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ABSTRACT

The ~ 1.9 Ga Gunflint Formation is a Lake Superior type iron-formation,
located in the Thunder Bay district of northwestern Ontario, that was deposited on a
shallow shelf analogous to modern carbonate environments. The base of the
Gunflint Formation is composed of a thin conglomerate facies, which
unconformably overlies Archean basement, and is overlain by iron-rich, complexly
interlayered arenitic (arenite and stromatolite facies) and lutitic (banded
chert-carbonate, laminated carbonate, and black shale facies) lithofacies. The top of
the formation is an iron-poor limestone facies, which is conformably overlain by
shale, siltstone and greywacke of the Rove Formation. The Gunflint and Rove
Formations comprise the Animikie Group; a transgressive sequence that was
deposited within a basin with restricted communication with the open ocean, such as
a foredeep or backarc basin. These sediments are essehtially unmetamorphosed and
undeformed, except within the contact zones of late Proterozoic gabbroic sills.

Carbonate minerals in the iron-rich lithofacies of the Gunflint Formation
include siderite, ankerite, and caicite. Petrographic evidence indicates that siderite
precipitation initiated either within the water column or at the sediment/water
interface and continued during very early diagenesis. Ankerite and caicite formed
during early to late diagenesis as pore-filling cements and as replacements of other
minerals. The iron-poor limestone facies contains very early diagenetic dolomite and
early to late diagenetic calcite.

§13C values of carbonate minerals from unmetamorphosed rocks range
between 0 and -6 %/oo (PDB). The values near 0 %/oo, which are considered to be
representative of the basin water composition, indicate that the primary source of
carbon was marine bicarbonate, The lighter values indicate that a minor component

of oxidized organic carbon was added during early diagenesis. § 13C values in
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metamorphosed rocks range between -6 and -20 %/oo and were the result of isotopic
exchange or decarbonation reactions during metamorphism.

The heaviest § 180 values for unmetamorphosed carbonate minerals range

stween -5 and -7 %/oo (PDB), which is the same range of values observed for many
early Proterozoic marine carbonates. These values are interpreted to reflect original
seawater conditions. This suggests that either the water temperature was about 45
OC or else that the § 180 of the seawater was about -5.5 %/00 (SMOW). & 180 values
of carbonate minerals in unmetamorphosed rocks range between -5 and -16 %/co
(PDB), and are the result of isotopic exchange with pore waters, originally of marine
composition, at increasing temperatures and/or are the result of isotopic exchange
with 180-depleted meteoric water during early diagenesis. Metamorphosed rocks
have a narrower range of values between -10 and -18 9/o0 (PDB) indicating isotopic
exchange at elevated temperatures.

Disseminated fine-grained, very early diagenetic pyrite is widespread
throughout the formation, usually in amounts less than about 2 %. However, pyrite is
locally observed as laminae or thin layers, suggesting that some pyrite may have
formed at or above the sediment/water interface. Low S/C ratios indicate that
dissolvec sulphate was the limiting factor in pyrite formation. 534S values between
+5 and -+ 12 900 (CDT) imply that sulfide formed by bacterial sulphate reduction
under closed system conditions. The shift to heavier values (+ 13 to +21 9/00) in
the overlying Rove Formation indicates that the basin was partially closed to the
oceanic reservoir of sulphate, which is consistent with the interpretation that the
Animikie Group was deposited in a partially closed basin.

In the lower part of the Gunflint Formation coarse-grained pyrite and pyrite
concretions are associated with syndepositional faults. High S/C ratios and highly
variable §34S values (-33 to +35 9/00) suggest an external source of sulphate was

introduced by fluids moving upward along these faults.
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The Gunflint basin is best characterized by a stratified water column with high
concentrations of dissolved ferrous iron below the redox boundary. Volcanic activity
or rifting within this basin contributed a high flux of reducing hydrothermal solutions
to the seawater, which would have kept dissolved sulphate and oxygen levels within
the basin to low values. This allowed dissolved ferrous iron to accumulate below the
redox boundary. Hydrothermal activity was probably the dominant source of iron,
although reduction of detrital ferric iron may have contributed significant amounts
of dissolved iron. During periods of increased tectonic activity, the expansion of the
redox boundary to shallower water allowed the transport of iron to the shallow shelf,
Ferric iron-bearing minerals (i.e. ferric hydroxide) would have been precipitated on
the shelf by oxidation in surface waters whereas ferrous iron-bearing minerals (i.e.
siderite, greenalite, and pyrite) would have been precipitated under more reducing
conditions either in deeper water or in sheltered environments. The transition to the

iron-poor limestone member resulted from a lowering of the redox boundary.
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1. INTRODUCTION

Iron-formations are widespread during the Archean, become enormous in size
during the early Proterozoic, and abruptly decline in abundance at about 1.8 Ga.
This time restriction has provoked many researchers to speculate that
iron-formations represent a period of fundamental change in the biological and
chemical evolution of the oceans and atmosphere. Therefore, in addition to their
economic importance, iron-formations may provide valuable information on an
important period in the evolution of the Earth’s lithosphere, hydrosphere,
atmosphere and biosphere. However, despite the vast amount of research conducted
on these enigmatic deposits (or perhaps because of it), their origin still remains a
controversial topic.

