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Abstract

The Gunflint and Biwabik Formations comprise the middle units of the Paleoproterozoic
Animikie Group that crop out near the northwestern shore of Lake Superior. Stromatolitic units
were investigated and sampled at 9 outcrop sites, 4 mine sites and in 12 drill-cores. Controversy
exists as to whether the stromatolitic units that are now composed of chert were deposited as a
silica gel or represent carbonate replaced by chert. There is also debate in the literature as to
whether the iron oxides that coat many microfossils are primary or deposited during later
diagenesis. Younger examples of siliceous stromatolites are very rare and iron hydroxides coating
bacteria are only known from limited modern environments. Thus, understanding the primary
composition of the Gunflint microbialites will provide information on ocean chemistry during this

interval.

Three stromatolitic members have previously been described within these formations: the
Lower Stromatolitic Member containing stromatolites that grow directly on the peneplained
Archean basement or on the conglomerate which forms the base of the Animikie Group, a Middle
Member 45 to 50 meters above the base, and the Stromatolitic Limestone Member at the top of the
formation directly beneath the Sudbury impact layer. Based on this work, a new Upper
Stromatolitic Member 50 meters below the Limestone Member in the Gunflint Formation was
recognized. This member contains abundant iron-silica-carbonate-manganese oncolites, and is
correlative to stromatolitic units described from the Biwabik. The oncolites represent a primary-
to-very-early authigenic, precipitated mineral assemblage. The accretion of lacustrine
ferromanganese nodules at the sediment-water redox boundary provides a modern analogue for

the development of the oncolites described in this work.
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The presence of exceptionally well-preserved, hematite coated microfossils, encased in
chert in the relatively unmetamorphosed Middle Stromatolitic Member together with positive
cerium and europium anomalies indicates that these sediments were deposited at a redox boundary
in ocean waters near saturation with respect to silica and iron. Conversely, precipitates containing
carbonaceous filaments in the Lower Stromatolitic Member contain a distinct negative cerium

anomaly, indicating deposition in an oxidized environment.

Alternating manganese- and iron-rich laminae within the Upper Stromatolitic Member
indicate a fluctuating redoxcline and oxygen levels in the shallow subtidal to peritidal
environments within the Animikie Basin. The fluctuation reduces the Fe:Mn ratio, allowing for
the less readily oxidized manganese to precipitate. The presence of dehydration cracks which
cross-cut original ooid and stromatolitic laminae indicate that deposition of the silica and iron most

probably occurred as amorphous gels of opal-A and iron hydroxides.

This study strongly indicates the Gunflint and Biwabik stromatolites were originally
siliceous and formed by a different precipitation mechanism than that of Proterozoic carbonate

stromatolites or modern agglutinated forms.
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1 Introduction

1.1 Introduction

Microbialites are organo-sedimentary deposits made up of diverse microbial
communities, which are indicators of the earliest life on Earth, dating back over 3 billion years
(Riding, 1991). Despite initial controversy as to their biogenic origins, laminated forms termed
stromatolites (Kalkowsky, 1908) are now widely accepted as biogenic in origin. The definition
of what constitutes a stromatolite has undergone significant debate since its initial use by
Kalkowsky (1908). Recently the term stromatolite was redefined as “a laminated, benthic,

microbial deposit” (Riding, 1991), and this definition will be used in this work.

Two distinct formational mechanisms for the accretion of stromatolites are described in
the literature; agglutination and precipitation. Agglutination is the process of trapping and
binding ambient carbonate sediment suspended in the water to sticky substances produced by
microbes termed extra polymeric substances (EPS) (Decho, 1990), secreted by microorganisms
within the biofilm (Riding, 1991). The accumulation of organic debris (EPS, dead cells, etc.) and
agglutinated sediment results in the large domes and columns presently forming in the Bahamas
and Shark Bay, Australia (Logan, 1961; Dill, 1986). Conversely, the very fine-grained nature of
many ancient stromatolites has led researchers to believe they represent authigenic mineral

precipitates (Riding, 2000).

Various extant bacteria can cause the precipitation of minerals from the surrounding
environment either through biologically controlled mineralization, BCM, or biologically induced
mineralization, BIM (Lowenstam, 1981; Lowenstam and Weiner, 1983; Frankel and Bazylinski,

2003). Direct BCM of minerals containing carbonate and iron oxides within the cell wall provide
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vital function. An example of this is the precipitation of small, uniform, magnetite or greigite
crystals within a cell creating chains of magnetosomes (Bazylinski et al., 1995). These allow the
cell to orientate itself using the earth’s geomagnetic field. However, more common is the passive
or active precipitation of various mineral species extracellularly due to BIM. Passive
precipitation is often caused by cellular metabolic activity whereby organic by-products catalyze
reactions resulting in mineral precipitation on the cell wall or EPS (Frankel and Bazylinski,
2003). Active precipitation of dolomite or siderite nanoglobules occurs within the EPS and at the
cell wall. They provide nucleation sites for carbonate and iron hydroxide precipitation which can

prevent the cell from being entombed (Bontognali ef al., 2007; Sanchez-Roman et al., 2014).

Many of the stromatolites described from the rock record, as well as modern examples,
are composed primarily of carbonate. However, stromatolites from the Gunflint and Biwabik
Formations are composed of fine-grained, alternating bands of iron and silica, with only trace
carbonate. Since their initial discovery, speculation as to whether they represent silicification
and/or replacement of carbonate or are the result of direct silica and iron precipitation have been

raised.

The objective of this research was to provide a detailed analysis of the stromatolitic
horizons in the Gunflint and Biwabik Formations to determine whether these iron-silica-rich
stromatolites represent primary mineralogy or if there is evidence for silicification of an earlier
carbonate phase. In doing so, the Paleoproterozoic stromatolites will be compared to modern
iron-manganese-rich microdigitate stromatolites forming in many modern freshwater lakes to
provide a possible mechanism for the growth and development of the ancient stromatolites.
Careful examination of the macro- and microstructures, biogenetic affinities, and mineralogy of

both the modern and ancient samples will be reported to provide insight into the conditions

15



present in the nearshore marine environment where these stromatolites are believed to form. This
will provide key information for determining redox boundary conditions in the Paleoproterozoic

Animikie Basin.

1.2 Regional Geology

The Proterozoic eon (2.5 to 0.5 Ga) records a time of significantly different atmospheric
and oceanic conditions. Widespread anoxia in the oceans and a reducing atmosphere favoured
the deposition of massive iron-silica rich deposits known as banded iron formation (BIF) or
granular iron formation (GIF) (Cloud, 1973; James, 1983; Simonson, 1985; Bunting, 1986;
Simonson, 1987; Simonson and Hassler, 1996). Large Superior-Type iron formations host many
of the world’s largest iron ore deposits in Africa, Australia, the Baltic Shield, United States and
Canada (Cloud and Licari, 1968; Walter et al., 1976; Knoll and Barghoorn, 1976; Amard and

Bertrand-Sarfati, 1997; Lager, 2001).

