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ABSTRACT 
The Archean McGrath Gneiss and overlying Early Proterozoic Denham 

Formation have undergone similar conditions of deformation related to 
the Penokean orogeny. Petrographic analysis indicates dominantly 
ductile deformation under temperature/moderate pressure 
conditions. The McGrath Gneiss has a poorly-developed to extremely 
well-developed east-west foliation and horizontal lineation. It is 
locally folded and anastomosing shear zones crosscut the foliation. 

The Denham Formation comprises a variety of rock types (quartzite, 
marble, schist, metaarkose, pillow basalt, and volcaniclastic rocks). 
and directly overlies the McGrath Gneiss. Deformation involved the 
formation of an early pervasive bedding-subparallel foliation similar 
to that of the overlying Thomson Formation. Late east-west trending 
folds have axial surfaces that dip steeply to the north and south. An 
east-west, horizontal mineral lineation is also pervasive throughout 
the Denham Formation. 

The Denham Formation has been metamorphosed to the staurolite zone 
of the amphiboli te facies. The metamorphic temperature occurred 
immediately (?) after the formation of the later structures. 
Biotite-garnet geothermometry give temperature conditions associated 
with the later deformation of ca. 530°c. Almandine composition gives 
pressure conditions on the order of 4.5 kb (17 km). 

The rocks of the Denham Formation were deposited during riftir.g of 
the Great Lakes tectonic zone. This extensional period was by 
the Penokean orogeny and involved subduction of the granite-greenstone 
terrane beneath the gneissic craton to the south. Deformation 
associated with subduction formed the pervasive foliation anc the 
lineation of the McGrath Gneiss and isoclinal, recumbent folds with a 
bedding-subparallel foliation in the Denham and Thomson Formations. 
Rocks located stratigraphically higher up in the Thomson Formation were 
deposited late in the deformational history and therefore were not 
incorporated with subduction. This explains the presence of a tectonic 
front with highly deformed rocks to the south and less deformed reeks 
to the north. 

Various strain analyses (accounting for a geologically reasonable 
volume loss and/or rotation of the later deformation) in the overlying 
Thomson Formation show that the early deformation involved extreme 
flattening (with Z vertical) and large amounts of extension in both the 
N-S and E-W dir·ections. The formation of a tectonic fabric involving 
extension east-west and north-south requires kinematics during 
subduction (the early deformation) to be oblique to the plate boundary, 
and therefore relative motion to be oblique rather than norraal as 
is usually interpreted. 

Early structures, formed during tectonic burial, were deformed by 
later more dishar-monic structures related to imbricat:::.on of the 
footwall into the l;.angingwall during uplift. Continued compres:=>ion 
involved basement and the formation cf shear zones. 
Basement involvement da!·ing the lat.c:ir deformation formed tight, 
overt11rned folds in tt.e Denham Fori::iation and. :nay have contributed to 
the differing styles of folding the D-=r:ha:n and Thomson P'ormations. 
Increasing temperatur9 with decreasing is explained by 
conductive relaxat.ion caused by erus!;al and erosion. 
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Chapter One 

Introduction 

Statement of Problem 

The Archean McGrath Gneiss and overlying Early Proterozoic Denham 

Formation in east-central Minnesota have undergone major deformation 

and metamorphism associated with the Penokean orogeny (1875-1825 m.y., 

Van Schmus, 1976; 1980). This orogeny terminated or closely followed 

Early Proterozoic sedimentation in this region (Morey, 1972). This 

study is a detailed structural and petrographic analysis of the McGrath 

Gneiss and the Denham Formation. The latter underlies the Early 

Proterozoic Thomson Formation which has undergone multiple deformation 

related to the Penokean orogeny (Holst, 1982). The mesa- and 

microstructural studies discussed here have resulted in an 

understanding of the structural relationship of the McGrath Gneiss to 

the Denham Formation and of both of these to the Thomson Formation. 

This research has provided useful information for a more complete 

understanding of the Penokean orogeny in east-central Minnesota. 

Method of Study 

The study area is located in northwestern Pine and southern Aitkin 

counties, east-central Minnesota (Fig. 1.1). McGrath Gneiss outcrops 

were easily located thanks to a previous study by Skillman (1946). The 

Denham Formation is sparse in exposure and was only studied at the type 

locality near the town of Denham. Here, glacial melt-water cut through 
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the rocks during the Pleistocene, leaving them exposed in a 

now-abandoned river valley which runs north-south perpendicular to the 

strike of the rocks. The valley is approximately 40-150m wide with 

rock .exposures found on both sides. Rock exposures are also found just 

outside the valley. 

Structural data collected include measurements of bedding, 

cleavage, foliation, lineations, joints, fold axes and axial surfaces. 

These measurements were plotted on equal-area stereonets. 

Representative oriented samples were taken and detailed textural 

analyses were made on a suite of sixty thin sections. 

Previous Work 

Many of the McGrath Gneiss outcrops were described by Harder and 

Johnston (1918), who ascribed the gneiss to deformation of a 

coarse-grained granite. Schwartz (1942) concluded that the exposures 

containing schist (2.5 miles west of Denham) represented highly 

metamorphosed beds of the overlying Thomson Formation. The McGrath 

Gneiss was named by Skillman (1946) for the exposures southwest of 

McGrath. She attributed the origin of the gneiss to lit-par-lit 

injection of the Thomson Formation and suggested an Early Algoman (2700 

m.y.) age for the intrusion and regional dynamic metamorphism. Early 

radiometric studies by Goldich et al. (1961) suggested a minimum age of 

1680 m.y. for the McGrath Gneiss. However, later studies by Stuckless 

and Goldich (1972) yielded a Rb-Sr whole-rock isochron of at least 2700 

m.y. 

Keighin et al. (1972) distinguished three phases of the McGrath 
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Gneiss (relatively unsheared, sheared, and highly sheared) and 

concluded that the textural and mineralogical variations in the gneiss 

could be accounted for by cataclastic deformation of a porphyritic 

quartz-monzonite accompanied by moderately low temperature metamorphic 

recrystallization. K-Ar and Rb-Sr ages on biotite from the gneiss 

range from 1500-1750 m.y. and were interpreted as metamorphic ages 

related to the Penokean orogeny (Keighin et al., 1972). 

Morey and Sims (1976) concluded that the gneiss probably was 

derived from originally layered rocks that were modified by the 

addition of K-feldspar and perhaps other granitic components and also 

by later recrystallization and cataclasis. They interpreted the 

McGrath Gneiss as a mantled gneiss dome of Archean rocks that was 

tectonically reactivated in the Early Proterozoic. Because of its age 

and similarity to granitic gneiss in the Minnesota River Valley, they 

concluded that the McGrath Gneiss is part of the same gneiss terrane 

that is exposed in the Minnesota River Valley. 

Morey (1979) concluded that the schist inclusions within the 

gneiss were derived from Archean metasedimentary rocks intruded by the 

igneous precursor of the McGrath Gneiss. Structures found in the 

McGrath Gneiss are similar in pattern to those found in the overlying 

Thomson Formation according to Keighin et al. (1972) and Davidson 

(1979). Morey (1979) stated that the virtual coincidence of 

orientation of cataclastic structures in the McGrath Gneiss with fold 

axes and linear elements in the folded overlying Early Proterozoic 

reeks implies that cataclasis and folding took place during the same 

period of deformation. According to Davidson (1979) the McGrath Gneiss 
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appears to be part of an extensive gneissic terrane that probably 

extends as far west as the Minnesota River Valley in southwestern 

Minnesota and as far east as the Chippewa River Valley in Wisconsin 

(Myers, 1974). 

The rocks exposed in the abandoned Pleistocene river valley 

southeast of Denham, were designated as the type locality for the 

Denham Formation by Morey (1978). These rocks were originally beiieved 

to be part of the Thomson Formation but Morey separated them from the 

Thomson by a major northwest-trending fault. The Der.ham Formation 

consists of a variety of rock types (quartzite, marble, schist, 

metaarkose, metabasalt, and volcaniclastic rocks) that have been 

complexly folded and metamorphosed to the amphibolite facies. 

A structural study of the Archean and Early Proterozoic rocks in 

Pine and Carlton counties was conducted by Davidson (1979). He found 

the Early Proterozoic rocks (Denham and Thomson Formations) to be 

complexly folded into a series of anticlines and synclines with second 

and third order folds on their limbs. he noted that from north to 

south the style of changes from open folds with 

near-vertical axial planes to isoclinal, overturned folds with axial 

surfaces that dip as gently as 60S. The bedrock geology of the Denham 

area in east-central Minnesota was studied by Neumann (1985). His 

study concerned the petrology, sedimentation, deformation, and 

metamorphism of the McGrath Gneiss, the Denham Formation, and the 

Thomson Formation. He, toe, found east-west trending anticlines and 

synclines with fold axes, foliations, lineations, and rod structures 

oriented east-west. 
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Regional Geology 

The Precambrian rocks of east-central Minnesota can be divided 

into four distinct terranes: 1) Archean rocks; 2) Early Proterozoic 

stratified rocks; 3) Early Proterozoic plutonic rocks; and 4) Middle 

Proterozoic Keweenawan sedimentary and volcanic rocks (Morey, 1978). A 

stratigraphic column for east-central Minnesota (after Morey, 1979) is 

given in Table 1.1. Detailed descriptions of the different rock types 

can be found in Morey (1978), and a generalized geologic map of 

eGst-central Minnesota has been published by Morey et al. (1981). 

The Archean terrane consists of a northern granite-greenstone belt 

terrane (2700 m.y.), a southern segment of highly deformed gneiss (in 

part 3550 m.y.), and a central sheared, schistose segment (Morey, 1978) 

also known as the Great Lakes tectonic zone (Sims et al., 1980). Along 

this zone, granitic plutons acted as a weld between the northern and 

southern segments forming a relatively stable craton by the end of the 

Archean according to Morey (1978). 

Sedimentation into a large basin on this craton, the Animikie 

basin, began about 2100 m.y. ago (Van Schmus, 1976). Depositional 

patterns reflect contrasting tectonic conditions in the northern and 

southern segments of the Animikie basin. A relatively thin succession 

(2-3 km) of predominantly sedimentary rocks (Animikie Group) was 

deposited north of the tectonic front, whereas a much thicker 

succession (>6 km) of sedimentary and volcanic rocks (Animikie and 

Mille Lacs Groups) was deposited south of the front (Morey, 1983a; 

Morey and Southwick, 1984). Apparently, subsidence was relatively 

greater in the southern part of the basin, particularly over the Great 
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LAYERED ROCKS 
Late Proterozoic 

Hinckley Sandstone 
Fond du Lac Formation 

INTRUSIVE AND METAMORPHIC ROCKS 

Middle Proterozoic ----unconformity----
Chengwatana Volcanic Group 

(in Carlton and Pine Counties) 
----unconformity?---- Duluth Complex 

North Shore Volcanic Group (west of Duluth) 
Ely's Peak basalts 
Nopeming Sandstone 

?---major unconformity----
Unnamed rhyolite* 

(1800 m.y.)---major 
Early Proterozoic 

unconformity---

Animikie Group 
Thomson Formation 

Stearns Granitic Complex 
St. Cloud Granite 
Rockville Granite 

Warman Granite 
Pierz Granite 
Isle Granite 
Reformatory Granite 
Freedhem Granodiorite 
Bradbury Creek Granodiorite 
Unnamed gabbro and diorite 

Rabbit Lake and Virginia Formations* 
Trommald and Biwabik Formations* 
Mahnomen and Pokegama Formations* 

----unconformity----
Mille Lacs Group 

Trout Lake Formation* 
Little Falls Formation 
Randall Formation 
Glen Township Formation* 
Denham Formation 

(2500 m.y.)--major unconformity--Hillman Migmatite 
Unnamed granites* 

Late Archean 
metabasalt, greywacke and 
volcanogenic rocks* 

(ca 3000 m.y.)--major unconformity---
McGrath Gneiss 
Sauk Rapids Metamorphic Complex 

St. Wendel Metagabbro 
Watab Amphibolite 
Sartell Gneiss 

Richmond Gneiss 
* Not exposed in east-central Minnesota 

Table 1.1- Generalized stratigraphic succession of Precambrian rocks 
in east-central Minnesota (after Morey, 1979). 
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Lakes tectonic zone and the gneiss Sedimentation more or less 

kept pace with subsidence according to Morey (1983a). Five phases of 

deposition are recognized (Morey, 1978): 1) prequartzite, 2) quartzite, 

3) shelf (iron formation), 4) transition, and 5) flysch. Ojakangas 

(1983) inferred the extent of the Animikie basin because of 

sedimentological and lithological similarities in Minnesota, Wisconsin, 

and Michigan (Fig. 1.2). Because rocks of the Midcontinent Rift 

system separate the Animikie basin into two physically isolated 

segments, the strata in the northwestern segment are assigned to the 

Animikie and Mille Lacs Groups whereas those in the southeastern 

segment are assigned to the Marquette Range Supergroup. Correlations 

have been made of the Lower Proterozoic bedded rocks in Minnesota, 

Michigan and Wisconsin as shown in figure 1.3 (Morey, 1983a). 

