





Chapter E

Great Lakes Tectonic Zone in Marquette
Area, Michigan—Implications for
Archean Tectonics in North-Central
United States

By P.K. SIMS

U.S. GEOLOGICAL SURVEY BULLETIN 1904
CONTRIBUTIONS TO PRECAMBRIAN GEOLOGY OF LAKE SUPERIOR REGION

P.K. SIMS and L.M.H. CARTER, Editors



U.S. DEPARTMENT OF THE INTERIOR
MANUEL LUJAN, JR., Secretary

U.S. GEOLOGICAL SURVEY
Dallas L. Peck, Director

Any use of trade, product, or firm names in this publication is for descriptive
purposes only and does not imply endorsement by the U.S. Government.

UNITED STATES GOVERNMENT PRINTING OFFICE: 1991

For sale by the

Books and Open-File Reports Section
U.S. Geological Survey

Federal Center

Box 25425

Denver, CO 80225

Library of Congress Cataloging-in-Publication Data

Sims, P.K. (Paul Kibler), 1918—

Great Lakes Tectonic Zone in Marquette area, Michigan—implications for

Archean tectonics in north-central United States /by P.K. Sims.
p. cm.—(Contributions to Precambrian geology of Lake Superior region ;

ch. E) (U.S. Geological Survey bulletin ; 1904-E)

Includes bibliographical references.

Supt. of Docs. no.: | 19.3:1904-E

1. Geology, Stratigraphic—Archaean. 2. Geology—Middle West.
3. Faults (Geology)—Michigan—Marquette Region. 4. Faults (Geology)—

Great Lakes Region. 1. Title. II. Series. IlI. Series: U.S. Geological
Survey bulletin ; 1904-E

QE75.B9 no. 1904-E

[QE653.3]

557.3 s—dc20 90-13956

[551.7°12] Cip



CONTENTS

Abstract El

Introduction  El1

Acknowledgments  E2

Geologic setting  E2

Archean greenstone-granite terrane E3

Granitoid rocks  E3
Structure E3
Late-tectonic conglomerate E7

Archean gneiss terrane E7

Gneiss and associated granitoid rocks  E7
Structure E8

Great Lakes tectonic zone E8

Mylonite E9
Interpretation  E9
Kinematic analysis = E13
Evolution  E13

Concluding remarks  E14
References cited E15

FIGURES

1. Geologic map of part of the Marquette 1°x2° quadrangle  E4

2. Quartz-alkali feldspar—plagioclase diagram for granitoid rocks of Archean
greenstone-granite terrane  E7

3. Quartz—-alkali feldspar-plagioclase diagram for granitoid rocks of Archean gneiss
terrane  E8

4. Equal-area projection of poles to foliation, lineations, and fold hinges in gneisses
of Archean gneiss terrane K9

5. Structure map of southwestern part of Sands 7'%-minute quadrangle showing
Great Lakes tectonic zone E10

6. Isometric diagram illustrating geometry and deformational elements of
Great Lakes tectonic zone  E11

7. Equal-area projection of poles to foliation, stretching lineation, and fold hinges in
Great Lakes tectonic zone E11

8. Simplified tectonic map of Lake Superior region showing Great Lakes tectonic
zone and adjacent Archean terranes E12

TABLES

1. Approximate modes of granitoid rocks in Archean greenstone-granite terrane  E6

2. Approximate modes of granitoid rocks in Archean gneiss terrane  E8

Contents






CONTRIBUTIONS TO PRECAMBRIAN GEOLOGY OF LAKE SUPERIOR REGION

Great Lakes Tectonic Zone in Marquette Area,
Michigan— Implications for Archean Tectonics in

North-Central United States

By P.K. Sims

Abstract

The Great Lakes tectonic zone (GLTZ) is an Archean
crustal boundary of subcontinental length that separates a
greenstone-granite terrane (southern part of Superior province
of Canadian Shield) on the north from a partly older gneiss
terrane on the south. It is generally interpreted as a paleosuture
resulting from continent-continent collision. The tectonic zone
is covered at most places in the Lake Superior region by
Proterozoic rocks or Pleistocene glacial deposits, and its
position and characteristics previously have been determined
mainly by geophysical data. Geologic mapping in the Mar-
quette, Michigan area provides for the first time direct obser-
vations of the structure.