During the Paleoproterozoic (2.5 to 1.6 Ga) much of northwestern Ontario and
northeastern Minnesota were submerged in what is now known as the Animikie Basin.
Deposition in this basin records repeated transgressive-regressive cycles of the Animikie Sea
over the continent of Columbia (Morey, 1983). The sediments deposited in this basin,
collectively termed the Animikie Group, consist of six formations on two broad ranges; the
Gunflint north of the Duluth Complex and the Mesabi south of the Duluth Complex (Figure 1).

The corresponding formations are the Kakabeka Conglomerate and Pokegama Quartzite (basal

16



Ontario GUNFLINT N
MESABI o MARQUETTE

LEGEND

rocks younger than

CUYUNA early Proterozoic

Penokean plutonics
and volcanics

early Proterozoic
rocks, BIF in black

Archean greenstone -
granite terrane

il S Archean gneiss terrane
!’ IRON RIVER

100 km

4

Minnesota Wisconsin

Figure 1. Simplified geologic bedrock map of the Lake Superior iron ranges (modified after Pufahl and Fralick,
2004).

units), the Gunflint and Biwabik Formations (middle units) and the Rove and Virginia

Formations (upper units) (Figure 2).

The basal units consist of a clastic sequence, which unconformably overlie peneplained
Archean rocks of the Superior Province. The Kakabeka Conglomerate, the basal polymictic
member, consists of clasts of Archean volcanic rock rocks, granites and quartz with a variable
thickness up to 1.5 m (Southwick ad Morey, 1991). Stromatolites of the Lower Stromatolitic
Member of the Gunflint Formation are commonly found covering the Archean basement and
cobbles within this member. The Pokegama is divided into three members; a basal shale, middle

siltstone and upper

orthoquartzite. It is of variable thickness, ranging from 90 m in the southwest to non-existent in

the east (Ojakangas, 1983). A discontinuous layer of conglomerate, lithologically similar to the
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Kakabeka Conglomerate is present at the base of the Pokegama locally in the northeast

suggesting a correlation (Ojakangas, 1983).

The Gunflint and Biwabik Formations conformably overlie the Kakabeka and Pokegama
(Dolence, 1961). The Gunflint extends continuously 170 km from Gunflint Lake, Minnesota,
northeast to Loon Lake, Ontario. From there, erosional remnants are intermittently present 100
km northeast in Schreiber, Ontario. Thickness ranges from 120 to 185 m, with an average dip of
5° to the southeast (Goodwin, 1956). In northern Minnesota, the gabbroic intrusions of the 1.1
Ga Duluth Complex truncate the Biwabik Formation (Heaman et al., 2007). The Biwabik
consists of a narrow band 0.4 to 4.8 km wide that extends 200 km southwest from the complex,
past Grand Rapids, Minnesota. It is up to 250 m thick, with a dip of 2 to 10° towards the
southeast. In close proximity to the Duluth complex, dips of 8 to 45° can be locally present
(Gruner, 1946). It is likely that prior to the emplacement of the complex, the Gunflint and
Biwabik Formations were continuous. A limestone unit is present resting at the top of the
Gunflint and Biwabik Formations and reflects a fundamental change in oceanic conditions. In
the Gunflint, a top stromatolitic unit containing carbonate stromatolites is present within
limestone. In some cases, accretionary lapilli from the overlying Sudbury impact event (Addison

et al., 2005; Cannon and Addison, 2007) pile up on top of or erosively truncate the stromatolites.

This discontinuity separates the Biwabik and Gunflint from the overlying Rove and
Virginia Formations at the top of the Animikie Group. The Rove and Virginia are composed of
thinly bedded to laminated, fine-grained mudstones and turbiditic sandstones. They range in
thickness from 380 to 1000 m. Morey (1967), described the stratigraphy and sedimentology of

the Virginia, and later it was divided into three distinct units (Geul, 1970). Recently, a detailed
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Figure 2. Generalized stratigraphic column of the Gunflint and Formation showing the relative location of the
Lower, Middle and Upper Stromatolitic Members (modified after Poulton ez al., 2004).
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analysis of the sedimentology and sequence stratigraphy of the Rove and Virginia formations

was conducted by Maric (2006).

Three iron ranges, the Cuyuna, Gogebic, and Marquette Ranges lie to the south and
southeast of the Mesabi and Gunflint. It is probable that these ranges are correlative to Gunflint
and Biwabik, as they all contain similar formations (Pufahl, 1996). The Gogebic Range consists
of the Palms Quartzite, [ronwood Formation, and Tyler Formation. The Mahnomen, Trommald,
and Rabbit Lake Formations comprise the Cuyuna Range, and the Ajibik Quartzite-Siamo Slate,
Negaunee Iron Formation and Goodrich Quartzite from the Marquette Range (Schulz and
Cannon, 2007). Similarly, a number of lithologically similar formations on disparate cratons are
well described in the literature. The ca. 1.88 Ga Frere (Rasmussen et al., 2012, Akin et al., 2013)
and 1.79 Duck Creek (Wilson et al., 2010) Formations in Australia, the 1.8 Ga Xuanlong in
China (Dai et al., 2004), the 2.0 Ga Franceville in Gabon (Vachette, 1964), and the 1.88 Ga
Sokoman (Cheve and Machado, 1988) in northern Canada all contain similar stromatolitic

horizons to the Gunflint and Biwabik iron formations.

The tectonic setting of the Animikie Basin is still debated; mostly due to a lack of
supporting evidence. Two prevailing tectonic models are widely accepted. The first suggests a
northward migrating foreland basin that developed north of the Penokean Fold-and-Thrust Belt,
in response to crustal loading during the Penokean Orogeny roughly 1850 Ma (Hoffmann, 1987;
Southwick and Morey, 1991; Ojakangas et al., 2001). However, the more widely accepted
model is that of a backarc basin north of the Wisconsin magmatic terrane (Hemming et al., 1995;
Fralick ef al., 2002) which evolved into a foreland basin during the Penokean Orogeny
(Hemming et al., 1995; Ojakangas et al., 2001). On a regional scale, basic intrusions of Late

Precambrian (middle Keweenawan) age are intimately associated with the Gunflint and Rove
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Formations in Ontario these comprise the Logan intrusive complex which form sills

(Moorehouse, 1960).

