gashes indicate Le may have formed parallel to 

tectonic transport by stretching, the motion plane is likely parallel to Le and 

perpendicular to tension gashes.  Roadside exposures and shorelines of Shagawa Lake 

and Fall Lake provided the best outcrops.   

 

3.2 Laboratory Work 

Laboratory work was comprised mainly of structural and microstructural analysis.  

Orientation of bedding, foliation and Le were compiled on equal-area lower-hemisphere 

stereonets and thin sections were made for petrographic and microstructural analysis.  

Structural and kinematic data are illustrated in foliation trajectory and Le pitch maps.  All 

field data was compiled and analyzed in GIS computer laboratories and on optical 

microscopes.  

 Structural and Kinematic Maps 

Maps were created using ArcGIS 9.2™ and Adobe Illustrator CS3™ and 

stereonets were created using Stereowin 1.2©.  The MN Geological Survey M-148 map 
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was used as a base map in ArcGIS (Jirsa and Miller, 2004).   Foliation, Le orientation, 

bedding and thin section locations were imported as attributes into ArcGIS from Excel 

tables.  All data are referenced to the NAD 1983 Zone 15T UTM coordinate system.  The 

Excel data tables were represented as layers on top of the geology.     

The geology of the shear zone was generalized based on the M-148 map and 

imported into Adobe Illustrator CS3.   Within CS3, layers representing foliation 

trajectory, Le pitch and kinematic data at the location of each thin section layer are 

compared with the general geology.  The foliation trajectories connect similar foliation 

strike with trajectory lines along the shear zone.  Le pitch was graphed on a histogram 

and divided into five groups based on orientation.   

 Kinematic data are illustrated on equal-area stereonets that represent the shear 

sense interpretations in the context of the individual rock sample foliation and Le data. 

Kinematic data are illustrated as south-side-up dip-slip, north-side-up dip-slip, or sinistral 

strike-slip shear. 
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4. Results 

This structural and kinematic analysis of the Shagawa Lake shear zone focuses on 

an ~18 km long and ~3-4 km wide portion of the shear zone (Plate 1). The Shagawa Lake 

shear zone is defined by an east-northeast striking and steeply-dipping foliation.  The 

shear zone is comprised of meta-volcanic L-S tectonites that separate granite bodies to 

the north and south.   

 

4.1 Structural Data 

Foliation and Le were measured in the field and additional foliation, Le, and 

bedding measurements were gleaned from the Shagawa Lake, Ely and Gabbro Lake 

MGS quadrangles (Plate 1A and Fig. 6) (Sims and Mudrey, 1978; Green and Schulz, 

1982; Green et al., 1966).  All measurements were plotted on an equal-area lower-

hemisphere stereonet.   Maps of foliation trajectory and Le pitch were compiled.    

 Foliation generally strikes east-northeast and is dominantly steeply-dipping to the 

south.   The average foliation (065o, 80o S) generally parallels bedding (060o, 85o S).  

Foliation exists throughout the extent of the study area (Plate 1).  Foliation measurements 

are widely distributed in space within the shear zone.  Regardless of rock lithologies, 

along and across the shear zone the foliation consistently strikes to the east-northeast.  

Foliation is defined within the shear zone by compositional layering, and by the 

alignment of chlorite, actinolite, epidote, feldspar, mica, and calcite.  Compositional 

layering may have been relic bedding but is considered foliation in this study.   
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Foliation trajectories highlight the general foliation strike from SW to NE within the 

study area.   Foliation trajectories are mainly straight, and parallel lithologic contacts.  

Foliation trajectories illustrated in this study do not constrain the location of the Shagawa 

Lake shear zone. 

Le, which lies within the foliation, is defined by grain and mineral stretching 

lineation which commonly exist locally and pervasively throughout outcrops of all 

lithologies (Plate 2a).  Le is commonly defined by the alignment of chlorite, actinolite, 

mica and epidote on the foliation plane.  Le delineates two populations marked by dip-

slip and strike-slip orientation within the foliation.   Le dominantly plunges moderately to 

steeply to the east and west (90 ±30) with subsidiary shallowly plunging Le to the east 

and west (15 ±10) (Plate 1).   

Given the steep dip of foliation, Le orientation is perhaps most easily visualized 

using pitch (Plate 3).   Pitch is the angle on the foliation plane measured from the strike 

of the foliation to a line.  Although pitch is traditionally noted as the acute angle from 

strike I used a different convention here.  Because foliation strikes SW-NE and is steeply-

dipping, the pitch of Le is measured from east (0o) to west (180o) (Plate 3).  A histogram 

of Le pitch illustrates the variability of pitch within the shear zone and highlights 

populations of similar orientation (Plate 3A).  Based on the modal distribution, five Le 

orientation domains are apparent. These include three dip-slip domains: steeply-plunging 

(60o-120o), moderately-plunging to the east (35o-60o) and west (145o-120o), and two 

strike-slip domains: shallowly-plunging to the east (0o-35o) and west (180o-145o).  The 

strike-slip domains are considered a single domain given their orientation about 

horizontal.  Pitch is everywhere steeply-plunging except where there are zones of 
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obliquely- to shallowly-plunging Le (Plate 3).  Le orientation domains are distributed 

within the shear zone with no obvious pattern.  Shallowly and obliquely plunging Le to 

the east and west are located in zones with no preferred orientation or location within the 

shear zone.  Although strike-slip Le is less dominant and less pervasive than dip-slip Le, 

dip-slip and strike-slip Le occur locally in the same rock.   