In the Marquette area, the GLTZ is characterized by a
zone of mylonite (orthomylonite) that has been superposed on
previously deformed rocks of both the Archean greenstone-
granite terrane and the Archean gneiss terrane. Foliation in the
mylonite strikes about N. 60° W. and dips steeply southwest,
presumably subparallel to the boundary between the
greenstone-granite and gneiss terranes. A pronounced
stretching lineation and tight fold hinges plunge about 45° S.
45° E. The attitude of the stretching lineation (line of tectonic
transport) together with asymmetric structures indicative of
movement sense indicates that collision at this locality was
oblique, resulting in dextral-thrust shear along the boundary,
northwestward vergence, and probable overriding of the
greenstone-granite terrane by the gneiss terrane. Transmittal of
the dextral shear stress across a large area of the greenstone-
granite crust (Superior province) to the north may have been
responsible for the nearly east-west foliation, upright folds, and
northwest- to east-west-trending dextral faults and shear zones
at least as far north as the Quetico fault, in southern Ontario,
a distance of about 250 kilometers.

Manuscript approved for publication June 26, 1990.

As a whole, the GLTZ is characterized by systematic
angular bends that alternately trend west-northwestward, as in
the Marquette area, and northeastward. This zigzag pattern
probably reflects original irregularities in the continental
margin (Superior province) composed of greenstone-granite
crust. Late Archean convergence along this margin resulted in
a variable trajectory of stress into the greenstone-granite crust
and probably in along-strike diachroneity of orogeny. The
major deformation resulted from oblique compression at
promontories, which acted as buttresses against which
compressive stress was directed into the crust. In addition to
the dominant foliation, major brittle-ductile to brittle strike-slip
faults, such as the Vermilion fault system in northern
Minnesota and the Quetico and Rainy Lake-Seine River faults
in southern Ontario, resulted from a more brittle continuum of
the transcurrent shear caused by collision along the GLTZ.

INTRODUCTION

The Great Lakes tectonic zone (GLTZ) is an Archean
crustal boundary more than 1,000 km long that separates a
greenstone-granite terrane (southern part of Superior prov-
ince) on the north from a gneiss terrane on the south (Sims
and others, 1980; Sims and Peterman, 1981; Peterman,
1979). It is covered throughout most of the Great Lakes
region by younger Proterozoic rocks or Pleistocene glacial
deposits, but recently it has been delineated and studied in
outcrop in an area south of Marquette, Mich. (fig. 1).

The boundary was first recognized in Minnesota
(Sims and Morey, 1973; Morey and Sims, 1976) from
regional geologic relations, which indicated that the two
basement terranes had different geologic histories and
probably had evolved separately. Regional magnetic and
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gravity data were utilized to determine the position of the
boundary. Later (Sims, 1980), the boundary was approxi-
mately delineated in the western part of Upper Michigan
(Sims and others, 1984) and northwestern Wisconsin (Sims
and others, 1985), east of the Middle Proterozoic Midcon-
tinent rift system, and it was inferred on indirect evidence to
extend eastward through the Sudbury structure, where it is
truncated by the Middle Proterozoic Grenville tectonic zone
(Sims and others, 1980).

Recent geologic mapping in the Sands 7Y%-minute
quadrangle, Michigan (fig. 1), previously mapped by Gair
and Thaden (1968), has delineated this Archean boundary in
outcrop for the first time. It is exposed on the south side of
the Early Proterozoic Marquette synclinorium (or trough),
and its northwestern projection into the trough coincides
with a major Early Proterozoic fault, the Richmond fault.
The GLTZ here is a mylonite zone about 2.4 km wide that
mainly is overprinted on rocks of the greenstone-granite
terrane but also affects an approximately 0.4-km-wide zone
of the Archean gneiss. In this area, the GLTZ is interpreted
as a continent-continent collision zone. The collision was
oblique, resulting in dextral wrench shear on the N. 60° W.-
trending boundary and northwestward vergence of the
gneiss terrane against the greenstone-granite terrane.