One significant difference between the Gunflint and Biwabik Formations is the
metamorphic grade. Contact metamorphism due to the emplacement of the Duluth Complex
affects the northeastern section of the Biwabik Formation and southwestern Gunflint. French
(1968) suggested four metamorphic zones based on the proximity to the Duluth Complex.
Conditions range from amphibole to sillimanite grade in zone 3 and 4, to lower greenschist facies
and diagenesis in zone 1 (French, 1973). See Severson et al. (2010) for a detailed review of the
metamorphic grades. Conversely, north of the border, the Gunflint rocks are virtually
unmetamorphosed and relatively undeformed. Metamorphism was essentially isochemical, apart
from the loss of some volatiles (H20 and CO), and the addition of TiO> near the contact of the

Duluth complex (Klein, 2005).

1.3 Mineralogy

Detailed petrographic descriptions of the mineral assemblages of iron formations have
been provided by multiple authors, including those of the Gunflint and Biwabik (Gruner, 1946;
French, 1968; Dimroth and Chauvel, 1973; Floran and Papike, 1975; Randazzo and Markun,
1980; Simonson, 1987). Four geochemical facies (oxide, silicate, carbonate, and sulphide) can be
distinguished in iron formations based on the dominant iron mineral present (James, 1954). Of
these, the major mineral components are chert, magnetite, hematite, siderite, calcite, ankerite,

and minor pyrite (Gruner, 1946).

The terminology put forth by Folk (1974) for the description of quartz textures of iron

formations will be followed. Thus, megaquartz is used for quartz crystals >35 pm in diameter,
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microquartz is used for quartz crystals <35 um in diameter, chalcedony for quartz with parallel
or radial-fibrous extinction and chert for amalgamations of the microquartz and chalcedony
(Folk, 1974). Chert (microcrystalline quartz) and iron oxides (magnetite and hematite) are the
most abundant minerals in iron formation. Geochemical analysis demonstrate typical
concentrations of 50 to 65% Si and 15 to 40% Fe in the iron formations in the Lake Superior
regions (Van Hise and Leith, 1911; Gruner, 1946). Very fine-grained hematite in the chert
(jasper) is present throughout the Gunflint and Mesabi Ranges, imparting a characteristic reddish
colour. Of the carbonate phases found in Superior-Type iron formations, siderite (FeCOs3) is the
most abundant. LaBerge (1964) provides a good description of the mineral associations with
siderite in the Gunflint and Biwabik, and regards it as a primary constituent due to its close

relation to primary features (bedding and granules) and very small grainsize (less than 30 pm).

The grains within the Gunflint and Biwabik can be subdivided into ooids, granules, or
aggregate grains. Ooids are grains containing a central nucleus surrounded by cortical laminae
whose thickness is greater than the diameter of the nucleus. Granules are intraclasts and refer to
subangular to rounded grains composed of fine-grained silt. Aggregate grains contain multiple

cemented nuclei, surrounded by multiple cortical laminae.

Three iron silicates (stilpnomelane, greenalite and minnesotaite) are almost ubiquitous in
varying abundances in the Gunflint and Biwabik (Floran and Papike, 1975). The composition
and abundances of these minerals are well-described (Gruner, 1936; 1937; 1944). Stilpnomelane
[Fex-7(S1,Al1)4(O,0H)120xH>0] is the most abundant of the three iron silicates found in iron
formations and is thought to occur during early diagenesis. However, it also forms during low-
grade metamorphism. It commonly occurs with greenalite in cross cutting relationships in

radiating clusters (Klein, 2005). Greenalite [FesSi4O10(OH)s] is generally believed to be
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deposited as a primary precipitate; however, arguments suggesting it is a diagenetic or low grade
metamorphism mineral have been proposed (Floran and Papike, 1975). It is the only iron silicate
thought to be primary in origin, and is present in many primary features such as ooids, granules
and as cements (Floran and Papike, 1975). Minnesotaite [(Fe*" Mg) SisO1o(OH)] is thought to be
of low-grade metamorphic origin. It is usually not as abundant as stilpnomelane or greenalite, but
is still nearly ubiquitous in the Gunflint and Biwabik. It appears as fine-grained, colorless to light
green sprays. Klein (2005) suggested that minnesotaite forms via reactions such as the
combination of chert and greenalite, the breakdown of greenalite (to form minnesotaite and
magnetite), or by the reaction of siderite and chert which produce minnesotaite and carbon

dioxide.

For a mineral to be considered primary, it must not replace a pre-existing mineral phase
and that the ‘primary mineral’ constitutes the original precipitate, or one crystalized from it
during early diagenesis (Ayres, 1972; French, 1973). Conversely, a secondary mineral is one that
replaces a pre-existing one. This can occur during early or late diagenesis or low-grade
metamorphism, often leaving ghosts of the primary mineral (Floran and Papike, 1975). Minerals
considered primary within Superior-type iron formations include chert, siderite, hematite (after
iron hydroxide), greenalite, and possibly some fine-grained magnetite, whereas euhedral
magnetite, minnesotaite, stilpnomelane and some carbonates are interpreted as secondary

(Gruner, 1946; LaBerge, 1964; French, 1973; Floran and Papike, 1975).
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1.4 Previous Work

The first documented report of the Gunflint Formation was by Ingall (1888) in an annual
mining report describing the Silver Mountain-Whitefish River area of Ontario. Minor studies of
the Gunflint occurred in the early 1900s (Smith, 1905; Silver, 1906). However, it was not until
the mid-1920s that comprehensive mapping and stratigraphy work was completed (Tanton
1923). The first detailed stratigraphic description of the Gunflint was provided by Gill (1926),

followed by his theory for the depositional origin of the formation (Gill, 1927).

Extensive mapping of the Gunflint resulted in the division of the formation into six
sedimentary facies (Goodwin, 1956). These represent two depositional cycles containing four
members: a Basal Conglomerate Member, Lower Gunflint, Upper Gunflint, and Upper
Limestone. Following this, Moorehouse and Goodwin (1960) published the first geological map
of the Gunflint along with detailed descriptions of the mineralogy, chemistry, and economic
potential. They proposed a new stratigraphy, consisting of a Lower and Upper Gunflint with 10
members. The Lower is composed of a Basal Conglomerate, Lower Stromatolitic Chert, Lower
Shale, Lower Taconite, and Local Lava Flows, whereas the upper is made up of an Upper
Stromatolitic Chert, Upper Jasper, Upper Shale, Upper Taconite, and at the top of the sequence
the Limestone Member. More recently, a simplified stratigraphy of the Gunflint has been
suggested which consists of two members, a lower member made up of lower stromatolitic
cherts, and cherty grainstones, and an upper unit with similar stratigraphy (Fralick and Barrett,

1995).