The term iron-formation was defined by James (1954) as a chemical sediment,
typically either thin-bedded or laminated, containing 15% or more iron of
sedimentary origin and commonly, but not necessarily, containing layers of chert.
James (1966) made a distinction between the abundant Precambrian iron-formations
and the Phanerozoic ironstones, which are typically oolitic and non-cherty. The term
banded iron-formation (BIF) is used in a more restricted sense to refer to
iron-formations that are composed of alternating laminae of chert and iron minerals
(James, 1983).

James (1954) also sub-divided iron-formations into oxide, silicate, carbonate,
and sulfide facies based on the predominant mineralogy. Gross (1965) defined two
general classes of iron-formation: Algoma type, which is closely associated with
volcanism, and Lake Superior type, which lacks obvious volcanic relations. The Lake
Superior type is mostly restricted to the early Proterozoic, whereas the Algoma type,
although most common in Archean rocks, is also found in late Proterozoic and

Paleozoic rocks. Several other definitions and classifications also exist and are



discussed by Trendall (1983).

The Early Proterozoic Gunflint Formation is a Lake Superior type
iron-formation located in the Thunder Bay district of Ontario. It has undergone only
very low grade metamorphism and contains well preserved primary textures. For this
reason the stable isotope ratios of carbon and oxygen in carbonate minerals and of
sulphur in sulfide minerals are expected to retain important information concerning
the origin of this iron-formation. Because gabbroic sills intrude the Gunflint
Formation, the effects of thermal metamorphism on the primary isotope ratios can
also be evaluated.

Most minerals form in or near stable isotopic equilibrium with their
environment. Variations in isotope ratios are primarily dependant on temperature,
although important kinetic effects are associated with biological activity. Because
elements such as carbon, oxygen and sulphur are major components of many
sedimentary minerals and form the basis for most forms of life, the stable isotope
ratios of these elements provide significant information on depositional
environments and on the isotopic composition of the water from which they
precipitated. Post-depositional processes can result in exchange reactions with
earlier formed minerals or the addition of newly formed minerals, which can provide
information on diagenetic and metamorphic conditions.

Compared to other sedimentary rocks, such as limestones, relatively few stable
isotope studies have been carried out on iron-formations. Previous isotopic studies
include: oxygen isotope ratios, mostly in quartz, magnetite and carbonate minerals,
(James and Clayton, 1962; Becker and Clayton, 1976; Knauth and Epstein, 1976;
Knauth and Lowe, 1979; Perry et al, 1973, 1978; Perry and Ahmad, 1980, 1981)
carbon isotope ratios in carbonate minerals and organic matter (Becker and Clayton,
1972; Perry and Tan, 1973; Thode and Goodwin, 1983; Baur et al, 1985; Hayes et al,
1983; Schidlowski et al 1979; Barghoorn et al, 1977) and sulphur isotope ratios in



sulfides (Goodwin et al, 1976; 1985; Thode and Goodwin, 1983; Monster et al, 1979;
Fripp et al, 1979; Cameron and Garrels, 1980; Cameron, 1983; Lavigne and Crocket,
1980; Crocket et al, 1983).

Siderite and ankerite in iron-formations are either primary (Floran and Papike,
1975) or diagenetic (Drever, 1974) in origin. Studies of the Hammersley
iron-formations show that carbonates are typ.cally 13¢ depleted. It has been
proposed that these iron-formations formed in a basin that had intermittent
restricted circulation with the open ocean‘ (Becker and Clayton, 1972). Isotopically
light carbonate was precipitated during a period of basin closure during which the
oxidation of organic matter caused a shift of seawater & 13¢C to lighter values.
Alternatively, carbonate formed as a result of the oxidation of organic matter during
diagenesis (Baur et al, 1985). However, both of these studies were from the
oxide-facies BIF macrobands of Trendall and Blockley (1970) and did not include
the siderite-rich S macrobands. Perry and Tan (1973) analysed all lithologies of the
Biwabik Iron Formation and found that magnetite-rich rocks contained L3¢
depleted carbonates, whereas magnetite-poor rocks contained carbonates having
near-normal marine § 13C values. They proposed that the light values were the resuit
of isotopic exchange reactions during diagenesis and metamorphism.