The purpose of this report is to describe the exposed
GLTZ in the context of the regional geology, to discuss
genetic relationships between convergence along the boun-
dary and structural features in the Archean rocks to the
north, and to present a refined interpretation of the evolution
of the GLTZ throughout the Lake Superior region.
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GEOLOGIC SETTING

The Great Lakes tectonic zone is moderately well
exposed in the Sands 7Y2-minute quadrangle in Upper
Michigan (see fig. 5). It separates the two distinctive
Archean terranes in the area. The northern greenstone-
granite terrane is composed largely of Late Archean gran-
itoid rocks and approximately coeval metavolcanic and
lesser metasedimentary rocks of greenstone affinity. The
layered rocks and most of the granitoid rocks were meta-
morphosed (mainly to greenschist facies) and deformed
during Late Archean orogeny. The southern Archean gneiss
terrane is composed mainly of layered gneiss, migmatite,
and amphibolite—rocks that are distinctly different from
those in the greenstone-granite terrane. Except for late-
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tectonic to post-tectonic, generally small(?) granitoid
bodies, the rocks are metamorphosed mainly to amphibolite
facies. The rocks exposed within the two terranes in Upper
Michigan are closely similar to those in Minnesota (Morey
and Sims, 1976; Sims and others, 1980), thus establishing
the identity of the GLTZ in the Marquette area.

The Archean rocks in Michigan are overlain in the
Marquette synclinorium, the Republic trough, and the Dead
River, Clark Creek, and Baraga basins by shelf deposits of
the Early Proterozoic Marquette Range Supergroup (fig. 1;
Cannon and Gair, 1970). For the Archean rocks north of the
Marquette synclinorium, Van Hise and Bayley (1897)
introduced the name “northern complex”; the Archean rocks
south of the synclinorium they named “southern complex.”

A Late Archean age for the GLTZ is now established
by regional geologic relationships in north-central United
States. The Archean rocks in the greenstone-granite terrane
in northern Minnesota (Hudleston and others, 1988) and
northernmost Michigan (fig. 1) are characterized mainly by
ductile and brittle structures formed in response to dextral
shear, which accords with the deformation pattern observed
in mylonite within the exposed GLTZ south of Marquette,
Mich. These structures include a generally west trending
steep foliation and upright folds, widespread Z-shaped
folds, and northwest- to west-trending dextral faults, indic-
ative of dextral shear. In contrast, Early Proterozoic
Penokean deformation in the Marquette area had little effect
on the Archean basement (Cambray, 1984). Cambray pro-
posed that the Penokean deformation was produced by
horizontal compression that was transmitted from the
basement to the folded cover rocks by narrow ductile shears
in the basement. Readjustment of rigid basement blocks
along these shears using old weaknesses resulted in some
shortening, but not folding of the basement rocks. For the
Early Proterozoic Marquette trough, Cambray proposed a
nearly north-south compressional axis, which initially
produced reverse dip slip on faults bounding the trough and
compressed the Early Proterozoic sedimentary rocks within
the trough into west-trending folds. Subsequently, resist-
ance to this movement resulted in a sinistral strike-slip
motion and the development of F, folds with northwest-
trending axial surfaces and variable plunge.