Initially the Biwabik Formation was divided into four divisions: the Lower Cherty,
Lower Slaty, Upper Cherty, Upper Slaty (Wolff, 1917; Broderick, 1920). The cherty divisions

are granular and are often rich in iron oxides and chert, whereas the slaty divisions are siliclastic
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and chemical mudstones consisting of finely laminated, fine-grained phyllosilicate with iron
silicate or iron carbonate with local chert beds. These terms are still in use by mining
companies; however, the divisions are now regarded as informal members (White, 1954). In
reality, these members grade into one another. Further divisions are in use at several mines along
the Biwabik. For a review and correlation of these see Severson et al. (2009). Correlation
between the Gunflint and Biwabik can be made utilizing a tuffaceous layer overlying the Middle
Stromatolitic Member at the base of the Upper Gunflint and directly below the reworked tuffs

and accretionary lapilli of the Lower Slaty Unit

The ages of the Gunflint and Biwabik are well constrained. A U-Pb zircon age from a
tuffaceous unit in the Gunflint provided an absolute age of 1878.3+1.3 Ma (Fralick ef al., 2002).
A similar age of 1874+9 Ma obtained by U-Pb isotopes methods from a zircon of associated
volcanic and volcaniclastic beds in the Gogebic (Schneider ez al., 2002) is believed to be

correlative to the Biwabik.

The initial discovery by Bell in 1870, of the Gunflint stromatolites west of Thunder Bay,
Ontario, was a significant paleontological discovery. In his work, he described small, vertical
chalcedony cylinders, noting their morphological similarity to “small coral bodies”. Several
decades passed before further meaningful study was conducted. In the early 1900’s forms similar
to those described by Bell were discovered in two horizons in the Biwabik Iron Formation in
Minnesota (Grout and Broderick, 1919; Gruner, 1922) and the Belcher Islands, Nunavut.

(Moore, 1918).

Further work on the stratigraphy and geographic distribution of the Gunflint stromatolites

led researchers to suggest that the structures were of biogenic origin, and most probably
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composed of fossilized algae (Cayeux, 1911; Tanton, 1926; 1931). Figures of the microfossils
which were absent in Cayeux’s initial discovery were provided shortly after by Moore (1911)
and Gruner (1922). However, it was not until a brief report by Tyler and Barghoorn (1954), and
Barghoorn and Tyler (1965) that the significance of what is now known as the Gunflint
microbiota was recognized globally. The importance of the discovery was realized when an age
of “roughly two eons” was put forth, pushing back the first life on Earth by hundreds of millions

of years.

Considerable progress in classification and identification of the microfossils ensued with
the implementation of a linean style of nomenclature. Initially, Tyler and Barghoorn (1954)
identified five morphologically distinct microfossil forms. Of these forms, they speculated two
were algal, two were fungi and the remaining one appeared to be a unicellular organism
(possibly a calcareous flagellate). Later revisions resulted in eight unique genera: Animikiea
Barghoorn, Entosphaeroides Barghoorn, Gunflintia Barghoorn, Archaeorestis Barghoorn,
Huroniospora Barghoorn, Eoastrion Barghoorn, Kakabekia Barghoorn, and Eosphaera
Barghoorn (Barghoorn and Tyler, 1965). Within the genera, up to 11 species were described
based primarily on their general morphologies (Barghoorn and Tyler, 1965; Awramik and
Barghoorn, 1977). The exceptional preservation and diversity of microfossils has also been used
as an argument in favour of primary silica and iron deposition. It is suggested that the organisms
were growing on and being encased in a silica gel (Cloud, 1965). Furthermore, a detailed
overview of the structure and morphology of the Gunflint stromatolites was conducted by

Hofmann (1969).

Extensive work has been conducted over the last few decades on the general

classification and growth morphology of stromatolites. Early work focused on naming and
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classifying stromatolites based on their general morphology (Ginsburg, 1967) with subsequent
work on the microbial communities found within ancient carbonate forms in Australia, South

Africa and northern Canada (Grey, 1982; Grey, 1993)

Recent work has focused on determining: (1) if the present minerals represent the original
mineralogy of the stromatolites and grainstone or whether it results from the replacement of a
precursor carbonate assemblage; and (2) if the stromatolites were built solely by cyanobacteria or
in conjunction with chemolithotrophic and/or photoferrotrophic bacteria. Some authors have
interpreted the stromatolites within the Lower Stromatolitic Member of the Gunflint and Biwabik
to be primary carbonate precipitates with later diagenetic silicification (Moorehouse, 1960;
Lougheed, 1983). This interpretation was carefully re-examined by Sommers et al. (2000) at the
Whitefish and Schreiber Channel outcrops. In their analysis they noted rare ghosted carbonate
and quartz crystals cross-cutting stromatolitic and grainstone boundaries along with euhedral
specular hematite in one sample leading to the conclusion that the hematite and chert of the
Lower Stromatolitic Member is the product of silicification of a carbonate precursor. Moreover,
it has been suggested that the iron within the stromatolites was deposited during the
emplacement of the Duluth complex (Shapiro and Konhauser, 2015). They put forth a
taphnomic model whereby oxidized, iron-rich fluids precipitated the iron oxides currently

observed on the microfossil cell walls (Shapiro and Konhauser, 2015).

However, geochemical analysis conducted on samples from both the Gunflint and
Biwabik indicate that the stromatolites were developing in low oxygen conditions, ideal for iron
oxidizing bacterial communities to thrive (Planavsky et al., 2009). Furthermore, processes
operating in modern iron-silica rich hydrothermal systems (Konhauser and Ferris, 1996; Pierson

et al., 1999), and silica-rich lake systems (Sanz-Monteroetal ef al., 2008; Kermer et al., 2012)
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provide possible analogues to the geochemical conditions that existed during the development of
the Paleoproterozoic stromatolites. Also, studies of microstromatolitic ferromanganese nodules
in modern lacustrine systems provide further information on the growth of the ancient

stromatolites (Sommers, 2002; Asikainen and Werle, 2007; Kerkermeier, 2013).