Tension gashes are marked by thin fractures that extend tens of centimeters within 

outcrops.  Tension gashes are most common in greenstone and metadiabase lithologies 

and are commonly filled with calcite.  Tension gashes typically cut the foliation plane 

perpendicular to Le (Plate 2i).    

 

4.2 Petrographic and Microstructural Analysis   

Petrographic and microstructural analysis of thin sections from within the 

Shagawa Lake shear zone indicate greenschist facies metamorphic conditions and 

kinematic patterns that can be accounted for by three deformation events.   

 Petrography 

Petrographic analyses included identification of minerals, metamorphic facies and 

protoliths (Table 1).  For each thin section I identified the mineral assemblage, relative 

mineral abundances and trace minerals.   The minerals are identified as metamorphic, 

detrital or relic.  Metamorphic facies and possible protolith of the samples are 

extrapolated based on mineral assemblage present within each thin section.   

Common minerals are chlorite, actinolite, epidote, clinozoisite, plagioclase, quartz, 

muscovite, pyrite, calcite and siderite (Table 1).  Some combination of chlorite, 

actinolite, epidote, mica and calcite typically define foliation.  The typical metamorphic  
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mineral assemblage of chlorite, actinolite, epidote and clinozoisite indicates greenschist-

facies metamorphic conditions.  Protoliths are commonly basalt, volcanic deposits, and 

mudstone/greywacke. White mica is associated with mudstones/greywackes and chlorite 

and actinolite are common minerals within the mafic volcanic rocks such as greenstone.   

It is unclear if the amphibole within some mafic volcanic rocks represents a relic or 

metamorphic phase.   Veins that crosscut foliation are typically filled with quartz or 

calcite; quartz and calcite occasionally occur in the same vein.  Calcite and possibly 

siderite are abundant within the matrix and could represent diagenic cement or 

metasomatic processes.  Metasomatism involves the infiltration and/or diffusion of fluids 

or material through fluid and solid phases (Winter, 2001).  During metasomatism, 

carbonate from a CO2-rich Archean environment could have infiltrated the rocks during 

deformation and metamorphism.  Seafloor metamorphism is a likely environment for 

high CO2 partial pressures and would have affected underwater volcanic flows.  

Metasomatism can operate as submarine hydrothermal metamorphism or at the low to 

medium P/T conditions characteristic of granite-greenstone terrains.  There could have 

been a transition from a submarine to burial metamorphic environment. 

 Motion plane location 

In order to perform kinematic analyses I determined the location of the motion 

plane.  The motion plane is defined as the plane that contains a discernable asymmetric 

fabric.  In general, the motion plane lie normal to foliation, parallel to Le; the vorticity 

axis lies perpendicular to Le.  Le can also form parallel to vorticity by rolling but this is 

rare (Fig. 7a) (Passchier and Trouw, 2005).   
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The motion plane was determined by cutting three suites of thin sections parallel and 

perpendicular to the Le from three L-S tectonites samples.  These thin sections were 

examined for the presence or lack of a dominant asymmetric fabric (Fig. 7).    

 Sections cut normal to foliation and parallel to Le show asymmetric fabric, 

whereas sections cut normal to foliation and Le display symmetric fabric (Fig. 7c and 

Plate 2d).  Sections cut parallel to Le display kinematic indicators including S-C fabric, 

consistent quartz strain shadows around pyrite or opaque grains and/or a dominant grain 

shape preferred orientation of minerals aligned with S-C fabrics (Plate 2c, g-i).  These 

relations are consistent with L-S tectonite formation via non-coaxial shear with the 

motion plane normal to foliation and Le.  Two suites of thin sections cut parallel and 

normal to Le are consistent with non-coaxial shear.  One sample, 032, showed 

asymmetric fabrics in both thin sections. 

 Sample 032 contains an interesting relationship that is important to discuss in the 

context of deformation style within the Shagawa Lake shear zone.  Sample 032 displays a 

dip-slip Le within the foliation plane (246, 82 NW).  Sample 032 was cut both parallel 

and perpendicular to a dip-slip Le (083, 65).  Surprisingly, asymmetric fabrics occur 

within both planes (Plate 2e-f) (Fig. 8).  The section parallel to Le displays a pervasive S-

C fabric, whereas the section perpendicular to Le has a less well developed S-C fabric.  

This relationship is different than the other samples cut parallel and perpendicular to one 

Le (Plate 2c-d).   

One explanation for the fabric patterns in sample 032 could be that the overall 

displacement direction is recorded in the section parallel to Le, however small increments 

of lateral horizontal shearing left and right created less developed opposing S-C fabrics in 
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the section perpendicular to Le (Fig. 8).  Sample 032 shows dextral shear sense in the 

section perpendicular to Le; however folds with axes parallel to Le, occur at the outcrop 

scale; the plane perpendicular to foliation and Le represents the axial profile view.  These 

folds might accommodate small incremental movement within the more pervasive 

oblique- to dip-slip deformation.   