Gair and Thaden (1968) applied the name “Compeau
Creek Gneiss” to both the foliated granitoid rocks of the
Archean greenstone-granite terrane and the layered gneisses
and massive intrusions of the gneiss terrane, and subsequent
investigators extended this terminology to the western parts
of the southern complex (Cannon and Simmons, 1973). To
apply this name to rocks in both Archean terranes, however,
is inappropriate, because the two terranes consist of
distinctive rock types of different origins. Accordingly, in
this report informal lithologic names are used to describe
the crystalline rocks in the two diverse terranes.

































structural events. The major deformation, including nappe
emplacement, thrusting, and local doming, took place
between 2,696 Ma and 2,692 Ma; this deformation was
followed shortly by wrench faulting and simultaneous
deposition of conglomerate/arenite (Seine Group), which
occurred in the interval 2,692-2,686 Ma. Late (Algoman)
granitic plutons were emplaced about 2,686 Ma, although
some are older. In the Wawa subprovince, west of Thunder
Bay, Ont. (fig. 8), Corfu and Stott (1986) found that the D,
deformation occurred during or before the intrusion of the
Shebandowan Lake pluton at 2,696+2 Ma. Deformation D,
in this area occurred between 2,689+3/~2 Ma and
2,684+6/-3 Ma, similar to the age suggested by Davis and
others (1989) for D, in the Rainy Lake wrench zone. These
ages are compatible with the less precise isotopic ages on
rocks in northern Minnesota and Michigan (Peterman,
1979), and it seems probable that the rocks and structures
throughout the Wawa and Quetico subprovinces are
approximately coeval (Percival, 1989). Although conver-
gence along the GLTZ undoubtedly was diachronous,
collision probably occurred in the approximate interval
2,692-2,686 Ma (Davis and others, 1989).

Kinematic Analysis

The attitude of the stretching lineation (line of
tectonic transport) in the mylonite exposed south of Mar-
quette together with asymmetric meso- and micro-structures
revealing sense of movement indicates that the oblique
collision resulted in dextral-thrust shear along the GLTZ
and northwestward vergence and probable overriding of the
Archean greenstone-granite terrane by the Archean gneiss
terrane. Kinematic indicators—rotated mica grains within
narrow compositional layers, asymmetric porphyroclasts
with tails (6 type; Simpson, 1986), and asymmetric micro-
folds in mylonitic layering—indicate northwestward ver-
gence. This information implies southward subduction of
the Archean greenstone-granite terrane (Wawa subprov-
ince) beneath the Archean gneiss terrane.

Evolution

The northwest direction of tectonic transport during
suturing of the Archean terranes ascertained from the
Marquette area provides a means for determining the
evolution of the GLTZ and the variable trajectory of stress
into the Superior province crust.

The GLTZ in the Lake Superior region is char-
acterized by systematic angular bends that alternately trend
northeastward and west-northwestward (fig. 8). Presumably
this zigzag pattern reflects original irregularities in the
margin of the Archean greenstone-granite terrane (or
Superior province) crust, which was a continental margin
before convergence and collision with the southern Archean
gneiss terrane.

The northeast-trending and west-northwest-trending
segments of the GLTZ have different structural styles. As
discussed earlier, deformation along the northwest-trending
segments of the GLTZ, as particularly shown by data from
the Marquette segment, was principally caused by dextral
transpression resulting from oblique collision. Transmittal
of this transcurrent shear into rocks north of the GLTZ
yielded a widespread, pervasive west-northwest- to west-
striking foliation, subparallel upright folds, and northwest-
to west-trending dextral faults and shear zones in the
Archean greenstone-granite terrane.

The similarly oriented northwest-trending segment of
the GLTZ in northwestern Wisconsin has many structural
features in common with the Marquette segment. Foliation
and upright folds in low amphibolite-facies rocks of the
Archean greenstone-granite terrane (unit Wga, fig. 4, Sims
and others, 1985) strike west-northwest, and mineral
lineations and fold hinges mainly plunge gently southeast.
The boundary between the two terranes is not exposed
because of a glacial cover, but is presumed to lie along the
south edge of unit Wga. Numerous northwest-trending
dextral faults, some of which reactivated in Early Protero-
zoic time, have been mapped in the area (Sims and others,
1985; fig. 1).