1.5 Modern Stromatolites (Ferromanganese nodules)

As noted previously, modern stromatolites are most commonly composed of agglutinated
carbonate grains (Logan et al., 1964; Reid et al, 2000) though several examples of modern iron-
and manganese precipitates forming stromatolites can be found in the literature (Harriss and
Troup, 1970; Renaut ef al., 1998; Bowen ef al., 2008). Most notably are the ferromanganese
nodules accreting at the sediment-water interface of many lakes in northern latitudes. The
nodules form concentrically around a central nucleus and are composed of alternating laminae of
iron and manganese. They form via the direct precipitation of iron and manganese at a redox
boundary. This can occur abiotically due to a change in redox conditions when anoxic water
(groundwater or beep basin water) mixes with oxygenated lake water (Kerkermeier, 2013).
However, iron-oxidizing bacteria have been shown to significantly increase the rate at which iron
hydroxides precipitate (Ghiorse, 1984; Ehrlich, 2002). Microstromatolitic columns, consisting of
millimeter-scale columns, are present within the nodules, on both the top and bottom surfaces,
signaling the importance of chemolithotrophic and photosynthetic organisms (Sommers et al.,
2002). These stromatolites formed from chemical precipitates may provide a modern analogy for

some processes operating in the Precambrian.
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1.6 Study Site Locations

Paleoproterozoic study locations were selected from the Lower, Middle and Upper
Stromatolitic Members, as well as the Limestone Stromatolitic Member. These sites span a
distance of over 500 km from Schreiber, Ontario to Hibbing, Minnesota (Figure 3). Samples
were taken from mines, outcrop, and drill core for mineralogical, geochemical, and petrological
analysis. Sites were selected to provide a range of metamorphic grades for comparison.
Furthermore, samples were selected from sites that contained minimal alteration. Samples of
modern microstromatolitic ferromanganese nodules were collected from the bottom of four
coves in Lake Charlotte, Nova Scotia. These samples were carefully collected by hand to ensure

the proper up direction was known.
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Minnesota

Wisconsin

Figure 3. Study site locations. (A) Generalized map of the Gunflint and Mesabi Iron Ranges (Black area)
denoting sample locations. For legend, see Figure 1 (Modified after Pufahl and Fralick, 2004). (B) Google
map of Halifax area, Nova Scotia. (C) Enlarged view of box in (B) showing location of nodule field in Lake
Charlotte (black arrow).
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Table 1. Study site locations and stratigraphic location (Lower, Middle, Upper, Limestone) of Gunflint and

Biwabik samples.

Study Site Setting Stratigraphic Unit Location
Kakabeka Falls Outcrop Lower Kakabeka Falls, ON
Schreiber Channel Outcrop Lower Schreiber, ON
Whitefish Falls Outcrop Lower Nolalu, ON
Current River Outcrop Middle Thunder Bay, ON
Mink Mountain Outcrop Middle Mackies, ON

Old School Road Outcrop Middle Nolalu, ON
Magnetic Rock Outcrop Middle Grand Marais, MN
87-2 (DH-2) Drill Core Middle O’Connor, ON
87-3 (DH-3) Drill Core Middle O’Connor, ON
89-MC-1 Drill Core Middle Neebing, ON

P-1 Drill Core Middle Arrow Lake, ON
P-2 Drill Core Middle Arrow Lake, ON
PR-98-1 Drill Core Middle Neebing, ON
Cliffs-Erie (LTV) Mine Upper Babbitt, MN
Mary Ellen Mine Upper Biwabik, MN
Northshore Mine Upper + Limestone  Babbitt, MN
Thunder Bird North Mine Upper Eveleth, MN
2627 Drill Core Upper Aurora, MN
LWD-99-1 Drill Core Upper Eveleth, MN
LWD-99-2 Drill Core Upper Eveleth, MN
MGS-2 Drill Core Upper + Lower McKinley, MN
MGS-5 Drill Core Upper Buhl, MN
VHD-00-1 Drill Core Upper Eveleth, MN
Highway 588 Outcrop Limestone Stanley, ON

Hill Street Outcrop Limestone Thunder Bay, ON
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1.7 Methods

1.7.1  Sample Collection

A total of 215 hand samples containing stromatolites from the Lower, Middle, Upper and
Limestone Members of the Gunflint and Biwabik Formations were collected from nine insitu
natural outcrops, twelve diamond drill (DD) cores, as well as exsitu samples collected from
waste rock piles at four mines (Table 1). Where possible, multiple samples were collected from
the base to the top of the stromatolitic horizon at each outcrop to provide material for
determination of stromatolite development over time. Samples were selected which showed little
to no weathering and contained a variety of stromatolitic forms for analysis (i.e., stratiform,
domal, columnar). Of the 215 hand samples collected, 58 samples and 2.8 m of DD core were

polished for macroscopic imaging.

Ferromanganese nodules were collected by hand via snorkeling which ensured the proper
up direction was recorded. Once at the surface, the nodules were wrapped in a soft cloth, wetted
with tap water, and placed in containers for transport. Upon arrival at the laboratory, the nodules
were dried at ambient room conditions for two days, coated in epoxy, and cut to provide both

lateral and vertical profiles through the nodules.

1.7.2 Imaging

1.7.2.1  Photography

All outcrop and macroscopic photographs were taken with a Canon EOS Rebel T31

digital single-lens reflex (DSLR) camera with an EFS 18-55 mm, image stabilized MACRO 0.25
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m lens. Photomicrographs were taken with the above DSLR camera fitted to a WILD Heerbrugg

binocular microscope.

For consistency, only samples containing stromatolitic material were selected for
imaging. This included stratiform, domal and columnar forms and the material immediately
surrounding the stromatolites (Hofmann, 1969; Hofmann, 1973; Grey, 1982; Grey, 1993; Reid et
al., 2003). Imaging was conducted to determine the presence or absence of structures indicative
of carbonate replacement (such as ghosting of carbonate rhombs and the presence of
cryptocrystalline carbonate inclusions within quartz crystals) and preferential areas where
microfossils would be located to determine the original mineral assemblage associated with the
stromatolitic horizon. Analysis for microfossils consisted of microscopic analysis to determine
possible preferential locations within the stromatolite laminae in relation to both iron and silica,

as well as general microfossil form.

1.7.2.2  Petrographic Imaging

In total 118 polished thin section slides (30 pm) were made in the Lakehead University
Lapidary Laboratory. The slides were then examined with an Olympus BXS51 petrographic
microscope. Imaging in plane polarized (PPL), cross polarized (XPL), and reflected (REF) light

were conducted using an Olympus DP camera attached to the microscope.

1.7.2.3  Scanning Electron Microscopy and EDS Mapping

Scanning electron microscopy (SEM) imaging was conducted with a Hitachi SU-70
Schotty Field Emission SEM equipped with an Oxford Aztec 80mm/124ev Energy Dispersive
Spectrometer. Secondary (SE) and backscatter (BSE) images were taken at 20keV at a working
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distance of 15 mm unless otherwise noted. Qualitative elemental mapping and line scans, and
qualitative point analysis of the samples was conducted using the Oxford AZtec EDS software
on the SEM, at an accelerating voltage of 20 keV and a working distance of 15 mm. False colour
elemental maps were generated to provide insight into trends associated with the deposition of
iron, manganese and silica which make up the conspicuous alternating laminae of the

stromatolites.