The Penokean orogeny, which occurred near the close of Early 

Proterozoic time, caused the deformation and metamorphism of much of 

the Animikie basin sediments, with both deformation and metamorphism 

increasing in grade from north (granite-greenstone basement) to south 

(sheared schistose and gneissic basement) in Minnesota. Morey (1978) 

has suggested that the basement rock had a large effect on the degree 

of deformation. 

During and after the Penokean orogeny plutonic rocks were intruded 

into this region. These rocks consist of syn-orogenic gabbro, diorite 

and granodiorite, and post-orogenic granites (Morey, 1978). The 

Precambrian history of east-central Minnesota ended with deposition and 

emplacement of the Middle Proterozoic Keweenawan System consisting of 

volcanic and plutonic rocks (1140 m.y.) and slightly younger 
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sedimentary rocks. Phanerozoic rocks are absent from the rock record 

of east-central Minnesota. However, Pleistocene glacial deposits of 

varying types obscure most of the underlying Precambrian rocks. 
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Chapter Two 

McGrath Gneiss 

Introduction 

Although the mapped area of the McGrath Gneiss is quite extensive 

(Morey et al., 1981), known outcrops are and small. At the type 

locality southwest of McGrath (Fig. 2.1), the rock is a coarse-grained, 

pinkish-gray, biotite gneiss containing megacrysts of microcline. Some 

of the megacrysts are rounded, giving the appearance of augen, but many 

are euhedral or subhedral and oriented obliquely to the foliation 

(Figs. 2.2a, b). Still others show evidence of having been deformed 

into sygmoidal shapes (Fig. 2.3). A fine-scale, mineralogic layerir.g 

consisting of lenticular quartz aggregates alternating with 

medium-grained, quartz-feldspar-biotite layers is present locally. 

Modal analyses of the McGrath Gneiss by Keighin et al. (1972) show the 

type locality to contain 39% quartz, 33% plagioclase, 20% microcline, 

7% biotite, and minor amounts of muscovite, chlorite, epidote, apatite, 

zircon, sphene, and opaques. 

Metamorphism 

Determination of the grade of metamorphism of the McGrath Gneiss 

is difficult as its granitic composition is relatively insensitive to 

metamorphism. The dominant mineral assemblages of quartz + k-feldspar 

+ plagioclase + biotite + muscovite + amphibole indicate that 

metamorphism ranges from greenschist to upper amphibolite facies, below 
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A 

B 
Fig . 2.2. Plan view of f oliation in the McGrath Gneiss at the 
type locality. Note euhedral megacrysts of microcline oriented 
obliquely to the foliation. 
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Fig . 2.3. McGrath Gneiss at type locality. Note large 
sygmoidal megacryst of at right half and center cf 
photograph. 
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the second sillimanite isograd. Retrograde metamorphism is indicated 

in places by partial replacement of biotite by chlorite and by 

alteration of feldspars to muscovite. 

Textures 

Textures are described using the terminology of Collerson (1974). 

Specifically, granoblastic describes a microstructure consisting of a 

mosaic of anhedral grains while granoblastic elongate describes a 

weakly to strongly developed planar layering defined by thin lenticles 

of quartz. Grain boundaries are classified according to their shape 

after Spry (1969). Terminology of rock names follows the suggestions 

of Wise et al. (1984). Since textures are variable throughout the 

McGrath Gneiss, the dominant types are discussed separately. 

Two states of development of foliation can be found at the type 

locality; a well-developed foliation and a poorly-developed foliation. 

The texture of the well foliated gneiss is dominantly inequigranular 

granoblastic elongate. Generally, the size variation is distinctly 

bimodal. Elongate very coarse-grained quartz and microcline aggregates 

are surrounded by a matrix of medium-grained quartz, microcline, 

plagioclase, and biotite. The microcline aggregates have a polygonal 

texture with generally straight grain boundaries. However, undulatory 

extinction and deformation twinning show that they have been strained. 

Many of the grains also show mortar texture and a few of the coarsep 

feldspar grains show kinking with subgrains along the kink boundaries. 

Quartz aggregates have dominantly embayed grain boundaries (although 

curved and lobate sutured boundaries do exist) and show prominent 
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undulatory extinction, deformation bands, and development of subgrains. 

Triple junctions indicating an approach to equilibrium conditions 

are common in the finer grained matrix. Fine-grained recrystallized 

strain-free grains commonly occur along the borders of these grains 

(Fig. 2.4). Oriented mica grains define a good foliation and their 

boundaries with adjacent quartz and feldspar grains are predominantly 

rational. Grain boundary shapes of feldspar and quartz are straight or 

embayed. Although strain-free grains exist, both minerals more 

commonly show undulatory extinction and deformation banding. In 

general, the grains are lensoidal, the longer axis horizontal. 

Microshear zones occur at low angles to the foliation and 

contribute partly to the bimodal grain size of the rock. They are 

commonly bounded by mica grains (Fig. 2.5) which dissipate into quartz 

and feldspar grains as microstylolitic planes along which muscovite and 

biotite have crystallized (cf. Sinha Roy, 1977). 

Yne texture of the poorly-foliated gneiss is also bimodal but 

shows less dispersion about the mean and is coarser grained than the 

well-foliated gneiss. Yne foliation consists of alignment of these 

coarse-grained constituents. The minerals are also more highly 

altered: plagioclase to sericite and biotite to chlorite. The biotite 

is coarse-grained and occurs in clumps. A few grains show undulatory 

extinction and kinking. Quartz aggregates occur as clots as well as 

being elongate, have embayed and lobate sutured boundaries, and show 

undulatory extinction, deformation bands, and polygonal textures. 

Coarse microcline grains have deformation twins and are fractured with 

new grains located on the fracture boundaries (Fig. 2.6). 
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Fig. 2.4. Photomicrograph of finer grained matrix of well-
foliated McGrath Gneiss. Note triple junctions and fine-grained 
recrystallized strain-free grains along grain boundaries. Field 
of view is 1.8 mm X 1.1 mm. Crossed nichols. 

Fig. 2.5. Photomicrograph of McGrath Gneiss showing microshear 
zone bounded by mica grains. Field of view is 1. 2 mm X 0 . 75 mm. 
Crossed nichols. 
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Fig. 2.6. Photomicrograph of coarse microcline grain with 
deformation twins and fractures with new grain growth along 
fracture boundaries. Field of view is 2.5rrnnX1.6 mm. Crossed 
uichols. 
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The finer grained portion of the rock is granoblastic polygonal. 

Triple junctions are abundant with very straight grain boundaries and 

no new grains or subgrains. The grains are strained showing undulatory 

extinction and deformation twins. 

Discrete minor shear zones are present at the type locality of 

the McGrath Gneiss. Figure 2.7a & b shows a shear zone with a 

sinistral shear sense. These shear zones are nearly vertical, commonly 

anastomosing (Fig. 2.8), and very fine-grained with some containing 

horizontal quartz-rod lineations. In thin section, recrystallization 

forming a "sugary" granoblastic texture is evident (Fig. 2.9). Also 

present are larger grains of quartz with undulatory extinction and 

embayed grain boundaries. Fine-grained, biotite blades haye ratfonal 

boundaries with quartz and feldspar grains and define a crude 

foliation. The boundaries of the shear zones are discrete with biotite 

preferentially located along them (Fig. 2.10). 

A fourth textural variation is visible further north and east near 

the contact with the Denham Formation (Fig. 2.11). Here the gneiss is 

actually an orthomylonite (Wise et al., 1984) with well-developed, 

fine-grained, anastomosing layering (defined by a granoblastic 

polygonal texture of quartz and feldspar grains) surrounding medium to 

coarse-grained, lozenge-to-ovoid shaped feldspar grains and quartz · 

aggregates. The quartz aggregates in places are elongate and those 

that are recrystallized have a granoblastic polygonal texture. Others 

have a strained core with a mantle of strain free grains. Also, some 

of the quartz aggregates have been folded. Overall grain size is much 

finer than that at the type l •)Cali ty, there is a great increase in mica 
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Fig. 2.7. Discrete minor shear zone present in the McGrath 
Gneiss at the type locality. Note sharp boundary between sheared 
and unsheared rock. 
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Fig. 2.8. Anastomosing shear zones in McGrath Gneiss at the 
type locality. 

Fig. 2.9. Photomicrograph of "sugary" granoblastic texture in 
the minor shea r zones of the McGrath Gneiss. Field of view is 
1.8 mm X 1.1 mm. Crossed nichols. 
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Fig. 2.10. Photomicrograph showing biotite located 
preferentially along shear zone boundary. Field of view is 
2. 5 mm X 1. 6 mm. Crossed nichols. 

Fig. 2.12. Photomicrograph of rotated feldspar grain (lower 
right comer) w:Lth long pressure shadow tail filled with fine-
grained quartz. Field of view is 2.5 mm X 1.6 mm. Plain 
light. 23 
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content (20%), and there is the appearance of new minerals such as 

hornblende and coarse-grained calcite. Feldspar augen show 

microfaulting (with new grain growth) and recrystallization along their 

grain boundaries. The northernmost outcrop (Fig. 2.11) shows the 

greatest amount of shearing in the McGrath Gneiss. It has a high 

amount of very fine-grained matrix and its porphyroclasts are smaller 

than those in the outcrops to the south. Here, in the most mica-rich 

areas, a crenulation of mica and quartz/feldspar layers is readily 

visible in both hand specimen and thin section. Some of the feldspar 

grains have been rotated and have long pressure shadow tails filled 

with fine-grained quartz (Fig. 2.12). At this location, there is also a 

different rock type of quartz dioritic composition with a texture 

similar to the McGrath Gneiss. 

Descriptive Structural Geology 

Mesoscopic strain features are prominent in the McGrath Gneiss. 

The foliation at the type locality, where it strikes east-west and dips 

steeply to the north, is very well-developed (Fig. 2.2a). However, in 

one area it changes in only a matter of a few meters to being rather 

crude and striking N45W. Two hundred and sixty-six measurements of 

foliation were taken in the field and their poles plotted on an equal 

area stereonet. A north-south girdle is distinct, with a high 

concentration of nearly vertical foliations (Fig. 2.13). 