 Microstructural Data 

Of the 201 oriented samples, 47 were cut for thin sections, made by Vancouver 

Petrographics Ltd. and Spectrum Petrographics Inc.  Forty-four sections provide motion 

plane views and three sections are normal to foliation and Le.  For samples with both dip-

slip and strike-slip Le, sections were cut parallel to both Le orientations.   

Each thin section was analyzed for microstructures indicative of shear sense (Fig. 

9).  Shear sense interpretations within the motion plane, normal to foliation and parallel 

to Le, proved challenging.  Of the 49 thin sections, I was able to, with varying degrees of 

confidence, interpret 39 for shear sense.  The most useful shear sense indicators include 

S-C fabrics, strain shadows and fibrous veins (Table 2 and Plate 2f-i).  Clastic and 

volcanic rocks of the Knife Lake Group and Newton Lake Formation yielded the best 

microstructural kinematic indicators.  Ely Greenstone was not a reliable rock to analyze 

for shear sense indicators because it contains abundant pillow basalts and shear can 

localize along the pillow boundaries.  This localization of shear makes it difficult to 

interpret shear sense indicators because asymmetry is not distributed within the rock.    

Although quartz was present in many of the thin sections, it did not generally 

exhibit obvious lattice preferred orientation, likely due to pinned grain boundaries.  

Quartz occasionally occurs with calcite in fibrous veins and the calcite preferentially 
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 Table 2. Microstructural kinematic data compiled from each of 34 thin sections 
analyzed.  Each section is cut parallel to Le. 
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accommodates more of the deformation in the fractures, preventing quartz from 

deforming.   In addition, quartz was not abundant in many of the thin sections.   

 S-C fabrics are the most common and well developed microstructural shear sense 

indicators within Shagawa Lake shear zone L-S tectonites.  Chlorite and actinolite 

commonly defined both S and C planes.  S-C fabrics were best developed in chlorite- and 

mica-rich metavolcanic and metasedimentary rocks of the Knife Lake Group and Newton 

Lake Formation.  S-planes are penetrative, or closely-spaced, whereas C-planes are more 

widely spaced.  S-planes are transected by C-planes at an angle and together they create 

an S-C fabric.  The angle between the S and C planes defines the sense of non-coaxial 

shear rotation.  The infinitesimal strain ellipse is elongate along S-planes and C-planes 

are parallel to slip planes (Plate 2e, f, g).  S-planes are defined by the alignment of 

chlorite, epidote, feldspar and/or mica and the C-planes are commonly defined by 

actinolite and/or calcite (Plate 2c, e, f, g).  Sample 090-B displays S, C, and C’ shear 

planes (Plate 2g).  C’ planes are spaced and form after S and C shear bands with 

continued deformation.  Within sample 090-B, the alignment of pyroxene and actinolite 

define S planes.  The alignment of actinolite and chlorite define C and C’ planes.  A 

fracture in the section formed when continued shearing caused the rock to transition from 

ductile to brittle deformation to accommodate stress.  The fracture opened along the Xi 

axis of the infinitesimal strain ellipse, also known as the direction of maximum 

elongation.  Chlorite within the fracture is aligned parallel to Xi.  Both the S-C-C’ fabric 

and fracture display sinistral shear sense and record south-side-up dip-slip shear. 

Strain shadows occur locally in rocks of the Knife Lake Group and in the 

greenstone units of the Newton Lake Formation.  During deformation, minerals are 
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locally displaced, rotated or rearrange by dilation and precipitation in dilation sites or 

sites of least stress.  These sites can be strain shadows around rigid objects in the rock 

such as pyrite.  Strain shadows form during low temperature metamorphism.  Strain 

shadows within the Shagawa Lake shear zone are asymmetric and as such they make 

good shear sense indicators (Plate 2h).  Sample 025 contains quartz strain shadows 

around pyrite.  Strain shadows, commonly comprised of quartz, form around pyrite and 

opaque grain boundaries and result from growth of quartz grains along the instantaneous 

stretching axis.  The long axis of the infinitesimal strain ellipse in plate 2h parallels the 

instantaneous stretching axis, which forms at an angle to foliation. The strain shadows in 

plate 2h indicate non-coaxial dextral shear parallel to strike-slip Le.   

Extension fractures can also indicate shear sense.  During non-coaxial shear 

fractures can open perpendicular to the instantaneous stretching direction.  Within the 

fractures minerals precipitate and can grow in the direction of the instantaneous 

stretching axis giving a shear direction.   

Calcite and quartz dominantly exist in fractures and veins and occasionally 

exhibit a grain-shape preferred orientation.   Fractures with fibrous mineral fill are most 

common in the intermediate to mafic volcanic units of the Newton Lake Formation.  The 

photomicrograph of sample 099-C is an example of a fibrous quartz-filled fracture within 

the greenstone of the Newton Lake Formation (Plate 2i).  Quartz fibers are elongate 

parallel to maximum elongation, (or the maximum principal strain axis), and together 

with foliation and fracture orientations indicate a dextral shear sense as viewed in the 

photomicrograph.   
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Two samples record overprinting shear events.  Sample 135 and 138 each contain 

microstructural evidence for south-side-up and north-side-up dip-slip shear (Plate 2j-k).    