The stable isotope ratios of sulphur have been used to distinguish between
sulfide of hydrothermal origin and sulfide produced by the bacterial reduction of
seawater sulphate. A wide range of 534S values has been taken as evidence for the
presence of sulphur-reducing bacteria in some Archean iron-formations (Goodwin
et al, 1976, 1985; Thode and Goodwin, 1983). However, Skyring and Donnelly
(1982) and Cameron and Hattori (1987) note that this range of values could also
have resulted from isotopic fractionation in a hydrothermal system. Most
iron-formations have a narrow range of & 343 values, which has been interpreted to

indicate a hydrothermal origin for the sulfide (i.e. Cameron, 1983), but under certain



conditions bacterial suiphate reduction can also produce sulfides with a narrow
range of values {Ashendorf, 1980; Ohmoto and Felder, 1987). Therefore, 5348 data
alone are not sufficient to establish the origin of suifide. Other evidence, such as
petrography and the elemental ratios of pyrite-sulphur and organic carbon, must be
used in conjunction with isotope ratios. Sulphur isotopes have also been used to
recognize periods of sulphate limitation associated with basin restriction
(Goodfellow and Jonasson, 1984).

Oxygen isotope ratios, which are fractionated during evaporation and
precipitation cycles, can be used to distinguish meteoric waters from seawater (Craig
and Gordon, 1965). However, the § 180 value of Precambrian seawater is uncertain.
Many researchers have analysed oxygen-bearing minerals in iron-formations, as well
as other chemical sediments, in an attempt to determine the temperature and § 180
of the Precambrian oceans (i.e. Knauth and Lowe, 1979; Perry et al, 1978) but the
influx of diagenetic fluids can alter the primary ratios. Oxygen isotope ratios have
also been used in defining metamorphic conditions (i.e. Becker and Clayton, 1976).

The interpretation of isotopic data can be ambiguous without other supporting
lines of evidence. For this reason the depositional setting and petrography of the
Gunflint Formation, as well as the stratigraphy and tectonic history of the basin,
must first be established. The stratigraphy and tectonic history of the early
Proterozoic rocks in the Lake Superior region has beer compiled from the literature
and is presented in Chapter 2. Lithofacies types in the Gunflint Formation were
determined by examination of representative stratigraphic sections in the field.
Descriptions of these lithofacies and the interpretation of the depositional setting of
the Gunflint Formation is presented in Chapter 2. Approximately 250 samples from
the various lithofacies were obtained; from these polished slabs ( ™ 50), standard thin
sections (™ 150) and polished thin sections (™ 100) were examined in order to

determine the petrographic relations, which are shown in Chapter 3.



In this study, sulphur isotope analyses were obtained from 117 samples from
the Gunflint Formation and 8 samples from the overlying Rove Formation. In some
cases detailed sampling within single hand samples was carried out, for a total of 171
analyses of sulphur isotope ratios. In addition, 91 samples from the Gunflint
Formation were analysed for carbon and oxygen isotope ratios in carbonate
minerals. In most cases, these samples contained 2 or 3 different carbonate phases,
for a total of 167 analyses. All of these analyses are presented in Chapter 4. In
Chapter 5 the isotopic data are interpreted in light of the geological and
petrographic evidence. The significance of these results for the origin of the
Gunflint Formation, and to iron-formations in general, is discussed in Chapter 6.
The analytical methods used in this study are described in Appendix A, § 13¢C and

& 180 results are listed in Appendix B, and § 34 results are listed in Appendix C.



2. GEOLOGICAL SETTING
2.1. REGIONAL GEOLOGY

In the western Lake Superior region, Early Proterozoic rocks lie along the
southern margin of the Late Archean Superior Province of the Canadian Shield
(Figures 1 & 2). Two distinct lithologic domains are present (Figure 1): a northern
deformed continental margin prism composed mostly of sedimentary rocks and a
southern assemblage consisting mostly of volcanic and intrusive rocks called the
Wisconsin magmatic terranes (Sims et al, 1989). The south-facing continental
margin prism, which contains the Gunflint Formation, overlies Archean basement
and consists of a lower rifted passive margin sequence overstepped northward by a
synorogenic foredeep sequence (Hoffman, 1987; Barovich et al, 1989; Southwick et
al, 1988). The Wisconsin magmatic terranes consist of island arcs and/or closed
back-arc basins that were accreted to the continental margin during the Penokean

Orogeny (Sims et al, 1989).