Local minor folds can be seen within the McGrath Gneiss also. 

Figure 2.14 shows a fold consisting of an open syncline with a vertical 

axial surface and a fold axis that plunges about 10° S80E. 
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Fig. 2.13. Equal area projection of 266 poles to foliation 
in the McGrath Gneiss. Readings from entire field area. 
Contours at 1-2-4-7-15% of data per 1% area. 

Fig. 2.14. Fold in McGrath Gneiss consisting of an open 
syncline with a vertical axial surface and fold axis that 
plunges S80E at 10° (SEl/4, Sec. 21, T45N., R21W). 
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Figure 2.15 shows folding at the type locality. Here the axial surface 

strikes east-west and dips steeply to the north and the fold axis 

plunges 70° east. 

In addition, horizontal shearing in the McGrath Gneiss is evident 

at the type locality (Fig. 2.16). Here, north-directed shearing has 

folded the foliation and quartz has been deposited in the space created 

by the horizontal movement. 

An attempt was made to determine sense of shear in the well 

foliated gneiss at the type locality using asymmetric feldspar 

porphyroclasts. In a shearing environment, the fine-grained weaker 

material in the tail (a product of dynamic recrystallization) has a 

higher rate of rotation into parallelism with the overall foliation in 

the rock, whereas the less deformable porphyroclasts rotate more 

slowly, so that their long axes remain oblique to the foliation in the 

surroundi ng matrix (Fig. 2.17). At the type locality, where the 

feldspar porphyroclasts were best visible, sense of shear was 

dominantly dextral. Grains showing sinistral shear were rare and only 

weakly developed. 

A nearly horizontal lineation ranging from crude to locally 

well-developed is present in the McGrath Gneiss. The crude lineation 

(at the type locality) is represented by feldspar grains and plunges 0 

- 20° east while the well-developed lineation (seen near the Denham 

Formation contact) consists of elongate feldspar and biotite grains and 

plunges 5 - 15° east (Fig. 2.18). 

Pegmatites, aplites, biotite schist inclusions, and quartz veins 

occur throughout the McGrath Gneiss. Most of the quartz veins are 
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Fig. 2.15. 
locality. 
the north 

Plan view of f olding at the McGrath Gneiss type 
Axial surface strikes east-west and dips steeply to 

and the fold axis plunges 70° east. 

Fig . 2.16. North-directed horizontal shearing in the McGrath 
Gneiss. at the type locality. Quartz has been deposited in the 
space created by the horizontal movement. 
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Fig. 2.17. Schematic diagram of asymmetric augen structures 
within foliation planes, the "tails" of the retort-shaped grains 
are composed of fine-grained material of the same composition as 
the host porphyroclast extending along the foliation plane in the 
direction of shear (after Simpson and Schmid, 1983). 

Fig. 2.18. Feldspar and biotite lineation in McGrath Gneiss 
plunging 5-15° to the east (SEl/4, Sec. 21, T45N, R21W). 
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parallel to the foliation but some are seen cross-cutting it. Figure 

2.19 shows a prominent quartz vein boudinaged in the plane of the 

foliation. 

* 
Joints. Joints are abundant throughout the McGrath Gneiss. They 

exhibit a varied degree of development and range from less than one 

joint per linear meter to more five per linear meter. One 

dominant joint set striking N05W and dipping nearly vertical can be 

identified on an equal-area stereonet plot for the entire McGrath 

Gneiss (Fig. 2.20). 

Summary 

The McGrath Gneiss has a crude to well-developed foliation that 

strikes dominantly east-west and varies in dip from horizontal to 

vertical. It is mostly coarse-grained with an inequigranular 

granoblastic elongate texture. The foliation is locally folded and 

cross-cut by anastomosing shear zones. Also present is a crude to 

locally well-developed horizontal mineral lineation in the McGrath 

Gneiss which trends east-west. 
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Fig. 2.19. Prominent quartz vein in McGrath Gneiss boudinaged 
in the plane of the foliation (type locality). 

N 

E 

Fig. 2.20. Equal area projection of 325 poles to joint3 in 
the McGrath Gneiss. Readings from entire field area. 
Contours at 1-2-3-6% of data per 1% area. 
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Chapter Three 

Denham Formation 

Introduction 

The Denham Formation is a sequence of primarily quartz-rich 

metasedimentary rocks (arkose, quarzite, mica schist, and 

garnet-staurolite schist) with minor amounts of marble and volcanic 

rocks. A stratigraphic column (after Neumann, 1985) showing the 

relationships between the units of the Denham Formation at the type 

locality is given in figure 3.1. 

The depositional environment of the Denham Formation has been 

discussed by Neumann (1985). In summary, the deposition began with 

alluvial fan or stream deposits. A period of rifting then occurred 

which resulted in subaqueous deposition of pillow basalts. Finally, a 

carbonate unit was deposited suggesting at least temporary stability. 

It has been postulated that the Denham Formation is 

stratigraphically equivalent to the Chocolay Group of the Marquette 

Range Supergroup in Michigan (Larue, 1981; Morey, 1983a, b) (Fig. 

3.2). Both units overlie unconformably Archean basement rocks and are 

lithologically similar with the exception that the Denham Formation 

contains volcaniclastic and pillow basalt units. Larue (1981) 

concluded, from sedimentologic evidence, that the Chocolay Group was 

deposited in basinal and platform settings formed on a craton 

undergoing rift-type tectonism. 
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M arbie 

Pillowed Basalt 

Volcaniclastic Unit 

Garnet-Sta.urolite Schist 

Jnterbedded Metaarkose 
and Quartzite 

Fine -Grained 
Muscovite Schist 

Fig. 3.1. Stratigraphic column showing the relationships seen 
between the units of the Denham Formation at the type locality, 
SEl/4, Sec. 25, T.45N., R.21W. (after Neumann, 1985). 
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Metamorphism 

The Denham Formation has been extensively folded and 

metamorphosed. The lowest variance approach to an equilibrium 

assemblage (and hence most informative on the conditions of 

metamorphism) in the Denham Formation consists of quartz + muscovite + 

biotite + almandine + staurolite. This assemblage indicates lower 

amphibolite facies metamorphism culminating at temperatures between 

550° and 65o0 c and at pressures greater than 3.5 kb (Neumann, 

1985). The Denham Formation shows only slight retrograde metamorphism 

locally with biotite and garnet being partially replaced by chlorite, 

and staurolite being partially replaced by sericite. 

Textures 

The following is a description of the textures of the various 

rocks units in the context of a deformational analysis. The quartzite, 

volcaniclastic, and pillow basalt units gave no valuable information in 

this context. 

Marble 

The principal exposure of the marble is found at the north end of 

the abandoned river valley (Fig. 2.11). Here, the carbonate is very 

fine-grained, recrystallized, and equigranular. The small amount of 

quartz and mica present has been quite deformed, showing undulatory 

extinction, deformation bands, recrystallization, and kinking. In 

addition, the presence of stylolites indicates that pressure solution 

processes have occurred. Further south, the marble is coarser-grained 

and inequigranular and many of the grains are elongate defining a good 
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foliation. This foliation is further emphasized by alignment of 

muscovite grains (Fig. 3.3). 

Amphibole Schist 

The amphibole schist unit contains coarse amphibole (10mm in 

length) and finer-grained biotite aligned to form a well-developed 

foliation. The amphibole and biotite show undulatory extinction 

whereas the fine-grained quartz is recrystallized, dominantly 

strain-free and shows a preferred shape orientation parallel to the 

foliation. The amphibole is partially replaced by biotite as seen in 

figure 3.4. 

Metaarkose 

The metaarkose is commonly interbedded with fine-grained mica 

schists even on the microscale (Fig. 3.5). The grains are highly 

inequigranular and deformed. Mortar texture, undulatory extinction, 

and deformation bands are abundant in the quartz grains (Fig. 3.6) 

whereas feldspar constituents show undulatory extinction, elongation, 

deformation bands, and microfaulting with recrystallization along the 

fault boundary (Fig. 3.7). A weak schistosity consisting of aligned 

muscovite grains is visible at a low angle to bedding (approximately 

20°). 

Fine-grained mica schist 

The mica schists of the Denham Formation have a well-developed 

foliation (defined by abundant mica grains) that has been crenulated. 

This foliation can be seen in thin section to be nearly 

bedding-parallel while the crenulation cleavage is variable in 

orientation but dips primarily steeply to the south. Figure 3.8 is a 
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Fig. 3.3. Photomicrograph of foliation 
in the marble unit of the Denham Formation . 
Field of view is 2 .5 mm X 1.6 mm. Crossed 
nichols. 

Photomicrograph of · hornblende partially replaced 
in the amphibole schist unit of the Denham 
Field of view is 2.5 mm X 1.6 mm. Plain light. 



Fig. 3.5. Photomicrograph of interbedded 
metaarkose and fine-grained mica schist. 
Field of view is 3.6mm x 2.5mm. 
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Fig. 3.6. Photomicrograph of metaarkose unit showing core and 
mantle structure, undulatory extinction, and deformation bands 
abundant in the quartz grains. Field of view is 2.Smm x l.6rnm. 

Fig. 3.7. Photomicrograph of 
tion bands and microfaulting 
boundary of feldspar grairi. 

metaarkose unit showing deforma-
with recrystallization along fault 
Field of view is 2.Smm x l.6mm. 
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drawing of a thin section of the mica schist showing the relationships 

of bedding (So), foliation (S1), and crenulation cleavage (S2). 

Figures 3.9a, b show how the crenulation orientation can be extremely 

heterogeneous even on the microscale. 

The quartz and feldspar in the mica schist are fine-grained and 

recrystallized, with only a few grains showing undulatory extinction. 

The mica grains making up the primary foliation are commonly bent and 

show undulatory extinction. The crenulation cleavage is zonal (cf. 

Gray, 1977) with wide cleavage domains and relict traces of 

pre-existing foliation being continuous through the microlithon 

(Powell, 1979). 

Coarse-grained garnet-staurolite schist 

The garnet-staurolite schist contains a well-developed spaced 

crenulation foliation defined by coarse-grained mica and quartz. The 

quartz grains are elongate parallel to the spaced foliation and 

commonly show undulatory extinction. Most of the mica grains have been 

recrystallized, but some show undulatory extinction. The crenulaticn 

cleavage is primarily zonal with only a few occurrences of discrete 

spaced crenulation cleavage (Fig. 3.10). 

Coarse staurolite and garnet grains are abundant as 

poikiloblasts. The garnets, in most cases, have been rotated relative 

to the matrix resulting in a snowball texture with an S-shaped internal 

schistosity made up of quartz and ilmenite grains (Fig. 3.11). 

Staurolite occurs as a late metamorphic product overgrowing both the 

schistosity (S1) (Fig. 3.12) and the crenulation cleavage (S2) 

(Fig. 3.13). Coarse-grained chlorite occurs as post-S2 poikiloblasts 
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Fig. 3.8. Drawing of a thin section from the fine-
grained mica schist of the Denham Formation showing 
the relationships of bedding (S 0 ), schistosity (S1), 
and crenulation cleavage (S2). Thin section is 4.6 
cm X 2.7 cm. 
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Fig. 3.9. Photomicrograph of fine-grained mica schist showing 
variability of crenulation orientations. Field of view is 
l.8mm x l.lmm. 
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Photomicrograph showing discrete spaced crEnula-
tion cleavage in the coarse-grained garnet-staurolite schist 
of the Denham formation. Field of view is 2.5mm x l.6nun. 

Fig. 3.11. Photomicrograph of snowball 
garnet with S-shaped internal schist-
osity made up of ilmenite and quartz 
grains. Field of view is 2. 5mm -x 1. 6mm. 