Sample 135, a fine-grained gray schist, contains white mica, plagioclase, calcite, 

chlorite, pyrite and quartz (Fig. 10).   The protolith is possibly a felsic volcanic rock.  S-

planes are closely-spaced and transected by spaced C-planes, creating an S-C fabric.  S-

planes are defined by the preferred grain shape orientation of plagioclase and quartz. C-

planes are defined by calcite and white mica.   Together the S- and C-planes create an S-

C fabric.  Two distinct S-C fabrics are present in Sample 135. The dominant and 

pervasive fabric herein called S1-C1, shows dextral shear sense and is best preserved in 

the upper and lower parts of the photomicrograph. A younger fabric, S2-C2, confined to a 

calcite-rich vein, records sinistral shear sense.  The S2-C2 fabric within the calcite vein 

cross-cuts the more pervasively developed S1-C1 fabric. Therefore, S1-C1 fabric formed 

before the S2-C2 fabric that crosscuts it.  Fabric S1-C1 indicates south-side-up shear 

parallel to dip-slip Le, and the S2-C2 fabric indicates north-side-up shear parallel to dip-

slip Le.  North-side-up shear is also less penetratively developed, and as such likely 

occurred at lower ductility then south-side-up shear.  Lower ductility could result from 

lower temperature shear, higher strain rate, or an increase in sample strength due to 

earlier south-side-up shear. 

Sample 138 indicates a similar kinematic history to that recorded in sample 135 

(Fig. 11).  Sample 138 is a fine-grained greenstone to greenschist metamorphic rock.  

Minerals include plagioclase, chlorite, quartz, white mica, siderite, opaque, and oxides.  

Chlorite is the main metamorphic mineral. The protolith might have been a felsic to 

mafic volcanic rock.  Sample 138 displays two S-C-C’ fabrics at different orientations.   
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The alignment of chlorite and plagioclase define the S foliation.  The alignment of 

chlorite defines the C foliation.  The alignment of chlorite also defines C’ planes.  The C 

plane is consistently horizontal throughout the section.  The dominant fabric S1-C1-C’1 is 

penetratively developed throughout most of the thin section as preserved in the upper 

portion of the photomicrograph (Fig. 11).  The dominant S1-C1-C’1 fabric indicates 

dextral shear sense.  The less penetratively developed fabric S2-C2-C’2, (bottom of 

photomicrograph), is confined to a narrow zone within the thin section, and indicates 

sinistral shear sense.  The S2-C2-C’2 fabric domain appears to cross-cut the S1-C1-C’1 

fabric therefore the S2-C2-C’2 fabric post-dates the S1-C1-C’1 fabric.  The S1-C1-C’1 fabric 

records south-side-up shear parallel to dip-slip Le whereas, S2-C2-C’2 fabric records 

north-side-up shear parallel to dip-slip Le.  Sample 138, similar to sample 135, also 

shows that north-side-up shear is less penetratively developed and could also have 

resulted from lower ductility, higher strain rate, or increased sample strength from earlier 

south-side up shear. 

Samples 135 and 138 each contain microstructural evidence for south-side-up and 

north-side-up dip-slip shear.  Within each sample the two different shear senses occur 

within the same motion plane, which is parallel to Le and normal to foliation.   

  Kinematic data 

 Kinematic data from microstructural analysis is displayed on plate 3 along with 

foliation trajectories and Le orientation.  Each small stereonet represents a thin section 

location and interpreted kinematic data.  The stereonets display the kinematic data in the 

context of the local foliation and Le.  Gray stereonets illustrate south-side-up shear sense 

and blue stereonets display north-side-up shear sense.  Yellow stereonets illustrate 
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sinistral shear sense.  Within the Le symbols on each stereonet the black half indicates 

which side moves downward (relative displacement).    For samples with shallowly-

plunging Le, shear sense is displayed in reference to the horizontal plane (sinistral) and 

with respect to Le.  For samples with two shear events, the younger shear is indicated 

with a D (down) and U (up) within the stereonet. The kinematic confidence of each thin 

section location is shown with 5 (high) to 1 (low).  Sample numbers are included within 

the stereonets. 

 Plate 3 illustrates some key kinematic spatial relationships.  South-side-up and 

north-side-up shear both occur throughout the shear zone; no particular spatial pattern has 

been recognized.  L-S tectonites with steeply-plunging Le occur throughout the shear 

zone. West- and east-plunging Le do not appear to occur in a distinct pattern.  In the 

western part of the study area, a few L-S tectonites with north-side-up and south-side-up 

dip-slip shear occur.  In the western part of the study area north-side-up shear is more 

centrally located with south-side-up shear occurring to the north and south.   The study 

area becomes narrower to the east and L-S tectonites with south-side-up and north-side-

up dip-slip shear appear randomly distributed from west to east and north to south.  

South-side-up and north-side-up dip-slip shear occur in close spatial proximity at some 

locations, such as those for samples 076, 010, 099-C and 106.  Some L-S tectonites occur 

in the center of the shear zone at the west and east end of Fall Lake and at the west end of 

Shagawa Lake within the shear zone.  Samples 135 and 138 both record south-side-up 

and north-side-up dip-slip shear and are in close spatial proximity.  Therefore, at the very 

least, at the location of samples 135 and 138 south-side-up shear precedes north-side-up 
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shear.  North-side-up shear could have post-dated south-side-up shear in other areas of 

the shear zone but no evidence was found in this study.   