2.1.1. ARCHEAN BASEMENT

Archean rocks of two contrasting types form the basement to the continental
margin sequence: a volcano-plutonic terrane and a gneiss terrane (Figure 2). The
boundary between these two terranes, which formed as a result of their juxtaposition
at about 2.70 Ga, has been termed the Great Lakes tectonic zone (GLTZ) by Sims et
al (1980). The volcano-plutonic terrane is the southwestern extension of the Wawa
Subprovince of the Superior Province (Card and Ciesielski, 1986). Ages for these
rocks lie between 2.75 and 2.65 Ga. High grade gneisses, exposed in the cores of
mantled gneiss domes and fauit-bounded blocks, underlie Proterozoic sediments to

the south of the volcano-plutonic terrane. Ages for the gneisses range from 3.55 Ga



Figure 1. Early Proterozoic terranes in the Lake Superior region.
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Figure 2. Generalized geologic map of the Lake Superior region (modified from

Morey et al, 1982).
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to about 2.60 Ga (Peterman et al, 1980). No basement is known to underlie the
Wisconsin magmatic terranes, except for isolated blocks found within and to the

south of its southern margin.

2.1.2. THE CONTINENTAL MARGIN

The continental margin rocks have been separated into two physically isolated
segments by the Midcontinent Rift System (Morey 1983a), which is represented by
the rocks of the Keweenawan Supergroup (Figure 2). Rocks of the northwest
segment, in Minnesota and Ontario, are assigned to the Mille Lacs Group and the
overlying Animikie Group. Rocks in the southeastern segment, in Michigan and
Wisconsin, are assigned to the Marquette Range Supergroup (MRS) (Figure 3).

A maximum age for the continental margin rocks is obtained from metabasalts
within the Mille Lacs Group (Figure 4), which have an estimated age greater than
2150 Ma (Beck cited in Southwick et al, 1988). The Animikie Group sediments in
Minnesota (Figure 4) erosionally truncate diabase dikes with a Rb-Sr age of 2120
+/-67 Ma (Beck and Murthy, 1982) that intrude Archean basement. A zircon age of
1910 Ma has been obtained from the Hemiock Formation of the Menominee Group
by Banks and Van Schmus (1972) and a lead-lead age of 1929 Ma from apatite in
iron-formation beneath the Michigamme Formation of the Baraga Group (Zartman
cited in Klasner et al, 1989). A minimum age is defined by a zircon age of 1824 Ma
from an undeformed granite that intrudes the Badwater Greenstone (Peterman cited
in Klasner et al, 1989) and by the 1870 +/-25 Ma age of the Penokean Orogeny
(Sims et al, 1989).

The oldest rocks of the northwest segment occur in the Cuyuna range (Figure
2) and are assigned to the Mille Lacs Group (Figure 3). Morey (1978) has divided

this sequence into five formations (Figure 4). However, these rocks are complexly
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Figure 3. Correlation chart for Early Proterozoic strata in the Lake Superior

region (from Morey and Van Schmus, 1988).
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deformed and poorly exposed, prompting Southwick et al (1988) to propose
that the formal stratigraphy be de-emphasized. They have shown that this area is a
fold and thrust belt, consisting of four tectonically bounded slices or structural
panels, that probably represent a deformed rifted passive margin. The southernmost
slice is made up mostly of gneiss, metasedimentary schist and granitoid plutons of
early Proterozoic age. The central two slices consist of mafic to intermediate
volcanic rocks and subvolcanic sills, graphitic ar 1 sulfidic schist, and iron-formation.
These three slices are assigned to the Mille Lacs Group by Southwick et al (1988).
The northernmost slice contains folded and weakly metamorphosed sediments that
have previously been assigned to the Mahnomen, Trommald, and Rabbit Lake
Formations (Morey, 1978). They unconformably overlie rocks of the Mille Lacs
Group and are lithologically similar to the Animikie Group and so have been
considered by Morey (1978, 1983b) to be correlative with Animikie Group
sediments to the northeast (Figure 4). However, Southwick et al (1988) have
proposed that an unconformity separates these sediments from the overlyiﬁg
Animikie Group, suggesting that they occupy a position between the Mille Lacs
Group and the Animikie Group. They have informally designated this sequence as
the North Range group (not shown on Figure 3 or 4).

The sediments of the Animikie Group unconformably overlie either Archean
basement or rocks of the fold and thrust belt, i.e. the Mille Lacs Group, (Figure 4).
They form a gently, south-dipping homocline along the northern margin of the basin
and become progressively more deformed toward the south, A basal clastic sequence
consists of a thin conglomerate overlain by interbedded quartzite, siltstone and shale
(the Pokegama Quartzite), which thickens to the west. Only a thin discontinuous
conglomerate layer was deposited in Ontario, the basal conglomerate member of the
Gunflint Formation. About 100 to 200 m of iron-formation conformably overlies the

clastic sediments (the Gunfiint and Biwabik Formations) and is, in turn, conformably
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overlain by up to 2000 m of interbedded sandstone, siltstone and greywacke, which
contains minor iron-formation and volcanic rocks (the Rove and Virginia
Formations).