Fig. 3.12. Photomicrograph of staurolite overgrowing primary 
foliation in the garnet-staurolite schist unit. Field of view 
is 2.5mm x l.6mm. 

Fig. 3.13. Photomicrograph of staurolite preferentially grow-
ing along the crenulation cleavage in the garnet-staurolite 
schist unit. Field of view is 2. Smm x 1. 6mm. 
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throughout the rock. 

Descriptive Structural Geology 

Many strain features are readily visible throughout the Denham 

Formation. Bedding strikes east-west and dips dominantly steeply as 

seen in the north-south girdle of figure 3.14. Wnere bedding exists in 

the vertical orientation, it often has an undulating geometry (Fig. 

3.15). 

A nearly bedding-parallel foliation is present everywhere in the 

Denham Formation but is best visible in the mica rich units. Figure 

3.16 shows the foliation at a very low angle to bedding in one of the 

volcaniclastic units. In the more competent arkosic and quartzitic 

units the cleavage is refracted at a higher angle to bedding (Fig. 

3.17). 

Orientations of axial surfaces to folds also vary from horizontal 

to vertical and strike east-west yielding a north-south girdle (Fig. 

3.18). Figure 3.19 shows a fold in the amphibole schist unit with an 

axial surface dipping steeply to the north. In the same unit about 30 

meters north there is a recumbent fold (Fig. 3.20). Second order 

folds, locally present in the Denham Formation, have vergence opposite 

to that of the major fold in which they were found. 

A horizontal crenulation cleavage is present locally in the Denham 

Formation. It is only visible in the amphibole schist and 

coarse-grained garnet-staurolite schist units. Figure 3.21 shows minor 

folding with associated horizontal axial crenulations in the amphibole 

schist. 
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Fig. 3.14. Equal area projection of 75 poles to bedding 
in the Denham Formation. Readings from entire field area. 
Contours at 2-8-12% of data per 1% area. 
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Fig. 3.18. Equal area projection of 133 poles to axial 
surfaces in the Denham Formation. Readings from entire 
field area. Contours at 1-3-8% of data per 1% area. 
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Fig. 3.15. Vertical bedding in the Denham 
Formation. Note undulating geometry (SEl/4, 
Sec. 25, T45N, R21W). 
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Fig. 3. J_6. Volcaniclastic unit with folia-
tion at low angle to bedding (SEl/4, Sec. 
25, T45N, R2:t-W). 

Fig. 3.17. Foliation in the quartzite unit 
at a high angle to bedding (parallel to pen) 
(SEl/4, Sec. 25, T45N, R21W). 
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in the amphibole schist unit 
with axial surface dipping steeply to the 
north (SEl/4, Sec. 25, T45N, R21W). 

Fig. 3.20. Recumbent fold in the amphibole schist unit 
(SEl/4, Sec. 25, T45N, R21W). 



A well-developed mineral lineation which trends east-west and 

plunges shallowly is pervasive throughout the Denham Formation. 

Figure 3.22 shows a pronounced mineral lineation in the quartzite 

unit. In addition, there is a well-developed crenulation lineation 

with the same orientation (best visible in the amphibole schist 

unit). Figure 3.23 is an equal-area stereonet plot of lineations in 

the Denham Formation. 

Chocolate-tablet boudinage of quartz veins occurs parallel to 

bedding throughout the area. Figure 3.24 shows part of a 

chocolate-tablet boudinage in the horizontal plane while to the north 

and south it occurs parallel to bedding in the vertical plane. 

* 
Joints. Joints in the Denham Formation are dominantly vertical and 

vary in degree of development. Figure 3.25 shows two possibly 

conjugate joint sets; the dominant one oriented N05W and the other 

oriented N30E. 

Summary 

The Denham Formation was multiply deformed during the Penokean 

orogeny. Tne early deformation is represented by the presence of a 

pervasive nearly bedding-parallel foliation. The later deformation 

is represented by more heterogeneous east-west striking folds (with 

axial surfaces varying from horizontal to vertical) and by a 

crenulation cleavage. Also present is a very well-developed 

east-west and horizontal mineral and crenulation lineation. 
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Fig. 3.21. Minor folding with associated horizontal axial 
crenulations in the amphibole schist unit (SEl/4, Sec. 25, 
T45N, R21W). 

Fig. 3. 22. Pronounced horizontal mineral 
lineat ion in the quartzite unit (SEl/ 4, 
Sec. 25, T45N, R21W). 
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Fig. 3.23. Equal area projection 
(mineral and crenulation) in the 
Readings from entire field area. 
of data per 1% area. 

s 

of 75 lineations 
Denham Formation. 

Contours at 1-5-7-13% 
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Fig. 3.25. Equal area projection of 55 poles to joints 
in the Denham Formation. Readings from entire field area. 
Contours at 1-3-6% of data per 1% area. 
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Fig. 3.24. Part of chocolate block boudinage of quartz vein 
in the marble unit (SEl/4, Sec. 25, T45N, R21W). 
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Chapter Four 

Deformational Processes 

The final texture produced in a quartz-feldspar-mica rock having 

undergone deformation depends on numerous factors such as the external 

conditions (confining pressure and temperature), the internal 

conditions (the progressively changing texture), fluid content, the 

specific mineral species, and the magnitude of finite strain involved 

in the deformational process. To some degree, various deformation 

mechanisms (dislocation glide, dislocation creep, fracturing, 

cataclastic flow, etc.) may all operate simultaneously in a single 

deformation. However, it is probable that the rate-controlling 

mechanism ultimately yields the final texture. 

Tile relationship between these factors is probably not simple. 

However, relatively recent work by, among others, Tullis and Yund 

(1977, 1985) and Simpson (1985) has provided a well-organized context 

within which the textures described in chapters two and three may be 

interpreted. In particular, the heterogeneity of the final grain size 

and the absolute size of grains is predominantly a function of finite 

strain, whereas the behavior of particular mineral species reflect the 

external conditions. 

In light of these studies there is a recognizable sequence of 

textures within the McGrath Gneiss and Denham Formation indicating a 

variation in finite strain, and relatively high grade external 

conditions. In particular, low pressure conditions are excluded due 
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to the absence of cataclastic textures, whereas high or moderate 

temperatures can be inferred as in the following discussion. 

In all rocks analyzed, the predominant deformational processes 

appear to be normal crystal-plastic type, involving dynamic recovery 

and recrystallization. In both the McGrath Gneiss and Denham 

Formation, quartz has undergone ductile deformation by dislocation 

creep. Bending of the crystal lattice has produced undulatory 

extinction and, locally, deformation bands. Recovery and 

recrystallization are indicated by the development of subgrains and 

strain free new grains in and along the margins of quartz aggregates. 

This is the development of the core and mantle structure (White, 1976) 

common in many deformed minerals and attributed to behavioral 

differences between grain centers and grain edges (see White, 1976, 

1977; White et al., 1980). The existence of strained grains with a 

granoblastic polygonal texture indicates that dynamic recrystallization 

may have occurred. 

Individual minerals in a rock have different physical properties 

and may behave differently from one another under the same physical 

conditions. White et al. (1980) suggest that it is not uncommon 

harder minerals (i.e. feldspars) to undergo decrease in grain size by 

fracturing while the matrix undergoes ductile deformation. Feldspars 

fail by brittle fracturing since they do not meet Von Mises' criterion 

(i.e. they do not possess five independent slip systems). They 

normally exhibit limited ductility which is thought to reflect a high 

resistance to dislocation slip and limited dislocation climb (White, 

1975) resulting in a rapid build up of dislocation densities which 
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cause the grains to fracture. Both brittle and ductile deformational 

processes have occurred in the feldspar grains in the McGrath Gneiss. 

Brittle deformation is indicated in the coarse-grained feldspars by 

fractures along which new grains have recrystallized. Simultaneous 

ductile deformation of the finer-grained feldspars is indicated by 

undulatory extinction, recovery, and recrystallization often resulting 

in a granoblastic polygonal texture. 

Mica-grains are relatively strain free in the McGrath Gneiss and 

Denham Formation, probably due to recrystallization. Only a few have 

been kinked or show undulatory extinction. Commonly, throughout the 

McGrath Gneiss, mica grains are more abundant in the finer-grained 

portions of the rock. This well-known relationship of grain size to 

volume density of micas is attributed to inclusion inhibition where a 

large number of grain boundaries become attached to second-phase 

particles (micas) so that growth virtually ceases (Hobbs et al., 1976). 

The textures found here are similar to those described for the 

development of a mylonite by Bell and Etheridge (1973). For the most 

part, mylonites represent diminution of grain size by dynamic 

recrystallization associated with dominantly ductile strain. 

The preservation of small grains in the mylonites indicates that 

little growth has occurred after recrystallization. This may be due 

either to grain growth inhibition by grain boundary inclusions and 

bubbles (White, 1979) or to rapid equilibration of dislocation 

densities from grain to grain after recrystallization (White, 1976). 

Another possible explanation is the process of dynamic-cyclic 

recrystallization. Studies by White (1977) on the mylonites of 
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Carreras et al. (1977), show that recrystallization to a stable grain 

size of around 0.1mm is followed by deformation through dislocation 

processes and another recrystallization. Therefore, a continuous 

cyclic pattern may occur where the new grains deform, possibly elongate 

slightly, recrystallize, deform and so on. Dynamic-cyclic 

recrystallization enables a mylonite to accomodate large plastic 

strains under the conditions in which it formed (White, 1977). 

Metamorphic banding present in the McGrath Gneiss may be brought 

about by ductile deformation with recrystallization (Vernon, 1974) 

and/or metamorphic segregation. There is some evidence that the 

operation of metamorphic segregation (via pressure solution) may have 

been important in the development of the metamorphic banding. In the 

coarse-grained well-foliated gneiss, quartz aggregates with high length 

to width ratios (10:1) display little or no evidence of 

recrystallization as do the associated coarse-grained microcline 

aggregates. These microcline aggregates were probably once-resistant 

megacrysts which allowed the establishment of pressure gradients during 

deformation. Hence, the formation of quartz pressure shadow 'tails' in 

low-pressure areas (as described by Robin, 1979) was followed by 

recrystallization of the megacrysts into polygonal coarse-grained 

aggregates. Likewise in the fine-grained mylonite, long tails of 

quartz (Fig. 2.12) formed in low-pressure areas next to rotated 

feldspar grains. Such tails can often be much longer than the diameter 

of the porphyroclast. Further evidence for a pressure solution process 

is the existence of biotite-filled stylolitic bands within quartz 

aggregates. The quartz appears to have enveloped biotite and feldspar 
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as it diffused together to form aggregates. 

Grain size decreases and tends to become more homogeneous through 

the sequence recognized and described above. This is inferred to 

indicate higher finite strain and is corroborated by the structural 

setting of the finer grained material: i.e. it occurs as discrete shear 

zones similar to those described by Mitra (1978). Figure 4.1 is a 

synopsis of the development of textures through higher strains. 

A mechanism for the formation of ductile shear zones proposed by 

Tullis and Yund (1985) appears appropriate to the shear zones developed 

in the McGrath Gneiss. Tney show that dislocation creep (the mechanism 

of dislocation gliding accomodated by recovery and/or 

recrystallization, Davis, 1984, p. 162) must be accomodated by 

recrystallization in order for strain-softening to occur. In addition, 

they show experimentally that when a sample of coarse-grained feldspars 

with only 15% fine-grained constituents is deformed, it is only 

slightly stronger than the 50-50 bimodal sample (curves C & D, Fig. 