 Evidence for strike-slip shear is limited to two sections within the shear zone.  

Four sections were cut parallel to strike-slip Le (Le pitch 0o-30o).  Strike-slip shear is 

only recorded within two sections and, in each case, it is less penetratively developed 

than dip-slip shear.  The two sections (025-2 and 043-S) both display asymmetry that 

records sinistral shear sense.  Sinistral shear occurs within two L-S tectonites with a 

shallowly east-plunging Le and a shallowly west-plunging Le.  No dextral shear sense is 

recorded in sections from this study.  The sections that record sinistral strike-slip shear 

occur in localized areas at the west and east end of the study area and are not connected 

in a linear zone along the shear zone.  In the field strike-slip Le are localized, 

disconnected and overprint the dominant dip-slip Le.  If strike-slip shear did occur within 

the Shagawa Lake shear zone, structural and kinematic evidence from this study indicates 

that it might have been sinistral, less pervasive and probably younger than the dominant 

dip-slip shear.    

 Kinematic data illustrated in plate 3 are summarized in Table 3 and categorized 

based on Le pitch and interpreted shear sense.  Of the 34 sections that displayed shear 

sense asymmetric fabric, 32 yielded dip-slip shear sense and two yielded strike-slip shear 

sense indicators.  Dip-slip shear sense indicators range in relative kinematic confidence 

from 1 (low) to 5 (high), with two 1’s and one 5.   The strike-slip shear sense indicators 

have a relative kinematic confidence of 4 and 3.  The relative kinematic confidence for all 

sections averages 2 to 3.  Only five sections have a kinematic confidence of 4 or 5.  16  



 40

 



 41

sections record south-side-up dip-slip shear, 16 record north-side-up dip-slip shear and 

two record sinistral strike-slip shear.  Of the seven sections that contained dip-slip Le 

pitch plunging to the east (36-60), three record south-side-up and four record north-side-

up shear sense. Of the 21 sections that contained steeply-plunging dip-slip Le pitch (60-

120) 12 record south-side-up shear sense.  Of the sections that contained dip-slip Le pitch 

plunging to the west (120-145), the majority (3 of 4) record north-side-up shear sense.   

 Overall, L-S tectonites contain the following kinematic patterns: 1) Le pitch 60-

120 record either south-side-up or north-side-up dip-slip shear; 2) Le pitch 35-60 record 

either south-side-up or north-side-up dip-slip shear; 3) Le pitch 120-145 dominantly 

indicate north-side-up shear and in addition, 4) shallow Le pitch (0-35 and 180-145) 

records sinistral shear; 5) north-side-up dip-slip shear overprints and is therefore younger 

than, south-side-up dip-slip shear, within two sections.  Structural and kinematic data 

from this study indicates that oblique- to dip-slip shear was the most prominent 

deformation event in the Shagawa Lake shear zone.   

 

4.3 Deformational History 

Structural and kinematic data are consistent with two to three phases or events of 

deformation: 1) south-side-up oblique- to dip-slip shear, 2) north-side-up oblique- to dip-

slip shear and, possibly 3) limited evidence for local sinistral strike-slip shear.  The block 

diagrams in figure 12 illustrate structural and kinematic data projected through a slice of 

crust in the Shagawa Lake shear zone.  The thick lines illustrate the relative location of 

shear based on kinematic shear sense indicators. The letters U and D illustrate relative up  
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and down shear, respectively.  Apparent displacement directions are shown with arrows 

on the horizontal plane.      

 The first possible shear event was south-side-up parallel to dip-slip and oblique-

slip Le (Fig. 12).  South-side-up shear is overprinted locally by north-side-up shear.  

Samples 135 and 138 provide the only evidence for the relative timing of south-side-up 

versus north-side-up dip-slip deformation.  Dip-slip L-S tectonites with east-plunging Le 

dominantly record south-side-up shear, whereas dip-slip L-S tectonites with west-

plunging Le record north-side-up shear.  Also, based on kinematic data, north-side-up 

shear is consistent with west-plunging Le.   

 The average orientation of the shear zone is east-northeast striking and steeply-

dipping.  Bedding planes become tilted during dip-slip shear and dip steeply to the south 

and north due to the formation of the steeply-dipping foliations within the shear zone.  

Minor folds could occur in the volcanic units as previously mapped in the shear zone 

(Sims and Mudrey, 1987).   

 Overall, the Shagawa Lake shear zone has experienced two dip-slip deformation 

events, south-side-up followed by north-side-up dip-slip shear.  Evidence for strike-slip 

shear is limited to two samples. Sinistral strike-slip shear within the two samples is 

localized and not connected along the shear zone.  It is clear, from this structural and 

kinematic analysis, that the Shagawa Lake shear zone experienced a complex 

deformational history. 
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5. Comparison with Previous Studies 

  Various structural and kinematic studies were performed within the Vermilion 

District and Shagawa Lake shear zone.  Structural and kinematic data from this study is 

consistent with most past studies. 