It is proposed that the early Proterozoic rocks in Minnesota and Ontario
consist of a foredeep and its associated fold and thrust belt (Hoffman, 1987;
Southwick et al, 1988), and that the cratonic side of the orogen lay to the north,
However, the processes leading to plate convergence are uncertain. According to
Hoffman (1987), the earliest sediments of the Mille Lacs Group represent initial rift
deposits laid down on the newly rifted Archean Superior craton. These are overlain
by passive margin deposits, represented by quartzose units of the Mille Lacs Group
(stage 1 of Figure 5a). Subduction of the continental margin beneath a tectonic
collage of arcs, accretionary prisms and continental fragments, as the ocean basin
was consumed, resulted in the loading of the crust by the fold and thrust belt and the
development of an actively migrating foredeep (stage 2 of Figure 5a) in which the
sediments of the Animikie Group were deposited. The marginal deposits, as well as
early deposits laid down in the rear of the foredeep, may also be incorporated into
the fold and thrust belt. Alternatively, Southwick et al (1988) have proposed that a
back-arc basin developed to the south of the Superior craton, which was
subsequently destroyed by arc to craton convergence and the development of the
foredeep as the ocean floor was subducted beneath the arc (Figure 5b). This
scenario implies a northwest-dipping subduction zone and the development of an
Andes-style continental arc somewhere to the southeast of the fold and thrust belt,
possibly the Wisconsin magmatic terranes. The fold and thrust beit represents the
remnants of the deformed back-arc basin.

In the southeast segment, the Marquette Range Supergroup is interrupted by
unconformities that serve to divide it into the Chocolay, Menominee, Baraga, and

Paint River Groups (Figure 3). The Chocolay Group, which is probably correlative



14

Figure S. Evolution of the tectonic foredeep. In Sa (from Hoffman, 1987), the initial
rift deposits and the overlying passive margin sediments, which are represented by
the Mille Lacs Group (A), were deposited on the rifted Superior craton during stage
1. During stage 2, the continental margin was partially subducted beneath a tectonic
collage of arcs, accretionary prisms and continental fragments (the fold and thrust
beit), as the ocean basin was consumed, leading to the formation of an actively
migrating foredeep in which the Animikie Group sediments were deposited. In 5b
(from Southwick et al, 1988), the Mille Lacs Group were deposited in a back-arc
basin along the southern margin of the Superior craton. Ocean floor subduction in
front of the arc led to the compression of the back-arc basin and the development of

a foredeep on the cratonic side of the resulting fold and thrust belt.
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with the Mille Lacs Group of the northwest segment, is only exposed in parts of the
Gogebic, Marquette, Amasa, and Menominee regions (Figure 3). It unconformably
overlies Archean basement and consists of a basal coarse clastic unit (the
Enchantment Lake, Reany Creek and Fern Creek Formations) overlain by several
hundred meters of quartz arenite (the Sunday, Mesnard and Sturgeon Quartzites)
and is capped by dolomite, which is in part stromatolitic (the Bad River, Kona, and
Randville Dolomites). In the Marquette district about 500 m of muddy terrigenous
material, the Wewe Slate, was deposited in the Marquette structural trough. Larue
and Sloss (1980) suggest that extensional troughs, such as the Marquette trough,
started to form at about the onset of sedimentation. The rocks of the Chocolay
Group were mildly deformed and uplifted, leading to their erosional removal in
most areas prior to deposition of the Menominee Group.

In the Gogebic Range (Figure 2) the Menominee Group is conformably
overlain by the Baraga Group. quether they comprise a sequence of rocks which is
similar to the Animikie Group in the northwest segment. Sedimentation of the
Menominee Group starts with clastic sediments of the Palms Formation and is
conformably overlain by the Ironwood Iron Formation. The Emperor Volcanic
Complex, which underlies and is interbedded with the Ironwood Iron Formation,
contains both a series of tholeiitic sills intruding a basalt sequence and a sequence of
calc-alkaline volcanic rocks (Greenberg and Brown, 1983). The conformably
overlying Tyler Formation of the Baraga Group consists of a thick sequence of
interbedded sandstone, siltstone and greywacke.

Elsewhere in northern Michigan, an unconformity separates the Menominee
and Baraga Groups and the stratigraphy of the MRS is more complex. The
Menominee Group unconformably overlies either erosional remnants of the
Chocolay Group or Archean basement (Figure 3). Sedimentation began with the