4.2). Thus, even a small proportion of fine grains along the grain 

boundaries is enough to weaken a sample significantly (cf. Fig. 2.4). 

Summary 

The textural variation described in this and preceding chapters 

indicates moderate to high temperature and moderate pressure 

conditions, the existence of a fluid sufficient to effect a 

well-developed banding, and regions of high finite strain. The latter 

are manifest as discrete shear zones and, as such, may be indicative of 

the character of the basement deformation on the regional scale. 
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A 

B 
Fig. 4.1. Synopsis of the development of textures in the 
McGrath Gneiss through higher strains. A) poorly-foliated; 
field of view is 3.6 mm X 2.5 mm. Crossed nichols. B) well-
foliated; field of view is 2.5 mm X 1.6 mm. Crossed nichols. 
Continued on page 60. 
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c 

Fig. 4.1. continued. C) orthomylonite; field of view is 2.5 mm 
X 1.6 mm. Crossed nichols. D) minor shear zone; field of view 
is 1.8 mm X 1.1 mm. Crossed nichols. 

60 



cu 

. 
Ul 
Ul 
Q) 
H 
.µ 
Ul 

,.-f cu 
·rl 
.µ 
Q 
Q) 
H 
Q) 

J\ 4-l 
t-' 4-l 

·rl 
A 

600L 1.5 GPa, 900°c, lo-6 sec-1 

400 

200 

/ 
/, 

/, 

0 

///// 

/ 

4 

_.......- :--.--:-- - . .. E 

8 12 16 20 
Strain, % 

c 

24 28 

Fig. 4.2. Differential stress vs. strain curves for feldspar aggregates 
sintered at 900°C, 150 MPa for 24 hr and then deformed at the same P and T 
at 10-6/s. C is bimodal (50% 2-10 um and 50% 150-175 um), Dis initially 
all coarse (150-175 um), and Eis bimodal sample vacuum dried at 300°C for 
12 hr prior to sintering (after Tullis and Yund, 1985). 



Chapter Five 

Geothermometry-Geobarometry 

Introduction 

The texture of the garnet-staurolite schist of the Denham 

Formation (discussed in chapter three) indicates that the peak of 

metamorphism, marked by the presence of staurolite, occurred after the 

formation of the crenulation cleavage. Metamorphism during the early 

phase of deformation reached the garnet zone of the amphibolite facies 

as indicated by the presence of syntectonic garnet porphyroblasts. In 

this chapter, an attempt is made to use microprobe analyses of garnet 

and biotite to ascertain more quantitatively the overall P-T conditions 

of metamorphism. 

Geo thermometry 

Three separate grains of biotite and garnet were analyzed. Twelve 

garnet analyses were along a single garnet traverse from rim to core to 

rim (Fig. 5.1). This was done in order to detect any zoning that may 

have occurred during garnet growth, allowing the determination of the 

P-T path of formation (Spear et al., 1984). Figure 5.2 shows the 

compositional variation in the garnet from rim to rim. The grain is 

fairly homogeneous and is assumed to have reequilibrated during the 

later deformation. The formation of staurolite only during or 

immediately following the later deformation supports this conclusion. 

Tables 5.1 and 5.2 give the calculated weight percentages and 

relative proportions of major elements in garnet and biotite from the 

62 



Fig. 5.1. Photomicrograph of snowball garnet used for rnicroprobe 
analysis. A-B is traverse line. Field of view is 2.5 mm X 
1. 6 m..'11. 
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Fig. 5.2. Compositional variation across a single 
garnet porphyroblast: Denham Formation. 
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Bence-Albee analysis. The sample was analyzed using the geothermometry 

techniques of Ferry and Spear (1978) and Perchuk and Lavrent'eva 

(1983). These were chosen on the basis that they apparently give the 

most precise and accurate results (Essene, 1982; Perkins and Chipera, 

1985). Five garnet analyses representing rim, core, and intermediate 

samples were paired with the three biotite analyses. Table 5.3 shows 

the various temperatures obtained. The average temperatures ranged 

from 499°c (FS) to 536°c (PL). With these techniques, a peak 

metamorphic temperature of around 500 to 530°c is obtained for the 

later deformation of the Denham Formation. 

Geobarometry 

An attempt was made to determine the concurrent pressure condition 

of metamorphism. Spear and Selverstone (i983) constructed a P-T 

diagram for the assemblage Gar + Bio + Al2Si05 + Qtz + Mus + H20 

in the system KFMASH (Fig. 5.3). All of the solid phases are present 

in the garnet-staurolite schist of the Denham Formation except for 

Al2Si05. However, with the assumption that the assemblage is 

oversaturated with Al, as suggested by the presence of staurolite, the 

same diagram may be used. The Xann and Xalm for the 17 samples 

analyzed are given in Table 5.4. The average Xann in biotite is 

0.5156 while the average Xalm in garnet is 0.8743. Plotting these 

averages on the P-T diagram (Fig. 5.3, position.It.) gives a temperature 

and pressure of around 530°c and 4.5 kb. 
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Summary 

Biotite-garnet geothermometry techniques give average temperatures 

associated with the later deformation of 500°c (FS) and 530°c 

(PL). The pressure associated with these temperatures (using a P-T 

diagram of Spear and Selverstone) was 4.5 kb (17 km). 
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Bence-Albee Analysis 
Garnet analysis analysis 2 analysis 3 analysis 4 

Oxide CALC'D WT % 
Si02 38. 12 37.46 37.52 37. 13 
Ti02 0.00 0.25 0.06 0.00 
Al203 21.14 20.85 21.02 20.64 
FeO 36.59 35.31 35.67 35.82 
MnO o. 10 0.00 o.oo 0.00 
MgO 2.35 2.75 2.42 2.56 
Cao 3.44 3,25 3,70 3.61 
Na20 0.21 0.00 o.oo 0.00 
K20 0.07 0.00 0.00 o.oo 
Total= 102.02 99,87 100.39 99.76 

Si 6.0779 6.0687 6.0610 6.0504 
Ti 0.0000 0.0301 0.0074 0.0000 
Al 3.9713 3,9810 4.0008 3.9642 
Fe 4.5798 4.4915 4.5230 4.5837 
Mn 0.0141 0.0000 0.0000 0.0000 
Mg 0.5833 0.6942 0.6075 0.6491 
Ca 0.6704 0.6433 o. 7305 0.7193 
Na 0.0639 0.0000 0.0000 0.0000 
K o. 0136 0.0000 0.0000 0.0000 
0 24.0000 24.0000 24.0000 24.0000 

analysis 5 analysis 6 analysis 7 analysis 8 

Oxide CALC'D WT % 
Si02 38.36 37.69 37.59 38.25 
Ti02 0.09 0.00 0.18 0.00 
Al203 20.91 20.99 20.92 21 • 13 
FeO 35.93 35.94 35.82 36.18 
MnO 0.08 0.22 0.28 0.54 
M.i;i;O 2.21 2.52 2.31 2.51 
Cao 3.64 3. 15 3.49 3.07 
Na20 0.00 o. 18 o. 15 o.oo 
K20 o.oo 0.00 0.00 o.oo 
Total= 101.22 100.69 100.74 101.68 

Si 6.1377 6.0779 6.0627 6.1037 
Ti 0.0107 0.0000 0.0221 0.0000 
Al 3.9422 3.9887 3.9756 3.9740 
Fe 4.5134 4.5499 4.5363 4.5351 
Mn 0.0105 0.0296 0.0376 0.0735 
Mg 0.5512 0.6312 0.5793 0.6222 
Ca 0.7138 0.6214 0.6897 0.5998 
Na 0.0000 0.0562 0.0460 0.0000 
K 0.0000 0.0000 0.0000 0.0000 
0 24.0000 24.0000 24.0000 24.0000 

Table 5.1. Calculated weight percentages of oxides and relative 
proportions of atoms in garnet from the Bence-Albee analysis. 
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analysis 9 analysis 10 analysis 11 analysis 12 

Oxide CALC'D WT ,0 

Si02 38. 19 38.07 37.62 37.91 
Ti02 0.16 0.08 0.01 0.00 
Al203 21 • 13 21.01 20.98 21. 12 
FeO 35.57 36.07 35.19 36.89 
MnO 0.69 0.70 0.66 0.36 
MgO 2.84 2. 72 2.68 2.77 
cao 3.13 2.74 2.68 2.81 
Na20 0. 17 0.18 0.00 0.26 
K20 o.oo o.oo o.oo 0.00 
Total= 101.88 101.57 100.07 102. 12 

Si 6.0739 6.0870 6.0852 6.0453 
Ti 0.0188 0.0101 0.0087 0.0000 
Al 3.9598 3.9589 3.9999 3.9686 
Fe 4.4423 4.5281 4.4701 4.6244 
Mn 0.0933 0.0951 0.0900 0.0483 
Mg 0.7014 0.6780 0.7205 o.6864 
Ca 0.6103 0.5366 0.5306 0.5559 
Na 0.0533 0.0573 0.0000 0.0814 
K 0.0000 0.0000 0.0000 0.0000 
0 24.0000 24.0000 24.0000 24.0000 

analysis 13 analysis 14 

Oxide CALC'D WT ,0 

Si02 38.20 38.08 
Ti02 0.10 o.oo 
Al203 21. 19 21. 19 
FeO 36.65 36.31 
MnO 0.08 0.21 
MgO 2.81 2.97 
cao 3.14 3.48 
Na20 0.00 0. 18 
K20 0.00 0.00 
Total= 102. 17 102.42 

Si 6.0656 6.0394 
Ti 0.0120 0.0000 
Al 3. 9657 3.9595 
Fe 4.5742 4.5190 
Mn 0.0111 0.0276 
Mp: 0.6938 0.7324 
Ca 0.6162 o.6745 
Na 0.0000 0.0549 
K 0.0000 0.0000 
0 24.0000 24.0000 

Table 5.1. continued. 
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Bence-Albee Analysis 
Biotite analysis analysis 2 analysis 3 

Oxide CALC'D WT % 
Si02 36.84 36.34 36.13 
Ti02 1. 90 1.64 1.68 
Al203 18.37 18.62 19.35 
FeO 18.79 19.40 19.68 
MnO 0.00 0. 11 o.oo 
MgO 10.02 10.23 10.25 
Cao 0.09 0.00 0.13 
Na20 o.oo 0.00 o.oo 
K20 9. 11 8.96 7,92 
Total= 95, 12 95.31 95.15 

Si 5.5673 5.5007 5.4473 
Ti 0.2164 0.1865 0.1900 
Al 3.2710 3.3209 3.4386 
Fe 2.3741 2.4556 2.4806 
Mn 0.0000 0.0146 0.0000 
Mg 2.2583 2.3078 2.3020 
Ca 0.0141 0.0000 0.0212 
Na 0.0000 0.0000 0.0000 
K 1.7565 1.7295 1. 5236 
0 22.0000 22.0000 22.0000 

Table 5.2. Calculated weight percentages of oxides and relative 
proportions of atoms in biotite from the Bence-Albee analysis. 
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Biotite-Garnet Geothermometry 

Analysis Ferry and Spear Perchuk and Lavrent'eva 

G1 - B1 464°c 515°c 
G1 - B2 467 517 
G1 - B3 470 519 

G4 - B1 492 532 
G4 - B2 496 534 
G4 - B3 499 536 

GS - B1 484 527 
G8 - B2 487 529 
G8 - B3 491 531 

G9 - B1 524 551 
G9 - B2 527 553 
G9 - B3 531 555 

G13- B1 512 544 
G13- B2 515 546 
G13- B3 519 548 

avg = 499 avg = 536 

Table 5.3. Temperatures obtained using garnet-biotite geothermometry 
techniques of Ferry and Spear, 1978 and Perchuk and Lavrent'eva, 
1983. G1, G13 represent rim analyses, G4 intermediate analyses, and 
G8, G9 core analyses. 