1.7.3  Geochemistry

1.7.3.1  Sample Digestion

The composition of each sample was determined using a standard hot acid digestion.
Stromatolitic material was cut from the sample with a diamond saw and crushed in an agate mill.
Once powdered, 0.250x mg of each sample was accurately weighed on a AND-ER-180
electronic balance into a Teflon crucible. The crucibles were placed on hotplates that were set to
90° C. To the crucibles, 10 ml of double distilled water (DDW) and 5.0 ml of concentrated nitric
acid were added. This was allowed to digest overnight to eliminate any effervescence from the
samples. For three consecutive days 10.0 ml of concentrated nitric acid and 5.0 ml of
hydroflouric acid were added to the crucibles and allowed to digest at 90° C. On the final night
the samples were evaporated to complete dryness. On the fifth day 2.0 ml of nitric acid was
added and allowed to simmer for 20 minutes, then 10 ml of DDW was added. The digest was
then transferred to a 100.0 ml volumetric flask. The sample was allowed to warm at 90° C for 2
hours in the flask. Once cool, the flasks were filled to 100.0 ml with DDW. A 50 ml aliquot of
each sample was transferred to a centrifuge tube. Blanks and USGS standards (Hawaiian Basalt,

BVO-2; Quartz Latite, QLO-1a) were prepared with the samples.
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1.7.3.2  Sample Analysis ICP-AES

Inductively coupled plasma atomic spectrometry (ICP-AES) analysis was conducted on a
Varian Vista Pro ICAP Radial utilizing a Cetac Autosampler at the Lakehead University
Instrumentation Lab. The ICP-AES analysis was used to determine the major and selected minor

elements.

1.7.3.3  Sample Analysis ICP-MS

Inductively coupled plasma- mass spectrometry (ICP-MS) analysis was conducted at the
Lakehead University Analytical laboratory on a Perkin-Elmer Elan DRC-e ICP-MS fitted with a
Cetac autosampler. The ICP-MS analysis was conducted to determine selected trace and rare
earth element (REE) concentrations. All presented data were within acceptable levels of
precision and accuracy (£10% of standards) and above three times the blank, which defines the

lower detection limit.

35



2 Results

2.1 Lower Stromatolitic Member

2.1.1 Kakabeka Falls

UTM 305201E, 5364740N 16N

The outcrop is located 1 km northeast of the town of Kakabeka Falls, Ontario, at the
junction between Highway 590 and Highway 17 (Trans-Canada Hwy). It consists laterally of a
100 m road cut exposing Archean granodiorites, directly overlain by the Lower Stromatolitic
Member. An ankerite grainstone covers the stromatolitic horizon, and in turn is overlain by a
siliceous cap. At the base of the outcrop, 50 to 100 cm of Archean granodiorite is exposed, which

is unconformably overlain by the Lower Stromatolitic Member of the Lower Gunflint.

The stromatolitic unit consists of a 45 cm thick siliceous stratiform stromatolite at the
base, developing into several overlying domes, ranging from well-to-poorly preserved (Figure 4).
The lamination within the basal stratiform stromatolite is well preserved and can be traced along
the outcrop. The laminae consist of centimeter-scale, milky-white to pale grey chert which
irregularly alternate with millimeter-scale, darker grey laminae. It is capped by a sharp, 2 cm
dark grey siliceous zone at the upper contact with the overlying carbonate grainstone. A well
preserved, subspherical domal stromatolite with a diameter of 50 cm forms from the upper layers
of the flat-mat stromatolite (Figure 5A). At its core, closely packed centimeter-scale digitate
stromatolites grow out in a radial pattern and are overlain by three distinct growth zones. These
zones contain well preserved, roughly parallel, wavy laminae composed of pale grey chert. Each
growth zone is roughly 20-30 cm thick. They are separated from one another by a dark siliceous

layer a few millimeters thick. There is a notable absence of grainstone within the laminae.
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Figure 4. Kakabeka Falls field site. A 45 cm thick siliceous stratiform stromatolite and large siliceous dome
make up the Lower Stromatolitic Member at this location.

The stromatolites are overlain by a 1.5 m thick, fine-grained, ankeritic grainstone. In
hand sample, the contact between the grainstone and stromatolitic unit ranges from relatively
sharp to diffuse. At the base, the contact between the stratiform stromatolite and grainstone is
sharp, with only minor silicification of the grainstone. In areas, the ankerite replaces the
siliceous stromatolite and can be seen eroding into the upper stratiform laminae (Figure 5C).
However, the contact between the well-preserved dome and grainstone is more diffuse. Zones
of silicification are prominent within the grainstone, and a thin zone of silicification of the
ankeritic grainstone adjacent to the dome can be seen (Figure 5B). A block of broken
stromatolite embedded in the ankerite grainstone is present a few centimeters up from the
stratiform mat. It has a silica overgrowth replacing the ankerite, particularly on the right where it

extends up to 1 cm into the grainstone (Figure 5D).
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Figure 5. Erosion and reworking of stromatolite fragments. (A) Photograph of the siliceous stromatolite dome.
(B-C) The upper left side of the stromatolite head has a thin area of silicification next to it, but the stratiform
mat has a sharp contact with the grainstone, with apparently no replacement. (D) The block of broken
stromatolite in the grainstone has a silica overgrowth replacing the ankerite grainstone around it, particularly
on its right side.

In thin section, the sharp stromatolite-grainstone contact is well defined. A zone of
almost complete silicification extends out from the stromatolite-grainstone contact several
centimeters into the ankerite (Figures 6A, 6B). Within this zone, replacement of intraclasts and
the intergranular cement has occurred, with relict carbonate rhombs replaced by quartz. The

replacement of the ooids and granules is evident by the patchy overprinting of microcrystalline

38



carbonate by megaquartz which crosscuts original ooid laminae and grain boundaries of the

granules (Figure 6E).

Within the domal stromatolite large (millimeter-scale) ankerite crystals cross cut the
original stromatolitic laminae (Figure 6C). Rarely, laminae containing cryptocrystalline
carbonate are found alternating with microquartz laminae (Figure 6D). The carbonate within
these laminae are highly diffuse, with traces of the cryptocrystalline carbonate extending into the
surrounding quartz. Pyrite is present as small (micrometer-scale) euhedral crystals, often in
association with carbonaceous material, imparting the dark, cloudy appearance of the dark
laminae. The centimeter-scale digitate stromatolites which make up the core of the dome are
composed of clean quartz, with no traces of prior carbonate replacement. The laminae alternate
between light microquartz and dark microquartz which is stained by organics, and

cryptocrystalline iron oxides with minor pyrite grains.