accumulation of as much as 750 m of quartzite (the Felch Formation and the Ajibik
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Quartzite). In the Marquette trough the quartzite is overlain by the Siamo Slate, at
least 600 m of interbedded argillite, quartzite and detritus-rich iron-formation. The
clastic units are overlain by up to 300 m of iron-formation (the Vulcan Iron
Formation), except in the Marquette trough where as much as 1000 m of
iron-formation was deposited (the Negaunee Iron Formation). Substantial
stratigraphic differences between the sedimentary units from place to place suggest
that sedimentation occurred in isolated fault-bounded, second-order troughs and on
intervening platforms within the larger basin (Larue and Sloss, 1980). Volcanic rocks
of the Hemlock Formation are considered by Prinz (1976) to correlate with the
Negaunee Iron Formation of the Menominee Group and to be overlain by
iron-formation of the Amasa and Fence River Formations (Morey and Van Schmus,
1988) (Figure 3). Alternatively, it has been placed at the base of the Baraga Group
(James, 1958). It contains a thick sequence of pillow basalt, pyroclastic rocks,
tuffaceous and terrigenous turbidites, and chert ané is intruded by coeval ultramafic
and gabbroic sills (Ueng et al, 1988). Ueng et al (1988) have shown that the source
magma was probably a high-Ti tholeiitic basalt similar to present-day MORB.

Baraga Group sedimentation was an interval of proncunced crustal
disturbance characterized by differential uplift and erosion which led to nearly total
removal of Menominee Group strata and sedimentation in several graben-like
depositional basins. Sedimentation began with up to 450 m of quartzite, the
Goodrich Quartzite, which is overlain by the Michigamme Formation, containing up
to 3000 m of interbedded greywacke and slate, thick sequences of mafic volcanic
rocks and minor iron-formation. The Badwater Greenstone, a unit of pillow basalt
that is lithologically similar to the Hemlock Formation (Ueng et al, 1988), either
stratigraphically overlies the Michigamme Formation (James et al, 1968) or else has
been tectonically emplaced (Larue and Ueng, 1985).

The Paint River Group consists of slate, greywacke, and iron-formation and is
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found exclusively in the Crystal Falis area above the Badwater Greenstone. Because
of the uncertainty of the stratigraphic position of the Badwater Greenstone, the
Paint River Group has been interpreted to be either the youngest sequence in the
region (James et al, 1968), the lithostratigraphic equivalent to the Menominee
Group (Cambray, 1978), or a parautochthonous fault-bounded package that was
transported here from its original site of deposition (Larue, 1983).

Sedimentation of the MRS records a progressive change in tectonic conditions
from a stable craton (Chocolay Group) through a sedimentary basin with mild
tectonism (Menominee Group), to a highly active tectonic basin (Baraga Group)
during accretion of the Wisconsin magmatic terranes to the continental margin, now
represented by a fold and thrust belt (Figure 6) (Klasner et al, 1989). Barovich et al
(1989) have shown, using Nd isotope model ages, that the sediments in the lower
part of the Baraga Group were derived from an Archean provenance whereas the
upper part of the Baraga Group were derived from an early Proterozoic provenance,
most likely the Wisconsin magmatic terranes. This implies that these sediments were
deposited in a foredeep and were subsequently incorporated into the fold and thrust
belt as the foredeep migrated northward (i.e. Hoffman, 1987). The boundary
between the continental margin prism and the Wisconsin magmatic terranes is the
east-trending Niagara fault zone (Figure 1), a broadly arcuate, convex system of
ductile shears as much as 10 km wide. This zone has been interpreted as a suture
between the northern passive margin assemblage and a southern island-arc terrane

(Larue, 1983).
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(Figure 2).
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2.1.3. THE WISCONSIN MAGMATIC TERRANES

Volcanic and plutonic rocks occur as a series of east-trending belts in
northeastern and central Wisconsin (Figure 1). They are in fault-contact with rocks
of the Marquette Range Supergroup to the north and with Archean rocks to the
south. These rocks represent a complex volcanic arc formed on oceanic crust. Sims
et al (1989) have divided the magmatic terranes into two subterranes: a northern
terrane named the Pembine-Wausau terrane and a southern terrane called the
Marshfield terrane. They are separated by the Eau Pleine shear zone,

The Pembine-Wausau terrane is the larger of the two and is composed mostly
of volcanic rocks and derived sediments deposited between 1889 Ma and 1860 Ma.
The oldest rocks are tholeiitic basalts and basaltic andesites overlain locally by a
calc-alkaline suite ranging in composition from andesite to rhyolite. The association
of sheeted dikes, serpentinite and plagiorhyolite, found in the northern part of this
terrane, with tholeiitic basalt suggests that these rocks are a dismembered ophiolite
(Schuiz, 1987). The calc-alkaline rocks are geochemically similar to oceanic island
arcs (Sims et al, 1989). In the central part of the terrane a bimodal association of
high-Al basalt and dacite-rhyolite suites with Cu-Zn massive sulfide deposits and
iron-formations resembles an intra-arc rift. The arc complex, which formed above a
south-dipping subduction zone, collided with the northern continental margin at
about 1860 Ma. Following collision a more restricted calc-alkaline volcanic
succession with abundant rhyolite was deposited on top of the older succession
between about 1835 and 1845 Ma. This period of renewed magmatism may have
accompanied northward subduction during the closure of an ocean basin between
the accreted arc terrane and a minicontinent on the south represented by the
Marshfield terrane. Syn- to post-tectonic plutons, ranging in composition from

gabbro and diorite through quartz monzonite and granite, intruded the volcanic



rocks from about 1870 to 1760 Ma (Sims et al, 1989).