Xalm 

Analysis 
G1 - 0.8870 
G2 - 0.8660 
G3 - 0.8816 

Xann 

Analysis 
B1 - 0.5125 
B2 - 0.5155 
B3 - 0.5187 
Bave- 0.5156 

G5 - 0.8912 
G6 - 0.8782 
G7 - 0.8868 

G9 - 0.8636 
G10- 0.8698 
G11- 0.8612 

G13 - 0.8683 
G14 - 0.8605 
Gave- 0.8743 

Table 5.4. Xalm in garnet and Xann in biotite. 
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Chaoter Six 

Strain Analysis 

Strain analysis by Holst (1985) firmly established the tectonic 

nature of the bedding-subparallel foliation in the Thomson Formation. 

Figure 6.1 shows two models inferring the strain of the early 

deformation. Both models give a resultant strain ellipsoid for the 

early deformation of extreme flattening with Z, the minimum extension 

direction, vertical. The first model, with second deformation 

shortening in the southern terrane the same as in the northern terrane 

(lower left box), assuming no volume change, gives a N-S extension of 

330%, an E-W extension of 275%, and vertical shortening of 89%. For 

model II (lower right box), Holst assumed half as much shortening for 

the second deformation in the southern Thomson Formation where the 

rocks had a previous foliation. This strain estimate, also with no 

volume change, gives a N-S extension of 193%, and E-W extension of 

330%, and vertical shortening of 85%. 

Holst (1985) used the simplest assumptions of no volume loss and 

coaxiality of the two deformations in his strain analyses. Various 

other strain analysis models have been carried out here. These models 

account for a geologically reasonable volume loss (either during the 

early deformation or the later deformation or both) and/or rotation of 

the later deformation. A northward rotation of the later deformation 

was assumed in order to be consistent with the regional prevalance of 

overturned folds to the north (Sims and Peterman, 1983). The 
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methodology and calculations carried out are given in the following 

section on deformation matrices and the results are summarized in table 

6.1. 

Structures formed during deformation may be interpreted in the 

context of bulk strain. The E-W horizontal mineral lineation in the 

McGrath Gneiss and Denham Formation implies that maximum extension may 

have occurred in this direction. Is this mineral lineation an early 

formed structure or caused by superposition of the two deformational 

events? Finite strain analysis for the southern Thomson Formation 

(upper right box, Fig. 6.1), assuming no volume change, gives E-W 

extension of 390%, N-S shortening of 7%, and vertical shortening of 

73%. This gives an E-W to N-S strain ratio for the finite strain of 

4.2:1. The same ratio for models of the first deformation range from 

0.836:1 (deformation matrices, example 3) to 1.7:1 (lower right box, 

Fig. 6.1). Thus evidence indicates that the mineral lineation is most 

likely a consequence of superposition of the two deformations. 

Summarv 

The strain analyses carried out here all give similar results to 

that found by Holst (1985). These models confirm that the early 

deformation involved extreme flattening strains with large amounts of 

extension in both the N-S and E-W directions. E-W horizontal mineral 

lineations implying maximum extension can better be explained as a 

result of superposition of the two deformations. 
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Fig. 6.1. Representative block diagrams of the state 
of finite strain in the northern and southern areas of 
the Thomson Formation and the strain inferred to have 
been associated with the first deformation (after 
Holst, 1985). 
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EXAMPLES RESULTS 

NS% EW% VERTICAL% 

1. 6. V : 0 , fi : 0 Holst, 1_985 330 275 -89 

2 . . D1LV: -30% 270 228 -89 

3. Jl: 30N 271 261 -86 
-...J 
lJl 

4. D1LV: -30%, fl.: 30N 240 228 -88 

5. D1 & D2 6 V : - 30 % 305 255 -88 

6. 0 2 V : -30 % 348 293 -84 

7. D2 6V: -30%,Jl.:: 30N 301 293 -84 
Table 6. 1. Results from various strain examples in the 
Thomson Formation 



Deformation Matrices 
The general methods described here are from Flinn (1979). 

Let D = deformation gradient tensor in matrix form 
S = stretch tensor 
n. = rigid body rotation 

then D =llS 
eliminating n., 

n Tn = ens) Tns = s T..n. Tns = s Ts 
since S is symmetrical, sT = S and therefore oTo = s2 = C 

C is known as Green's deformation tensor 
The inverse operation is: 

co-1JT0-1 = 11s2 = c 
C is known as Cauchy's deformation tensor 

C is the square of the stretch tensor, and yields stretches relative to 
the undeformed state. 
C is the reciprocal of the square of the stretch tensor. The 
eigenvalues and eigenvectores give the stretches and their orientations 
with respect to the deformed state. 

To effect a deformation, 
[o-1JTE0 [o-1J = Er eqtn. 1 
where Eo represents the initial ellipsoid and Er the resultant 

ellipsoid. 
To undo the deformation, equation one must be rearranged, 

[o-1]'l'ET = ErD 
E0 = D ErD eqtn. 2 

In the examples described here, Er 
D is the potential F2 deformation, 

is the total (F1 + F2) strain, 
and E0 is the resultant F1 

strain. 
The tensors E0 and Er correspond to Green's and Cauchy's tensors 
respectively. The components of E0 and Er are the reciprocal 
squares of the stretches in the direction of the co-ordinate system. 
If both tensors' co-ordinate axes and principal axes coincide, the 
matrices E0 , Er, and D are diagonal. However, if not, the 
following operation must be performed: 

T = >-.Tr.-1 eqtn. 3 
where the rotation tensor and T = the deformation 

tensor referred to its principal axes. 
The components of Aare the direction cosines of the two cartesian 
co-ordinate systems. 

The cosines of the angles 
between x1 and the axes 
X1, X2, and X3 are 
called 1'11' /\12 ,>... 13 
respectively. Similarly, 
the cosines between 
and the axes X1, X2, and 
X3 are /\21' A 22' ;\23 
respectively and so on. Xz= 
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To undo a rotation of 30°N, for example, the co-ordinate axes must be 
rotated 30°s to obtain the proper rotation tensor. 

A11 = 
A. x' x = cos 30 = o.866 

1'12 = X! y = cos 90 = 0 
1'13 = x: z = cos 120:-0.5 
"21 = Y' X. = cos 90 = 0 

30otx' 1'22 = Y' y = cos 0 = 1 Y=Y' 
1'23 Y' Z x = = cos 90 = 0 
A31 = 7! x = cos 60 = 0.5 
A32 = z1 Y = cos 90 = 0 • z' 
f-33 = z1 z = cos 30 = 0.866 

z 
Therefore, 

0 -0.5 J 
= 1 

.5 0 

In the strain analyses of Holst (1985), assuming no volume loss, the 
finite strain is given by 

X:Y:Z = 3.89:0.926:0.278 
and D2 given by 

X:Y:Z = 2.24:1.49:0.30 

For Er: 3 = z 3 = x 

1 = y 2 = x 1 = z 

For Er the stretches must be squared and inverted r 166 0 0.066 e.g. 1/12.94 = 0.278 
0 0 ea 0 1.49 
0 0 

Example 1 
assuming a volume loss of approximately 30% during the first 

deformation onlv and no rotation: 
X:Y:Z = 3.4 : 0.81 : 0.2429 

and Er = t.524 0 
0.0865 

0 0 
77 

2 = y 



then, 
Ea = [D2JrEr[D2J 

u·3 a a od u3 0 
= 0 1. 49 0.0865 0 0 1.49 

0 0 2.24 0 0 16.94 0 0 

r'.137 a 
Ea = 0.192 

0 0 

giving corresponding stretch values of 2.7, 2.28, and 0.1057. 
Therefore, D1 involved 270% N-S extension, 228% E-W extension and 
89.5% vertical shortening. 

Example 2 
assuming no volume loss and a rotation of 30°N: 

The D2 deformation gradient tensor is transformed to 
D2 = D2 -1 

then, 

= ! 
[

785 0 
1.49 

0.84 0 

f°o3 

/j 0 

0-0.84) 
1. 752..J 

Ea = [D2JTEr[D2J 

L785 o -0.8j L.166 o = 0 1.49 0 0 -0.066 
0 0 1. 755 0 0 

o. 1465 0 
19.845 0 40.678 

01 (D.866 

0 l fG.285 

0 
1 
0 

0.51 
o. 

0 
1. 49 

0 

-0. 

0 -19.8d4 

giving corresponding stretch values of 2.71, 2.61, and 0.14. 
Therefore, D1 involved 271% N-S extension, 261% E-W extension, 
86% vertical shortening. 

and 

Example 3 
assuming a volume loss of approximately 30% during the 

deformation only and 30°N rotation of D2: 
Ea = [D2JTEr[D2J 

[O. 785 0 -0. 84d c· 524 0 0 J 785 = I o 1. 49 o o o. 0865 o o 
l_:0.84 0 1.755 0 0 16.94 -0.84 

G
2. 89 0 -25. 9d 

0.1922 0 
25.98 0 53.25 

first 

0 
1. 49 

0 1. 75ij 

giving corresponding stretch values of 2.40, 2.28, and 0.1231. 
Therefore, D1 involved 240% N-S extension, 228% E-W extension, and 
87.7% vertical shortening. 

78 



Example 4 
assuming a volume loss of appoximately 30% for both the first 

second deformation: t266 0 E524 o 0 d r-266 0 Eo = 1. 33 0.0865 0 0 1. 33 
0 0 0 0 16.94 0 0 

L1078 0 OJ = 0 0.153 0 
0 0 67.76 

Therefore, D1 involved 305% N-S 
88% vertical shortening. 

extension, 255% E-W extension, and 

Example 5 
assuming a volume loss of approximately 30% during the second 

deformation only: 

oJ t266 0 1. 166 0 0 r266 0 E0 = 1.33 0 0.066 0 1.33 
0 0 0 0 12.94 0 0 

t0825 0 0 J 
0.1167 0 

0 0 51.76 
Eo = 

Therefore, D1 involved 348% N-S 
84% vertical shortening. 

extension, 293% E-W extension, and 

Example 6 
assuming a volume loss of approximately 

deformation only and 30°N rotation of D2: 
30% during the second 

U 
6995 0 -0. 

D2 = 0 1.33 0 
0.7508 0 1.5664 

0 0.1167 0 
15.83 0 32.408 0865 0 

Therefore, D1 involved 301% N-S extension, 
84% vertical shortening. 
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Chapter Seven 

Structural Interpretation 

Introduction 

In this chapter, problems with, and possible interpretations of, 

the structural data presented in the previous chapters will be 

discussed. Included is a discussion of the deformation in the Thomson 

Formation in order to determine its relationship to the McGrath Gneiss 

and Denham Formation. 

Deformation in the Thomson Formation 

The Early Proterozoic Thomson Formation consists of a thick 

sequence of interbedded slate, slaty greywacke and metagreywacke that 

stratigraphically overlies the Denham Formation and has undergone 

multiple deformation associated with the Penokean orogeny. Holst 

(1984c) documented an early phase of deformation which formed 

isoclinal, recumbent folds with a well-developed, axial-planar, usually 

bedding-parallel foliation in the southern two-thirds of the Thomson 

Formation. Strain measurements by Holst (1985) indicate that a large 

flattening strain accompanied the development of the foliation, 

demonstrating that it is a tectonic foliation, and not a result of 

inherited depositional orientation or mimetic recrystallization along 

bedding as previously interpreted (Keighin et al., 1972). 