Evidence of multiple replacement events is present in the silicified grainstone near the
stromatolite contact. Granules which have been mostly replaced by quartz, show secondary
carbonate replacement, and in some cases have tertiary carbonate rhombs crosscutting the
secondary carbonate (Figure 6F). Multiple point analysis of the intergranular replacement

carbonate revealed elevated concentrations of manganese oxide up to 4.5 wt%.

One of the samples collected contains a broken fragment of a domal stromatolite, roughly
8 cm in length, which fell upside down on the basal stratiform mat (Figure 7A). A submillimeter

rim of quartz cement is present on the three sides exposed to the overlying ankerite grainstone
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Figure 6. Photomicrographs of the laminations within the domal stromatolite. (A) Stromatolite-grainstone
contact (PPL). (B) Same as (A) however the replacement of the microcrystalline quartz by carbonate is more
apparent (XPL). (C) The replacement of the siliceous stromatolite laminae by carbonate (XPL). (D) Fine-
grained cryptocrystalline carbonate laminae near the outer edges of the domal stromatolite (E) Erosive scour
of the mm-scale stromatolites at the core of the dome is highlighted by the absence of the dark fine-grained wall
adjacent to the interspace (XPL). (F) Within the silicified grainstone ferroan dolomite can be seen replacing
the grains and intergranular cement (XPL).

40



Figure 7. Vadose silt. (A) Polished hand sample showing the basal stratiform stromatolite with a large piece of
broken stromatolite (white arrow) resting on it and the surrounding ankerite grainstone. Note the black layer
of silt present on the top surfaces of the grainstone. (B) Close up of (a) showing a millimeter-scale vadose silt
layer (white arrow) draping the top surfaces of the ankerite grainstone. (C) Photomicrograph of the silt layer
draping over the ankerite rhombs (XPL). (D) Within the microcrystalline carbonate silt euhedral, opaque
pyrite grains (white arrows) are present (XPL).

suggesting it was precipitated prior to the deposition of the surrounding ankerite. Moreover,
partial dissolution of the grainstone has created a thin, millimeter-scale layer of vadose silt which
was deposited on the upper surfaces of the remaining ankerite grainstone (Figure 7B). The silt is
composed of microcrystalline carbonate with fine-grained euhedral pyrite grains. A second layer

of silt is present overlying the first (Figure 7D). This layer lacks the pyrite found below;

however, it contains zones of blocky quartz.
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The ICP-MS measured rare earth element (REE) values for samples collected from the Kakabeka
Falls location were normalized to Taylor and McLennan’s (1985) post-

Archean Australian shale (PAAS) values and plotted (Figure 8). The samples selected for
analysis include light (KF-B) and dark (KF-A) laminae within the large dome, and light (KF-C)
and dark (KF-S) laminae within the basal stratiform mat. The plot shows a consistent pattern
among the four samples showing a slight depletion in light rare earth elements (LREE) compared
to the heavy rare earth elements (HREE), a very slight to more distinct negative cerium (Ce)

anomaly and a positive europium (Eu) anomaly.
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Figure 8. The PAAS normalized REE diagram for Kakabeka Falls showing slight to distinct negative Ce and
positive Eu anomalies.
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21.2 Schreiber Channel

UTM 474637E 5404961N 16N

The field site is located on the northern shore of Lake Superior 6.5 km west-southwest of
Schreiber Beach Ontario. The site is accessed via a 6 km hiking trail on the Voyageur Trail
network (Casque Isles Trail section). At Schreiber Channel, the Gunflint crops out continuously
for 100 m with a variable width of up to 20 m from the shore back into the tree line. It dips
moderately 20 to 25 degrees southwest into the lake where it can be traced an additional few
meters (Figure 9A). Remnant exposures are also found on Flint Island, 200 m offshore from the
mainland site. The site consists of Archean pillow basalt flows, overlain by the Kakabeka
conglomerate, which is in turn overlain by the Lower Stromatolitic Member of the Lower

Gunflint Formation.

Archean pillow basalts are well exposed at the base of the outcrop in the eastern portion
of the beach. They consist of pillows ranging up to 1.5 m with green to black rims. The pillows
are overlain by 50 to 75 cm of reddish-brown, poorly sorted conglomerate containing well
rounded to angular clasts 5 to 20 cm in diameter contained within a medium grained siliciclastic
matrix with minor carbonate (Figure 9B). The Lower Stromatolite Member is 60 cm thick and
formed directly on the conglomerate. It consists of numerous bioherms with diameters over 1.5
m and smaller domal stromatolites ranging up to 20 cm diameter. Their height is variable
depending on the degree of erosion, however some domes exceed 45 cm in relief (Figure 9D).
Areas where the domes have been mostly eroded are marked by centimeter-thick, white rings,
lying directly in the conglomeratic unit (Figure 9B). The rings are made up of alternating dark

and light wavy laminae identical to that found in less eroded bioherms. Erosion of some of the
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Figure 9. Schreiber Channel field site photographs. (A) The Lower Stromatolitic unit crops out 100 meters
along the shoreline of Lake Superior, with much of it submerged underwater. (B) Good exposures of the basal
Kakabeka Conglomerate are present on site, containing centimeter- to decimeter-scale clasts within a medium
grained matrix (C) Large Stromatolitic mounds grow directly on top of the conglomerate unit. Cobbles derived
from the conglomerate are often the nucleation site of the large domes (D) The stromatolites range in size from
small (10 cm) to large (meter scale), black chert domes, embedded in a medium-grained grainstone. Roughly
25 of these domes are present.
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domes reveals cobbles derived from the underlying Archean bedrock at the centre of the
bioherms (Figure 9C). The colour of the chert present within the bioherms is gradational
outward, from white and grey near the centre to dark grey and black at the outer periphery. The

smaller domes are mostly black chert, often heavily stained by iron oxides (Figure 9D).

Polished hand samples show that the bioherms are made up of digitate and
pseudocolumnar stromatolites which developed radially outward in a convex pattern from a
central cobble nucleus (Figure 10). The colour of the stromatolitic chert is gradational from
white to light grey nearest to the cobble, to black and dark green at the outer edges. The digits
have a tuberous shape, ranging from 3 to 10 mm in width, and rarely exceed 3 cm in synoptic
relief. Branching is common, however, digits show poor horizontal and lateral continuity and are

often overlain or integrated into irregular pseudocolumnar forms.