Collision along the northeast-trending segments of
the GLTZ, on the other hand, produced northeast-trending
structures of apparently more restricted areal extent. In the
northeast-trending Marenisco segment (fig. 8; Sims and
others, 1984), the boundary is covered by Early Proterozoic
sedimentary and volcanic rocks, but lithologic layering and
foliation in rocks of the adjacent Archean greenstone-
granite terrane near the boundary trend northeastward and
are deformed into upright, moderately tight northeast-
trending folds that plunge 45°-50° SW. These structures are
presumably subparallel to the covered Archean boundary.
Archean metamorphism has been overprinted by Early
Proterozoic Penokean nodal metamorphism centered on the
Watersmeet dome (Sims and others, 1985; Sims, 1990); the
presence of relict garnet at a few places in the Archean
rocks of the greenstone-granite terrane near the boundary
suggests that these rocks were metamorphosed to at least
upper greenschist facies in Archean time. In the same way,
north-verging Penokean deformation in the boundary zone
overprinted Archean structures (Sims and others, 1984). An
axial plane S, (Penokean) penetrative cleavage that strikes
northeast and dips 45°-70° SE. was superposed on the
previously folded rocks. Apparently the Archean rocks were
not refolded, however, as a result of the Penokean
deformation.

In the northeast-trending Minnesota segment of the
GLTZ, neither the terrane boundary nor the Archean rocks
on either side are exposed. They are covered in west-central
Minnesota by thick Quaternary glacial deposits and in
central Minnesota by Early Proterozoic sedimentary and
volcanic rocks of the Animikie basin (Southwick and
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others, 1988). The GLTZ has been investigated, however,
by a detailed acromagnetic survey, by computer-generated
mapping of the second vertical derivative of the gravity
field, and by shallow test-drilling (see Southwick and Sims,
in press); the boundary has been located rather accurately on
the basis of these data. The drilling has shown that the rocks
on the northwest side are volcanogenic sedimentary and
mafic to intermediate volcanic rocks, metamorphosed to
upper greenschist facies, which are intruded by Atchean
tonalite (Southwick and Chandler, 1983). These rocks are
typical of the Archean greenstone-granite terrane in exposed
parts of the Lake Superior region. A seismic reflection
profile in central Minnesota acquired by COCORP
(Consortium for Continental Reflection Profiling) has been
interpreted to indicate that the GLTZ in this area is a
shallow (=30°) north-dipping tectonic feature (Gibbs and
others, 1984). In east-central Minnesota, the GLTZ is
covered by Proterozoic rocks of the Animikie basin. The
structural style in the Proterozoic cover indicates north-
verging tectonism (Southwick and others, 1988), and as in
the Marenisco segment, the Archean crustal boundary had a
role in defining Penokean deformation.

Deformation along both of the northeast-trending
segments of the GLTZ resulted mainly from northwest-
southeast shortening, probably dominantly by flattening
strain. The direction of tectonic transport during conver-
gence was virtually perpendicular to the juncture of the two
terranes at these localities.

The origin of the zigzag pattern of the south edge of
the Superior province, now marked by the GLTZ, is
uncertain. The prevailing thought is that the Wawa subprov-
ince is one of a sequence of stacked island arcs that formed
progressively from north to south above north-dipping
subduction zones as the continental mass to the south of
the GLTZ (that is, the Archean gneiss terrane) migrated to
the north (Card, 1990). With this interpretation, pos-
sible modern analogs of the Superior province are the
convergent-plate boundaries of the western Pacific, as for
example those of the Indonesian region (Hamilton, 1979).