 5.1 Dextral Transpression 

Arc-terrane accretion involving transpression is invoked to explain the 

deformation of northeastern Minnesota (Bauer and Bidwell, 1990; Tabor and Hudleston, 

1991; Jirsa et al., 1992; and Hudleston, 2003; Czech and Hudleston, 2004).  

Transpression, first termed to describe oblique convergence accommodated by folds and 

faults (Harland, 1971), today has many definitions and sub-classes.  However, most 

importantly, transpression could be characteristic of both arc-terrane accretion and 

sagduction/diapirism processes. Thus, transpression should be used with caution in 

favoring models of granite-greenstone terrains formation.    

 The kinematic and structural study herein reveals why dextral transpression has 

historically been interpreted within the Shagawa Lake shear zone.  It appears that 

previous workers considered displacement in the horizontal (geographic) plane, which is 

not the motion plane for oblique- to dip-slip shear within the shear zone (Bauer and 

Bidwell, 1990; Wolf, 2006; Hudleston et al., 1988).  Kinematic data indicates five 

prevailing dip-slip shearing scenarios within the shear zone (Fig. 13).  Blocks A and B 

display south-side-up dip-slip shear and blocks C, D and E display north-side-up dip-slip 

shear.  Each scenario is referenced to plate 3 with a small stereonet that represents the 

shear sense and structural orientation of the block and also shows the apparent movement 

direction in the horizontal plane.  Slices through blocks B, D and E illustrate the motion
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plane.   Blocks A and C illustrate steeply-plunging Le that represent either south- or 

north-side-up dip-slip shear.  East-plunging Le either record south-side-up dip-slip shear 

(Fig. 13 B) or north-side-up dip-slip shear (Fig. 13D).  West-plunging Le dominantly 

record north-side-up, dip-slip shear (Fig. 13 E).  Disregarding my samples with kinematic 

confidence of 1, six of 11 sections represent scenarios B and E.   B and E both display 

apparent dextral shear sense in the horizontal plane.  Data from this study indicate that 

the motion plane is not horizontal but rather, it is parallel to Le and as such generally 

steeply dipping.  Dextral shear sense viewed in the horizontal plane is only apparent.  

The main deformation event is dip-slip shear.  Transpression requires slip to occur along 

vertical and horizontal components.  However, the deformation history herein infers that 

shear associated with the moderately- to steeply-plunging Le has a vertical or dip-slip 

component.    

 

 5.2 Bauer and Bidwell, (1990) 

 Bauer and Bidwell (1990) performed a structural and kinematic analysis of the 

Shagawa Lake shear zone mainly along the shoreline of Shagawa Lake and road outcrops 

(Fig. 6).  A so-called C foliation strikes east-northeast and is steeply dipping to the south 

(Fig. 14A).  Structural data indicate that Le plunges dominantly to the west and lies 

within the C foliation (Fig. 14B).  The motion plane is parallel to Le and normal to 

foliation; Le formed parallel to the transport direction.  All kinematic data reported by 

Bauer and Bidwell indicate dextral shear sense.  The structural and kinematic data is 

illustrated in figure 14 showing the C foliation, dominant west-plunging Le and  
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consistent transport direction to the northwest.  Bauer and Bidwell reported structural and 

kinematic data that indicate dextral transpression by way of northwest-directed 

subduction.  A portion of the kinematic indicators and structural data herein represented 

by figure 13E and C are consistent with structural and kinematic data from Bauer and 

Bidwell’s study.   

 

 5.3 Wolf (2006)  

 Wolf (2006) conducted a structural and kinematic study of the Shagawa Lake 

shear zone in Ontario, Canada.  Wolf collected foliation and Le orientations from a ~10 

km long and ~600 m wide zone of the Shagawa Lake shear zone. Metavolcanic and 

metasedimentary L-S tectonites contain an average orientation of 050, 75 NW.  Le 

orientations are unclear.  With 21 samples, oriented with respect to foliation, each were 

made into three mutually perpendicular thin sections and analyzed for microstructures.  

All microstructures found were consistent with sinistral shear sense.  From structural and 

kinematic data Wolf interpreted that the Shagawa Lake shear zone underwent oblique 

sinistral thrusting where dip-slip and strike-slip displacement were accommodated 

simultaneously.  Wolf’s data are most consistent with data herein illustrated in the figure 

13D and C block diagrams.  The structural orientation and displacement of block diagram 

D is similar to Wolf’s data.  The horizontal plane in block diagram D only represents 

apparent sinistral displacement.  Thus, Wolf’s data is consistent with data herein 

represent in figure 13.   

 

 5.4 Hudleston et al. (1988) 
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 Hudleston et al. (1988) performed a structural and kinematic analysis of the 

western Vermilion District.  Foliation strikes E-W and dips steeply. Le plunges 

moderately to steeply to the east or west, parallel to the maximum stretching direction X 

(i.e. horizontal plane).  Sigmoids and pressure shadows indicate a dextral strike-slip.  

Structural and kinematic data reported by Hudleston et al. (1988) are most consistent with 

data reported herein illustrating a east-striking steeply-dipping foliation with Le that 

plunge moderately to steeply to the east and west (Fig. 13A and B) and west (Fig. 13C 

and E).  However, dextral strike-slip in the horizontal plane is not significant and only 

apparent for moderately- to steeply-plunging Le to the east and west.  