The Marshfield terrane consists of remnants of an approximately 1860 Ma
succession of mafic to felsic volcanic rocks and quartzitic sedimentary rocks that
overlies a possibly continuous Archean basement (Sims et al, 1989). The layered
rocks are intruded by 1890 to 1840 Ma tonalite and granite bodies. The Marshfield
terrane collided with the Pembine-Wausau terrane along the Eau Pleine shear zone.
The suturing marks the termination of the Penokean Orogeny and was completed by

1835 Ma, which is the age of alkali-feldspar granites that intrude the shear zone.

2.14. PCST-PENOKEAN ROCKS

Following the Penokean Orogeny a thick sequence of platform quartzites, the
Baraboo Quartzite and its equivalents (Figure 2), were deposited during the interval
1760 to 1630 Ma (Van Schmus, 1980). At about 1470 Ma (Van Schmus et al, 1975)
the Wolf River Batholith, a large anorthositic and granitic intrusive complex, was
emplaced in central Wisconsin. A major period of continental rifting between about
1200 and 1000 Ma (Morey and Van Schmus, 1988) resulted in thick successions of
flood basalts, cogenetic gabbroic intrusions and associated sedimentary rocks that
are collectively referred to as the Keweenawan Supergroup. Finally, the region was

covered by generally flat-lying sedimentary rocks of Phanerozoic age.

2.2. GEOLOGY OF THE GUNFLINT FORMATION

The Gunflint Formation extends northeast from the Minnesota border to
Thunder Bay, with isolated erosional remnants found as far east as Schreiber
(Figure 7). It unconformably overlies a peneplained Archean basement (Goodwin,

1956), and is conformably overlain by the Rove Formation. Together they comprise
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Figure 7. Geologic map of the Thunder Bay region (modified from Ontario

Department of Mines, Maps 2065 and 2232).
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the Animikie Group in Ontario (Figure 3). The Animikie strata are generally flat
lying or dip gently to the southeast. Normal faults are common and are often
accompanied by local folding and brecciation, Gabbroic dikes and sills, up to 30 min
thickness, are found throughout the region. The thickness of the Gunflint ranges
from 100 m to 160 m.

Much of the Gunflint Formation is probably the least metamorphosed
Precambrian iron-formation in the world (Floran and Papike, 1978). Near the
Minnesota-Ontario border a portion lies within the contact aureole of the Duluth
Complex. Within this aureole Floran and Papike (1978) have documented a
progressive increase in metamorphic grade from essentially unmetamorphosed
iron-formation to the pyroxene hornfels facies. Elsewhere, metamorphism is
restricted to the contact zones of the gabbroic sills. Floran and Papike (1975, 1978)
estimated a temperature between 100 and 150 ©C for burial metamorphism. More
recently Miyano (1987) estimated a temperature of 100 to 130 OC for the regionally
metamorphosed rocks. For the femainder of this thesis, only those rocks that have
undergone contact metamorphism will be referred as metamorphosed. The regional
low grade rocks will be referred to as unmetamorphosed.

The stratigraphy of the Gunflint Formation is complex because of abrupt
facies variations, which are evident at all scales. Lack of lateral continuity makes
correlation of individual units within areas of sparse exposure difficult. Wolff (1917),
divided the correlative Biwabik Iron Formation into "cherty" (granular textured) and
"slaty" (nongranular textured) units, which were subsequently redefined as informal
members (White, 1954). These terms are misleading though, because many of the
"slaty”" units also contain chert. Dimroth and Chauvel (1973) and Mengel (1973)
showed that the granular textured iron-formation were reworked chemical
sediments. Simonson (1985) preferred to classify iron-formation into two groups:

those that are granular textured are referred to as iron-formation arenite and those
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that are nongranular are referred to as iron-formation lutite. Goodwin (1956) was
the first to attempt to work out the sedimentary facies relations in the Gunflint
Formation. He divided the "cherty" (or arenitic) rocks into the algal chert and
taconite facies and the "slaty" (or lutitic) rocks into the banded chert-carbonate and
tuffaceous shale facies. The term taconite has commonly been used as an informal
name for the iron-bearing rocks of the Lake Superior region (Morey, 1973), but is no
longer in common usage. Goodwin (1956) aiso defined a conglomerate facies at the
base and a limestone facies at the top of the Gunflint Formation. He further divided
the Gunflint Formation into four members: the Basal Conglomerate member, the
Lower and Upper Gunflint Members, and the Upper Limestone member.