The physical resemblance of the south margin of the
Superior province to the Appalachian-Ouachita Paleozoic
orogenic belt (Thomas, 1977), however, suggests a possible
alternative interpretation for the origin of the Superior
margin. In this interpretation, the Superior margin was a
rifted continental margin. Two interpretations have been
made for the origin of the Paleozoic continental margin:
(1) rift segments offset by transform faults, as suggested by
Thomas (1977, 1983), or (2) intersections between active
rift arms at triple junctions (Rankin, 1976). Of these two
suggestions, the rift-transform mechanism seems the more
likely, with the Minnesota and Marenisco segments being
the rifted segments (fig. 8) and the northwestern Wisconsin
and Marquette segments being highly modified transform
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faults. Regardless of the mechanism by which the zigzag
Archean continental margin originated, the subsequent trace
of the orogenic belt probably was inherited from the shape
of the earlier margin.

CONCLUDING REMARKS

Convergence along the irregularly shaped margin of
the Archean greenstone-granite terrane (GLTZ) resulted in a
variable trajectory of stress into the continental crust and
probably in along-strike diachroneity of orogeny. Structural
data from the Marquette area, in particular, as well as
elsewhere along the GLTZ, suggest that the major direction
of tectonic transport was northwestward. Accordingly,
promontories such as those along the concave part of the
Marquette and Wisconsin segments of the GLTZ (fig. 8)
must have projected as buttresses against which compres-
sive stress was directed into the continental crust. Oblique
compression at these points produced dextral shear across
the region north of the suture, probably at least as far
northward as the Quetico fault, a distance of about 250 km.
This shear imposed a roughly east west, steep structural
fabric on the rocks and, as a late, more brittle expression
of the shear regime (Hudleston and others, 1988), the
northwest- to west-trending dextral transcurrent faults.

Along the Marenisco and Minnesota segments of the
GLTZ, where convergence was more nearly perpendicular
to the ancient continental margin, a northeast-trending
structural fabric was imposed on the rocks immediately
cratonward from the suture.

I suggest that the main structural fabric (D,) in rocks
of the Archean greenstone-granite terrane in the north-
central United States (Wawa and Quetico subprovinces;
fig. 8) resulted from the collision along the GLTZ. The
predominance of orthomylonite rather than ultramylonite
and the nearly pervasive retrogressive alteration (green-
schist facies) in rocks of the greenstone-granite terrane
suggest that the exposed collision zone was developed at a
moderately shallow crustal level. As discussed in a previous
report (Sims and others, 1980), the Archean structures in
this regime played a strong role also in subsequent tec-
tonism, especially in the Early Proterozoic north-verging
deformation.

I further suggest that the late-tectonic granite bodies
in the Archean gneiss terrane are possibly related to the
collision along the GLTZ and presumed southward subduc-
tion. The available age data on these granites are compatible
with a presumed 2.69 Ga age for the collision. The “Tilden
granite” of Hammond (1978) in Michigan has a probable
Late Archean age, although both the U-Pb and Rb-Sr
systems are disturbed. In the Minnesota River valley, in
southwestern Minnesota, a large pluton of late-tectonic
granite (Sacred Heart Granite) has a Pb-Pb age of about
2,605 Ma (Doe and Delevaux, 1980) and a Rb-Sr age of
about 2.7 Ga (Goldich and others, 1970). Doe and Delevaux



(1980) have shown that 2°7Pb-2**Pb values in the Sacred
Heart Granite are characteristic of ensialic environments, as
contrasted with the ensimatic (arc) granitoid bodies in the
Superior province (greenstone-granite terrane). The ensialic
environment indicates that the Archean gneiss terrane had
been cratonized prior to emplacement of the Sacred Heart
Granite. Precise ages are required to test the hypothesis that
the Late Archean granites south of the GLTZ were indeed
formed during continent-continent collision.

Cumulative data on the Archean Superior province
(see Hoffman, 1989, for review) indicate that it consists of
generally east trending belts of island arc and related rocks
that were assembled progressively from north to south
(Card, 1990), before finally colliding with the Archean
gneiss terrane (continent) on the south at about 2,690 Ma.
This pattern of accretion as well as the tectonic style is not
unlike that in modern plate-tectonic regimes, indicating that
plate-tectonic mechanisms existed in the Archean as well as
in the Proterozoic and Phanerozoic.
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