 Overall, structural and kinematic data herein encompass all three summarized 

previous studies.  A portion of each data sets reported in this study in figure 13 can be 

correlated to data reported from Bauer and Bidwell (1990) (Fig. 13E and C), Wolf (2006) 

(Fig. 13D) and Hudleston et al. (1988) (Fig. 13A, B, C, E).   

 

 5.5 Bauer, (1985) 

 Bauer (1985) argued that deformation in the Vermilion District can be attributed 

to early recumbent folding (F1) and younger upright folding (F2) between the gneiss and 

greenstone boundary.   F1 folds are interpreted as early soft-sediment deformation and F2 

folds are defined as shear folds.  Reported structural data includes: 1) S1 parallels 

bedding, 2) S1 is folded by S2, 3) F2 axial planes parallel S1, and 4) both S1 and S2 are 

marked by micas.   Questions arise as to what defines lineations and what is the 

difference between S1 and S2?  A block diagram can best address these questions and was 

constructed from structural data reported by Bauer (1985).   
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A block diagram shows parallelism of compositional layering S0, S1, and S2, F2 axial 

planes parallel S1, and  F2 fold axes parallel L2 (Fig. 15).  L2, which lies within the 

foliation plane, is a mineral lineation.  The S0-S2, L2, F1 and F2 relationships outlined 

within previous work by Bauer (1985) (Fig. 15) are similar to the kinematic relationships 

in Sample 032 (Fig. 8).  F1 folds may have resulted from minor folding before the rocks 

were lithified.  F2 shear fold axes are parallel to S1 and would take up small increments of 

deformation much like the kinematic relationship in Sample 032.  The F2 folding 

documented in Bauer’s (1985) previous work is consistent with the relationship within 

sample 032 where incremental minor displacement occurs within the major dip-slip shear 

event.  Thus, F2 folding can be explained by mainly dip-slip shear and perpendicular 

small scale folding.   
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6.  Evaluation of Hypotheses 

 Northwest-directed subduction with dextral transpression driven by arc-terrane 

accretion is the favored hypothesis based on previous studies within the Vermilion 

District and Shagawa Lake shear zone.  The deformation history presented here favors 

sagduction/diapirism over arc-terrane accretion; however, this study reveals a more 

complex structural and kinematic history that might not be explained completely by only 

one hypothesis.   

    

 6.1 Arc-terrane Accretion 

 Previous studies have interpreted the Vermilion District and Shagawa Lake shear 

zone as a result of northwest-directed oblique subduction (Hudleston et al., 1988; Bauer 

and Bidwell, 1990).  Figure 16 illustrates a map view of the structures that would occur 

within northwest-directed oblique subduction.  Northwest-directed oblique subduction 

would predict: 1) through-going dextral strike-slip faults; 2) foliation strike would be 

linear, uniform and perpendicular to the convergence direction and; 3) only west-

plunging Le that record north-side-up shear, if strain is not partitioned due to a high 

Archean geotherm.  If strain is partitioned one would expect dip-slip shear with north-

side-up displacement normal to the plate boundary, and concurrent dextral strike-slip 

parallel to the plate boundary. 

 Foliation trends within the Shagawa Lake shear zone are linear and roughly 

perpendicular to NW.  However, Le orientations and kinematic data are not consistent 

with the predictions for arc-terrane accretion illustrated in figure 16.  This study contains 

no evidence to support partitioned zones of dextral strike-slip displacement.  Strike-slip  
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evidence is limited to disconnected sinistral strike-slip in two locations within the shear 

zone.  Also kinematic data reported herein are diverse.  Dip-slip Le that plunges 

moderately to steeply to the east and west, records both south- and north-side-up 

displacement directions (Fig.13).  It is challenging to resolve all the structural and 

kinematic data from this study with arc-terrane accretion. 

  Folding 

 South- and north-side-up dip-slip shear can not be explained by folding from 

subduction or convergence driven by arc-accretion.   Figure 17 shows two models for 

folding.  Time 1 in both models illustrates northward ductile movement and dextral shear 

sense with Le parallel to the transport direction.  Model 1 applies recumbent folding that 

has a fold axis perpendicular to the movement direction.  Recumbent folding in the 

orientation of model 1, time 2 would preserve the dextral shear sense within each limb of 

the fold.  Model 1 is structurally consistent with the orientation and type of folding 

possible within a convergent geologic margin.  However, model 1 does not create two 

opposing shear senses, and thus, cannot explain the occurrence of both south- and north-

side-up dip-slip shear documented within the Shagawa Lake shear zone.  Model 2 applies 

folding with a fold axis oriented parallel to the northward movement direction.  In model 

2, time 2 after folding, one limb would display dextral shear sense and the other would 

display sinistral shear sense.  The folding illustrated in model 2, time 2 creates two 

opposing dip-slip shears (south- and north-side-up); one on each limb of the fold.  

However, fold axes parallel to the movement direction are not likely created by folding 

within the convergent setting illustrated in time 1.  Overall, folding in any orientation 

within the convergent margin  
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illustrated can not account for the occurrence of both south- and north-side-up dip-slip 

shear sense documented within the Shagawa Lake shear zone. 