A later phase of deformation involving horizontal shortening of 

approximately 60% (Holst, 1983; 1985) formed open, upright folding with 
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a well-developed, axial-planar, vertical foliation throughout the 

entire formation. Detailed mapping of the nappe terrane (Holst, 1984c) 

allowed a boundary to be drawn between the area of a single Penokean 

deformation to the north, and the area of two Penokean-aged 

deformations to the south. This was interpreted as a nappe front 

because of the abrupt nature of the change across this structural 

boundary, and because the refraction pattern in the early S1 

foliation just south of this boundary suggests that a nappe front must 

be located in the immediate vicinity to the north (for details see 

Holst, 1984c). This boundary between the two tectonostratigraphic 

terranes of the Thomson Formation corresponds fairly well with a 

mappable break in aeromagnetic data for east-central Minnesota 

(Chandler et al., 1984). 

Clark (1985) established the existence of a third, much less 

intense deformation locally in the Thomson Formation. This deformation 

includes the formation of kink-bands that are variably oriented but 

strike generally N70E-S70W and dip 20° south. Clark attributed their 

formation as a response to Keweenawan activity such as the sagging of 

the basin over the Keweenawan rift or the emplacement of igneous rocks 

stratigraphically above the Thomson Formation. 

Deformation in the McGrath Gneiss 

Figure 2.7a & b shows a discrete minor shear zone found within the 

McGrath Gneiss. Such ductile deformation zones (DDZ) (narrow zones of 

extreme but continuous deformation and mylonite development) are 

typical of deformed crystalline basement rocks in orogenic belts 
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(Mitra, 1978; Coward, 1976). Ramsay and Graham (1970) discuss the 

development of similar local zones of abnormally high deformation in 

the basement complex of Lower Pennine nappes of Switzerland which cut 

through massive and foliated rocks alike. The following 

characteristics of ductile deformation zones as outlined by Mitra 

(1978) are all present in the McGrath Gneiss shear zones: 1. The DDZ 

are relatively narrow zones of large deformation in an otherwise 

relatively undeformed homogeneous basement country rock. 2. There are 

no discontinuites across these zones (Fig. 2.7b). 3. The edges of the 

zone involve very large strain gradients as one passes from relatively 

undeformed rock to rocks with high strains. 4. The zones may occur on 

a microscopic scale. 5. The rocks in the central portions of DDZ are 

mylonitic in texture. 6. There is a remarkable reduction in grain size 

in a DDZ compared to that in the basement country rock. 

The presence of ductile deformation zones within the McGrath 

Gneiss indicates that shearing accomodated basement strain during 

Penokean orogenic compression. The presence of poorly-foliated McGrath 

Gneiss whose internal fabric lies at a high angle to the fabric in the 

well-foliated gneiss (at the type locality) could be less deformed 

blocks of rock in a ductile shear zone as described by Coward (1976). 

Coward has shown that for certain ductile shear zones the strain path 

cannot be one of simple shear alone and must involve 

strains. During growth and propagation, if closely spaced shear zones 

have high rates of displacement compared to rates of propagation, these 

zones may curve and coalesce to produce a pattern of lozenge-shaped 

blocks separated by deformation zones. The lozenge-shaped blocks 

82 



represent the parts of the shear zone where there has been flattening 

normal to the zone and so they should carry a tectonic fabric at a high 

angle to the shear zone. Figure 2.8 clearly shows how easily blocks of 

less-deformed rock could be surrounded by anastomosing shear zones. 

Similar anastomosing shear zones have been described for the Maggia 

nappe core in the Central Swiss Alps (Simpson, 1982) and for the White 

Rock thrust in Wyoming (Mitra, 1984). 

An east-west horizontal component of movement in the McGrath 

Gneiss is indicated by the presence of nearly horizontal lineations and 

by zones of high ductile deformation. Sense of shear from asymmetric 

feldspar porphyroclasts is dominantly dextral. However, when visible, 

shear zone boundaries show sinistral shear (Fig. 2.7a). This may be 

because they are related to different episodes of deformation. Simpson 

and Schmid (1983) emphasize that the existence of a large-scale shear 

zone must be established by geological mapping before applying any 

shear sense criteria. In some cases, similar structures may be 

produced by noncontinuous multiphase deformation. 

Shear zones have been regarded as zones with a relatively 

straightforward strain history involving progressive simple shear or 

inhomogeneous simple shear. Ramsay and Graham (1970) showed that if 

the walls of a shear zone are undeformed and volume change is 

unimportant, such zones can only be formed by the process of 

heterogeneous simple shear. However, Bell (1981) discusses the 

geometry of high deformation zones that have been formed by 

progressive, bulk, inhomogeneous shortening. Figure 7.1a & b shows two 

models of a block of squares affected by such a deformation, the first 
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Fig. 7.1. Two models of blocks of squares having undergone 
progressive bulk, inhomogeneous shortening; a, strain field 
on the bulk scale is coaxial; b, strain field on the bulk 
scale is non-coaxial (after Bell, 1981). 

Fig. 7.2. The true amount of rotation of any porphyblast 
is represented bv the angle . The angle is greater 
than the true amount of rotation (after Wilson, 1971). 

84 



being coaxial, the second non-coaxial. The model presented in figure 

7.1a shows that the strain on the margins of the less deformed cell 

adjacent to the zones of high strain is very low and hence may not be 

distinguishable in an outcrop. Yet the zone of intense deformation has 

quite a large component of bulk shortening combined with the shear. It 

is important to note that sense of shear is inconsistent along this 

zone and therefore would have important implications for using shear 

sense criteria. Hence detailed strain analyses should be applied 

before shear sense is evaluated. 

Deformation in the Denham Formation 

Petrographically it has been shown in chapter four that the 

McGrath Gneiss and overlying Denham Formation have undergone similar 

conditions of deformation related to the Penokean orogeny. These 

conditions involved dominantly moderate to high temperature 

crystal-plastic processes under moderate pressure external conditions. 

The Denham Formation has been multiply deformed and has a 

well-developed s1 foliation sub-parallel to bedding similar to the 

Thomson Formation. However, F2 fold orientations are much more 

variable in the Denham Formation (Fig. 3.18) and crenulation cleavages, 

where present, vary from horizontal to dipping steeply to the north and 

south. This heterogeneity of the later deformation way be attributed 

to the rheological and/or structural anisotropy of the Denham Formation 

in contrast with the Thomson Formation. Cobbold (1976) has discussed 

the mechanical effects of anisotropy during large finite deformations. 

One effect of anisotropy is that stresses and incremental strains need 
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not be coaxial (an important fact for the development of cleavage and 

schistosity). He also notes that incremental strains generally cause a 

rotation of the foliation (the amount of rotation being dependent on 

the degree of anisotropy and the orientation of the foliation with 

respect to principal stress directions). Since the Denham Formation 

has a much greater rheological anisotropy than the Thomson Formation, 

its effects may contribute largely to variation in folding and cleavage 

formation. 

A third, much less intense deformation may be the cause of 

abundant minor folds with horizontal axial surfaces and of the 

horizontal crenulation cleavages seen in the amphibole schist and mica 

schist units (Fig. 3.21). 

Rotational garnets. 

Syntectonic prophyroblasts commonly contain patterns of inclusions 

which are termed sygmoidal or "S" shaped, indicating that a relative 

rotation has taken place between the crystal and the matrix. Several 

authors have attempted to use rotational garnets to determine the 

deformational history and to estimate the amount of strain (Spry, 1963; 

Powell and Treagus, 1970; Rosenfeld, 1970; Wilson, 1971, 1972; 

Schoneveld, 1977; Powell and Vernon, 1979; and Bell, 1985). Wilson 

(1972) emphasized the importance of describing geometrical patterns of 

inclusions when determining strain type and strain amount. His study 

of syntectonic porphyroblast growth (1971) discusses the origin of 

S-shaped inclusion trails by analyzing incremental growth 

followingincremental matri x deformation. 

An important method for determining strain type is determination 
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of the angle of rotation between crystal and matrix. Simple shear 

deformation will allow angles of rotation in excess of 90° whereas 

homogeneous irrotational strain (pure shear) can only give rise to 

angles of less than 90° (Ramsay, 1962; Powell and Treagus, 1970). 

Wilson (1971) notes that the angle of rotation to measure is that 

between the attitude of trails at the center of the garnet and the 

attitude of the schistosity in the matrix in a position completely 

unaffected by the presence of the garnet (Fig. 7.2). 

Powell and Treagus (1970) point out that caution must be used in 

determining the real angle of rotation. Apparent angles of rotation 

ranging from almost o0 to over 1400 could result from changes in 

the angle of cut through a model which has undergone an actual rotation 

of 90°. In addition, angles should be measured on sections cut 

through the centers of garnets as there is a significant association 

between diameter and degree of curvature of inclusion trails. Figure 

7.3 shows the correlation between diameter and curvature in garnets of 

the Denham Formation. 

Because the true angle of rotation must be measured between the 

internal schistosity and the external schistosity unaffected by further 

deformation, rocks in which the matrix has suffered further deformation 

and recrystallization after growth may not be used to determine 

accurately the true amount of rotation (Wilson, 1971). Since the 

matrix of the garnet-staurolite schist of the Denham Formation has 

undergone further deformation since garnet growth, its snowball garnets 

are of little use in the strain history associated with its 

formation. Nevertheless, the overall sense of rotation (northward) of 
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the rotated garnets within the Denham Formation is consistent with 

north-directed shearing during the early deformation. 
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Fig. 7.3. Photomicrographs of rotated garnets in the garnet-staurolite schist of the 
Denham Formation showing relationship between diameter of cut and degree of curvature 
of internal trail. Field of view is 2. 5 mm X 1. 6 mm. Left: plain light; right: crossed 
nichols. 



Chapter Eight 

Previous Tectonic Interpretations 

Introduction 

In the past decade there have been several plate tectonic models 

for the Early Proterozoic Penokean orogeny. These all involve 

convergent plate boundaries and some suggest collision, or multiple 

collision. Other tectonic models suggest that the Penokean orogeny was 

an intracratonic event and emphasize the role of the basement rock. 

The following is a summary of previous tectonic interpretations for the 

Penokean orogeny in the Lake Superior region. 

Intracratonic model 

Until recently the Penokean orogeny in Minnesota was usually 

interpreted as intracratonic. Deformation was interpreted to be 

greatly influenced by the location of the boundary, in west-central 

Minnesota, between an ancient (3550 m.y.) gneissic terrane and a 

younger (2700 m.y.) granite-greenstone belt terrane. Morey and 

(1976) suggest that this boundary delineates "two large, apparently 

discrete early crustal segments", and is part of a major Precambrian 

crustal feature more than 1200 km long called the Great Lakes tectonic 

zone (Sims et al., 1980). 

This model consists of sedimentation of the Animikie group into an 

intracratonic rift system centered on this older crustal suture. 

Penokean deformation across this basin was asymmetric with the greatest 

intensity occurring in the southern portion where both 
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basement and overlying supracrustal rocks were deformed together. 

Deformation in the northern portion of the basin underlain by the 

granite-greenstone basement was much less intense, resulting in mild 

folding of only the supracrustal rocks (Sims, 1976; Sims et al., 1980; 

Morey, 1983a). This contrast in deformational style has been 

attributed to the early Precambrian boundary having acted as a locus 

for limited intracratonic tectonic movement (Morey, 1979). That is, 

the Penokean orogeny in Minnesota resulted from a "vertical 

remobilization of underlying basement rocks" along this early 

Precambrian boundary (Morey, 1979, p. 24). 

Other interpretations involving vertical remobilization of Archean 

basement rocks have been suggested for Penokean deformation in northern 

Michigan (Cannon, 1973; Klasner, 1978). 