The six sedimentary facies as defined by Goodwin (1956) have been retained
but in modified form, and a seventh facies has been included. The algal chert facies,
which is characterized by stromatolites, is renamed the stromatolite facies. The
taconite facies, which consists mostly of beds of sand-sized intraclasts composed of
chert and a variety of iron-minerals with some interbedded shale, is renamed the
arenite facies. The tuffaceous shale, which contains variable quantities of pyroclastic
detritus, is here referred to as the black shale facies. The new facies, called the
laminated carbonate facies, was previously included with the banded
chert-carbonate facies, but is relatively chert-poor. The sequences comprise five
facies (Figure 8) that resemble the shallowing-upward sequences of James (1984).
Goodwin (1956) defined two such cycles, the Lower and Upper Gunflint Members.
However, Shegelski (1982) uncovered additional cycles indicating that at least three
sequences are present, The conglomerate and limestone facies make up the Basal

Conglomerate and Upper Limestone Members respectively.
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2.2.1. THE CONGLOMERATE FACIES

The conglomerate facies is a thin, discontinuous unit unconformably overlying
the Archean basement. The thickness is generally less than 1 m but locally may be up
to 3 m. The clasts are well rounded, predominantly pebble-size and are made up
mostly of white vein quartz, with some chert, jasper and Archean iron-formation, in
a matrix of sand-sized quartz grains with variable chloritic matrix. Locally-derived
boulders are occasionally present that are the same composition as the immediately
underlying granite-greenstone basement. The conglomerate is overlain by the
stromatolite and arenite facies. The conglomerate is considered to have formed
during initial transgression of the sea over a peneplained Archean basement
(Goodwin, 1956, 1960; Moorhouse, 1960). A basal conglomerate facies is typical for

marine transgressive sequences (i.e. Bourgeois, 1980).
22.2. THE STROMATOLITE FACIES

The stromatolite facies is characterized by biohermal mounds, up to 1.5 min
height, containing millimeter to centimeter-sized planar, columnar and domal
structures (Hofmann, 1969). At the base of the Gunflint Formatior: the bioherms
encrust boulders of the conglomerate facies or basement rocks. Arenite forms the
substrate for mounds higher in the stratigraphy. According to Goodwin (1956) this
facies occurs at two stratigraphic intervals, and define the base of his Lower and the
base of his Upper Gunflint Members. The stromatolites consist dominantly of chert,
but have laminae that are rich in iron-silicates, hematite, magnetite or organic
matter.

Arenite is present within stromatolitic laminae, between individual columns,

and surrounding bioherms. The arenite consists mostly of medium to coarse
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sand-size, well-sorted and well-rounded oolitic grains with lesser quantities of
pisoliths, oncolites and nonoolitic grains. Arenite grains are composed dominantly of
chert with variable proportions of iron-minerals, such as hematite, magnetite,
greenalite and minnesotaite, and are cemented mostly by chert, but patches of
ankerite and calcite commonly replace both cement and clasts.

At the base of the Gunflint near Schreiber (location 9, Figure 8) organic
carbon commonly gives the chert a grey to black color (Plate 1A). Micro-fossils are
well preserved in the laminae of many of these samples (see Hofmann and Schopf,
1983 for a review of Gunflint microfossils) and only minor quantities of
iron-minerals are present. Iron-silicates, mainly greenalite, become more abundant
towards the west and higher in the succession. Hematite is most abundant in the
western end of the Gunflint (Plate 1B), where beds are locally rich in magnetite.
Pyrite is locally abundant as individual euhedral grains and occasionally as irregular
masses, laminae or layers. Along the Current River in Thunder Bay (location 6,
Figure 8) pyrite and pyrrhotite form lenses and laminae within algal mounds. A
massive layer of sulfide, a few centimeters thick, drapes some of these mounds at the
contact with the overlying black shale (Plate 1C).

Many researchers (i.c. Hofmann, 1969; Gross, 1972, Simonson, 1987;
Simonson and Lanier, 1987;) consider that the stromatolites formed originally as a
silica gel. This interpretation is based on: 1) the presence of mega-quartz and
chert-filled cracks and fractures, which contain internal sediment and micro-fossils
indicating they formed near the sediment/water interface, 2) intergranular pore
spaces between arenite grains are filled by similar chert and mega-quartz, 3)
silica-cemented intraclastic pebbles of arenite indicate cementation near the
sediment/water interface, and 4) excellent preservation of micro-fossils in chert
indicate that silica precipitation must have been very early (Simonson, 1987;

Simonson and Lanier, 1987). This implies that near-surface pore waters were
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Plate 1.

A. Columnar stromatolites composed of black chert from base of Gunflint
Formation near Schriebe