 

 6.2 Sagduction/Diapirism 

The history of the Shagawa Lake shear zone might be interpreted within the 

context of the sagduction/diapirism hypothesis.  Dip-slip Le is dominant in the shear zone 

and is more easily reconciled with sagduction/diapirism (Fig. 18).  The dominant east-

plunging south-side-up dip-slip might be attributed to rise of the Giants Range  

Batholith.   The consistent west-plunging north-side-up dip-slip shear might be attributed 

to rise of the Vermilion Granitic Complex.  The overprinting kinematic indicators within 

samples 135 and 138 indicate that south-side-up shear pre-dated north-side-up shear at 

these locations.  This relative time constraint could be accounted for with relative rise of 

the Giants Range Batholith followed by rise of the Vermilion Granitic Complex.  

Localized strike-slip could have formed during late stage deformation similar to but 

shallower than the deformation that formed the dip-slip Le.  The rise of granitic 

complexes, to the south and north of the Shagawa Lake shear zone is currently the best 

way to accommodate the wide array of kinematic data reported in this study.   

 On the basis of sagduction/diapirism, one explanation for the lack of structural 

patterns is that the shear zone may have preferentially deformed across the entire shear 

zone during the rise of each granitic complex.  The greater Archean lithospheric heat may 

have facilitated the dispersion of strain to extend across the entire shear zone.  With the 

high geothermal gradient in the Archean, each episode of dip-slip shear (south and north-

side up) in the L-S tectonites might be dispersed across the entire width of the shear  
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zone. The associated north- and south-side up shear related to rise of granitic complexes 

would have no spatial pattern across or along the shear zone.  

 Further interpretation of structural and kinematic data indicates that the geologic 

time between the rise of the Giants Range Batholith and Vermilion Granitic Complex 

could have been relatively short or even temporarily at about the same time.  East-

plunging Le either display south-side-up or north-side-up shear sense.  Kinematic 

evidence suggests that south-side-up shearing occurred before north-side-up shear. South-

side-up shear is dominantly found within east-plunging Le and can be reconciled with 

rise of the Giants Range Batholith.  How is east-plunging Le that record north-side-up 

shear explained?  East-plunging Le that record north-side-up shear might result from rise 

of the Giants Range Batholith and Vermilion Granitic Complex at about the same 

geologic time.  If both granitic complexes started to rise at the same time and in the same 

direction, then east-plunging Le would record both south-side-up and north-side-up shear. 

The Giants Range Batholith might cease rising before the Vermilion Granitic Complex 

which would account for the overprinting S-C fabrics within samples 135 and 138.  Once 

the Giants Range Batholith stops rising and possibly influencing the rise of the Vermilion 

Granitic Complex, the Vermilion Granitic Complex might start to rise, resulting in west-

plunging Le that record north-side-up shear.  This sequence of rising granitic masses 

would explain the east-plunging Le that record both south-side-up and north-side-up 

shear.  Hence, based on kinematic data presented herein, the Vermilion Granitic Complex 

may have risen just after the Giants Range Batholith.    

Overall, sagduction/diapirism could account for the structural and kinematic 

pattern present in the Shagawa Lake shear zone.  Sagging of greenstones and 
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simultaneous diapirism of the Giants Range Batholith followed by the Vermilion Granitic 

Complex granite could create steeply- to shallowly-plunging Le within volcanic and 

greenstone basins and account for the oblique- to dip-slip shear recorded in this study.   

Although the kinematic data reported herein appears consistent with the process of 

sagduction/diapirism other hypotheses cannot be excluded without further, more 

comprehensive studies of the granite-greenstone terrains in northeastern Minnesota. 
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7.  Summary and Conclusions 

The formation of Archean granite-greenstone terrains has been under debate, 

especially within the Superior Province.  This structural and kinematic study of the 

Shagawa Lake shear zone sheds light on the debate within the Archean granite-

greenstone terrains in northeastern Minnesota.  

 Structural and kinematic data within the Shagawa Lake shear zone highlights 

four relationships: 1) both south-side-up and north-side-up shear exist in no particular 

pattern along and across the shear zone, 2) east-plunging Le indicate both south- and 

north-side-up dip-slip shear, 3) west-plunging Le dominantly indicate north-side-up shear 

and, 4) limited evidence indicates that sinistral strike-slip shear occurred in localized 

zones that are not penetrative and overprint the early oblique- to dip-slip shear.   

Microstructures in two L-S tectonites record south-side-up dip-slip shear that 

predated north-side-up dip-slip shear.  The timing is consistent with early rise of the 

Giants Range Batholith followed by rise of the Vermilion Granitic Complex with 

concurrent sinking of greenstone basins in a process similar to sagduction/diapirism.  The 

granites may become progressively shallower and transition from forming dip-slip Le to 

strike-slip Le but limited evidence for strike-slip shear halts further interpretation.   

 From this study, it is clear that the Shagawa Lake shear zone has a wonderfully 

complex deformational history that can be better understood from a more comprehensive 

study.  Data from many shear zones in the same region can create a more complete 

structural and kinematic framework.   Structural and kinematic data from the nearby Mud 

Creek, Burntside Lake, and Kawishiwi shear zones can supplement the data from the 

Shagawa Lake shear zone and provide additional insight into the Archean deformation 



 61

mechanisms within the Vermilion District (Karberg, 2008; Koester, 2008; Goodman, 

2008).   
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