Plate-tectonic models 

Van Schmus (1976) reconstructed the paleogeography for the entire 

Great Lakes area during the Penokean orogeny. He suggested that during 

the Penokean orogeny there was an active collisional plate margin with 

a northwesterly-dipping subduction zone in Wisconsin with the areas of 

the Marquette Supergroup in Michigan and the Animikie Group in 

Minnesota interpreted as back-arc basins. Similarly, Cambray (1977, 

1978) suggested that the sequence of events in northern Michigan is 

similar to that for a continental margin of a spreading ocean that 

later became part of a convergent plate environment. 

More recent convergent plate-margin interpretations relating to 

the Penokean orogeny have been proposed by Van Schmus (1981). These 

differ principally from the original in that they call for 
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southward-dipping subduction zones, and multiple subduction zones, in 

either time, or space, or both. In north-central Wisconsin, LaBerge et 

al. (1984) associate the Penokean orogeny with the collision of three 

separate volcanic belts with the Superior craton. Sims et al. (1985) 

interpret the Penokean orogeny in northern Wisconsin as the result of a 

collision of an oceanic-arc with the North American craton, the 

boundary between the two Proterozoic terranes being the Niagara fault 

zone. Their conclusions support the interpretations of Van Schmus 

(1976), Cambray (1978), Larue and Sloss (1980), and Larue (1983) that 

the early Proterozoic epicratonic successions in the Great Lakes area 

accumulated at a continental margin. 

Schulz (1984) has noted that the nature and geochemistry of the 

Early Proterozoic Penokean igneous rocks of the Lake Superior region 

strongly suggest the operation of plate-tectonic processes largely 

similar to those active today. Schulz et al. (1984) have proposed a 

tectonic model of early crustal rifting and spreading, subsequent 

subduction and formation of a complex volcanic arc, and collision of 

the arc first with Archean crust on the south and then with the 

continental margin sequence and Archean crust of upper Michigan on the 

north (the Penokean orogeny). 

Sims and Peterman (1983) explain the sedimentologic, metamorphic 

and deformational history of the Lake Superior region in terms of a 

plate-tectonic model. Deposition of the Denham Formation in Minnesota 

and Chocolay Group in Michigan began with rifting along the Great Lakes 

tectonic zone during the Early Proterozoic. A reconstruction of Early 

Proterozoic sedimentation and volcanism in the Lake Superior region by 
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Sims and Peterman (1983) show that principal depocenters were along the 

Great Lakes tectonic zone and, in eastern Upper Michigan, in diversely 

oriented basins bounded by Archean rocks. Larue and Sloss (1980) 

contend that these sedimentary basins show features commonly associated 

with high angle faulting (extensional tectonics), including evidence of 

local sediment sources, lithologic and facies transitions across 

younger structural features, and turbidite sedimentation. Because the 

sedimentary basins are tens of kilometers in length and show relation 

to probable extensional tectonics, they are considered to be 

rift-related (Larue and Sloss, 1980; Cambray, 1978). Sims et al. 

(1981) suggested that rifting started soon after 2500 m.y. ago in the 

Lake Huron region and migrated westward with time, beginning in the 

Lake Superior region about 2100 m.y. ago. The distribution of Early 

Proterozoic bedded rocks (Fig. 1.2) (Sims and Peterman, 1983; 

Ojakangas, 1983) implies that rifting ended to the west in the Lake 

Superior region. 

This extensional stage was followed by reversal of plate movement 

with subsequent compression and initiation of subduction (the Penokean 

orogeny). Sims and Peterman (1983) interpreted thrusting to be 

north-directed because the regional analysis of deformation (Fig. 8.1) 

shows a prevalance of overturned folds to the north. 

Hoffman (preprint) interpreted the Animikj.e basin (a linear 

asymmetric basin) as having been formed as a flexural response to 

loading of the continental lithosphere by thrust sheets. He notes that 

such foredeeps (foreland basins) migrate in front of, and become 

incorporated within, foreland fold and thrust belts. Foredeeps are an 
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Penokean oiogeny (after Sims and Peterman, 1983). 
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inevitable consequence of thrusting (Price, 1973) and they contain a 

stratigraphic record of the transition, in space and time, from shelf 

or cratonic conditions to orogeny. The axial fill of most foredeeps is 

immature elastic detritus derived either from the fold-and-thrust belt 

or from the craton. The elastic debris in the Animikie basin was 

derived mainly from the craton to the north (Morey, 1973; Morey and 

Ojakangas, 1970), but at least some was derived from local Archean 

highlands within it and from its southern flank (Peterman, 1966). 

The growing body of structural and petrologic evidence from 

Wisconsin and Upper Michigan is consistent with the structural evidence 

in east-central Minnesota for a convergent plate boundary model (Holst, 

1984a, b). Although details are far from clear and complete, it seems 

from recent publications that there is large agreement in favor of a 

plate-tectonic model for the Penokean orogeny. 

Geophysical Investigations in Minnesota 

The Consortium for Continental Reflection Profiling (COCORP) 

recently gathered data from a traverse across the Great Lakes tectonic 

zone in Minnesota (Gibbs et al., 1984) (Fig. 1.1). The data have also 

been interpreted by Smithson et al. (1985). The seismic profile 

reveals a gently dipping reflection beneath the Great Lakes tectonic 

zone (Fig. 8.2). The suggestion of a major recumbent fold above the 

fault reflection enhances the possibility that this reflection is 

caused by a mylonitic thrust fault (Smithson et al., 1985). Magnetic 

data from the area are best modeled by a magnetized wedge of older 

Archean rocks (granulitic gneisses) underlying the younger Archean 
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greenstone terrane (Fig. 8.3), the dip of the boundary being the same 

as the postulated thrust-fault reflection (Smithson et al., 

Thus geophysical evidence indicates that the younger Archean greenstone 

belt terrane may be thrust above the ancient Minnesota Valley p:neiss 

terrane. 

96 



km 

Fig. 8.2. Seismic section from COCORP traverse 
across the Great Lakes tectonic zone. Time in 
seconds on vertical scale. Reflection (A) is a 
mylonitic zone along a thrust fault. Reflection 
(B) is a recumbent fold hinge. Reflections (C) 
from Proterozoic sedimentary basin and (D) from 
folded layered rocks in greenstone terrane (after 
Smithson et al., 1985). 
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Chapter Nine 

An Account of Multiple Deformation During the Penokean Orogeny 

The Archean McGrath Gneiss and overlying Early Proterozoic 

metasedimentary rocks have undergone multiple deformation during the 

Penokean orogeny in east-central Minnesota. Structural and 

petrographic evidence indicates that these rocks have undergone similar 

conditions of deformation (chapters two, three and four). Deformation 

occurred in a dominantly ductile environment at moderate to high 

temperature and moderate pressure conditions (chapter four). 

Metamorphism reached the garnet zone of the amphibolite facies during 

the early deformation. The peak of metamorphism however, marked by the 

presence of staurolite, occurred after the later deformation. 

Temperature associated with the peak of metamorphism reached 530°c at 

pressures of about 4.5 kb (17 km) (chapter five). Strain analyses in 

the overlying Thomson Formation show that the early deformation 

involved extreme flattening with large amounts of extension in both 

north-south and east-west directions (chapter six). The following is a 

possible interpretation of Early Proterozoic tectonism in light of this 

data and the interpretations discussed in chapter eight. 

The Denham Formation was deposited onto the McGrath Gneiss during 

rifting along the Great Lakes tectonic zone at the beginning of the 

Early Proterozoic (Fig. 9.1). Rifting was followed by compression with 

the initiation of a southward dipping subduction zone in the McGrath 

Gneiss. Thrusting is interpreted to be north-directed to maintain 
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compatibility with the northward verging nappe(s) of Holst (1984c) and 

the regional pattern of overturned folds to the north (Fig. 8.1), and 

also to be consistent with the Animikie basin deepening to the south 

(Fig. 3.2). 

Continued north-directed thrusting caused intense deformation of 

the McGrath Gneiss, the Denham Formation and the lower rocks of the 

Thomson Formation with intensity decreasing from south to north. These 

rocks underwent the greatest amount of deformation during subduction 

(the early deformation), forming a strong, pervasive east-west 

foliation and lineation in the McGrath Gneiss and isoclinal, recumbent 

folds with a bedding-subparallel foliation in the Denham and Thomson 

Formations (Fig. 9.2a). Rocks located stratigraphically higher in the 

Thomson Formation were deposited later in the deformational history and 

are therefore less deformed. This explains the presence of a tectonic 

front with highly deformed rocks to the south and less deformed rocks 

to the north (Holst, 1984c). 

Strains inferred for the early deformation (extension both N-S and 

E-W) must be accounted for in any tectonic model. Orogens are usually 

modelled in terms of normally directed subduction and collision which 

involve kinematics invariant out of the plane of the cross-section 

(Ellis, in press.). However, a significant problem concerned with the 

development of orogens involves the observation that a large amount of 

extension occurs parallel to the belt (Ellis et al., in prep.). The 

large amount of east-west extension from the finite strain data in the 

Thomson Formation must be explained in terms of relative plate motion. 

This requires that kinematics during the early deformation (subduction) 
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Fig. 9.2. A) Early deformation represented by southward-
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B) Later deformation related to imbrication of footwall into 
hangingwall during uplift. 
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be oblique to the plate boundary and therefore relative plate motion to 

be oblique (Holm, 1986). 

Early structures, formed during tectonic burial, were then 

deformed by later more disharmonic structures related to imbrication of 

the footwall into the hangingwall during uplift (Fig. 9.2b). These 

later more disharmonic structures reflect the increasing rheological 

and structural anisotropies (due to decreasing pressure) associated 

with crustal emergence. Typical postorogenic molasse/flysch type 

deposits are not clearly delineated anywhere in the Lake Superior 

region. Young (1983) notes that the general absence of these 

late-stage deposits may be due to later uplift and erosion during the 

opening of the Keweenawan rift system in the Lake Superior region. 

Continued compression during the later deformation produced shear 

zones in the basement rock as well as tight folds in the overlying 

Early Proterozoic rocks. Basement shortening during deformation is 

similar to that interpreted by Sims and Peterman (1983) for basement 

deformation in northeastern Wisconsin. Participation of the basement 

rock during deformation may account for contrasting orientation of 

folds and differing intensity of metamorphism in the Denham and Thomson 

Formations. 

Peak metamorphic conditions associated with uplift during the 

later deformation is thought to be due to conductive relaxation caused 

by crustal thickening and erosion (England and Richardson, 1977; Holm 

and Ellis, 1986). If a continental crust is thickened by overthrusting 

or abduction, erosion of this thickened crust will effect instantaneous 

pressure changes on a given rock but at any depth below a few 
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kilometers the temperature will increase for some time. Figure 9.3 

shows the P-T path interpreted for the Penokean in east-central 

Minnesota. 

Conclusion 

Figure 9.4 is a schematic synopsis accounting for the multiple 

deformation associated with the Penokean orogeny in east-central 

Minnesota. Early formed structures (foliation in the McGrath Gneiss 

and isoclinal recumbent folds with bedding-subparallel foliation in the 

Denham and Thomson Formations) and progressive metamorphism is 

interpreted to be associated with oblique subduction of the 

granite-greenstone terrane beneath the gneissic craton to the south. 

Later formed structures (shear zones in the McGrath Gneiss and tight 

overturned folds in the Denham Formation) superimposed upon these early 

structures are related to imbrication of the footwall into the 

hangingwall during continued compression and uplift. Increasing 

temperature associated with uplift is explained by conductive 

relaxation caused by crustal thickening and erosion during 

overthrusting. 
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