The preservation of the laminae within the stromatolites is poor. However, alternation
between light and dark (black) laminae is evident. Where preserved, the dark laminae are
commonly highly discontinuous. At the edges of the column the black laminae overlap one
another forming a conspicuous wall structure (Figure 11A). The width of the wall varies from
300 to 500 um, and can be continuous over a couple centimeters. Interestingly, even in the white
zones near the base of the dome, the black wall structures are still present. The highly irregular,
divergent branching of the columns and transition into pseudocolumnar forms often caps off the
interspace between digits with a thin microbial mat. The interspace ranges up to 5 mm in width
and is filled with grainstone. The grainstone is composed of a mix of intraformational clasts,
ooids and granules. The millimeter-scale intraformational clasts are composed of laminated dark

and light chert which are almost indistinguishable from the surrounding stromatolites. The clasts
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Figure 10. Polished slab of domal stromatolite. Digitate forms grow out from the rock clast in the bottom left.
The colour is transitional from light grey near the base of the dome to black at the outer periphery. The black
is imparted by high amount of organic material and pyrite.

vary from highly-angular and fractured to smooth, and rounded (Figures 11B, 11C), suggesting
variable transport and erosion times prior to emplacement within the stromatolite. The intra-
formational clasts can be seen abutting the stromatolite wall allowing the microbial mat to gently
drape onto the clast (Figure 11B). Clasts resting on previously deposited ooids create cavities
underneath, devoid of granules (Figure 11C). Other intraformational clasts demonstrate

asymmetrical growth of discontinuous wavy laminae, similar to oncolites (Figure 11D).
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Figure 11. Photomicrographs of polished hand samples. (A) The stromatolite laminae are highly irregular, with
individual columns rarely exceeding one centimeter before being overlain by newer laminae. These
overgrowths regularly constrain the amount of interspace present, trapping ooids, granules and
intraformational clasts. (B) Intraformational clasts show fine-scale laminations of alternating dark and light
chert, comparable to that found in the stromatolite wall. These clasts range from rounded (B) to angular (c)
suggesting varying degrees of erosion and transport. (D) Clast showing asymmetrical growth and wavy nature
of the laminae.

The main component of the inter-columnar grainstone is loosely-packed ooids and
granules, suggesting that cementation occurred before significant compaction (Figure 12A). The
ooids are commonly composed of cortical lamination alternating between jasper and quartz,
however greenalite is also common. The composition of ooid nuclei varies from quartz, iron

oxides, and pyrite grains to multiple ooids cemented together (Figure 12C). Granules are most

often composed of greenalite or pyrite. Two generations of intergranular cement are present. The
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Figure 12. Grainstone features. (A) The intergranular cement present in the interspace is comprised of clean
blocky quartz and rare chalcedony fans (XPL). (B) Close up of (A) showing two distinct generations of cement.
The first is a ~100 pm rim of microquartz around the grains (white arrow) followed by blocky mosaic quartz
or chalcedony fans (PPL). (C) Trace carbonate is present in the Schreiber Channel samples, generally
occurring in ooids with a pyrite nucleus (XPL). (D) Ooid containing cryptocrystalline carbonate within blocky
quartz (XPL).

first appears as a ~100 pm rim of microquartz surrounding most grains (white arrow, Figure
12B). The second is a pore fill, consisting mostly of megaquartz, with minor chalcedony fans.

The quartz cement is clean and does not contain any inclusions. Rare cryptocrystalline inclusions

of carbonate are present in some granules and ooids (Figure 12D).

When present, carbonate is a minor constituent, generally occurring as large (200 to 500

um) euhedral rhomb-shaped crystals of ferroan dolomite which cross cut grainstone-stromatolite
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boundaries. However, rare granules are present and are composed of fine-grained carbonate
surrounding a pyrite core which appears as a secondary replacement mineral (Figure 12C). In
one sample, cryptocrystalline carbonate inclusions were noted within quartz grains comprising
the laminae of an ooid. The cryptocrystalline carbonate was concentrated in a 40 pm zone with

diffuse boundaries both into and out of the ooid (Fig 11D).

As noted above, the lamination within the stromatolite is commonly poorly preserved and
highly discontinuous. However, when present the darker laminae drape over one another at the
outer edges of the column creating a thick, continuous wall structure. The dark laminae are
composed of cryptocrystalline quartz with abundant iron-oxides and organic material. They are
in stark contrast to the clean megaquartz present in the interspace (Figure 13A). Opaque zones
within the dark bands are concentrated at the edges of the columns. At high magnification it can
be seen that the opaque zones contain abundant microfossils (Figure 13B). Broken pieces of
filaments are the most common microfossil form present, however intact filaments can exceed
150 pm in length. Similarly, spheres with diameters of 1 to 5 um are often interspersed with the

filaments.

One clast, similar to the oncolite in Figure 11D, revealed alternating laminae composed of dark,
iron-rich, cryptocrystalline quartz and light, iron-poor microquartz (Figure 13C). Similar to the
stromatolites, fossilized filamentous and coccoid microorganisms are closely associated with the
dark iron-rich lamina (Figure 13D). Interestingly, the contact at the top of the dark laminae is
often sharp and continuous whereas the contact at the base is often highly irregular and contains
abundant microfossils. Investigation of the clean microquartz within the stromatolite and

interspace turned up no microfossils.
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Figure 13. Photomicrographs of fossilized microorganisms within stromatolite laminae. (A) The sharp contact
between the stromatolite wall and the grainstone filled interspace (XPL). The reddish-brown microquartz that
make up the stromatolites is in stark contrast to the clean quartz cement filling in the intergranular space. The
stromatolites are composed of reddish-brown microquartz, with 20 to 40 um opaque zones. (B) Within these
zones clusters of spherical and filamentous forms are present similar to extant bacteria (PPL). (C) Laminated
intraclast between stromatolite laminae. Note the multiple laminations (yellow box) present on one side but
not the other (XPL). (D) 1000x magnification photomicrograph of the area within the yellow box in (C)
highlighting the laminations and filamentous and spherical bacterial forms. The fossilized bacteria are
concentrated in brown to opaque areas.

The ICP-MS measured rare earth element (REE) contents for samples collected from the
Schreiber Channel location were normalized to PAAS values and plotted (Figure 14). The
samples selected for analysis include three samples from unlaminated black chert domes (SC-3,

SC-A and SC-B), and one from a digitate stromatolite (SC-X). The plot shows a consistent
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Figure 14. The PAAS normalized REE diagram for Schreiber Channel showing a very slightly negative Ce,
distinctly positive Eu anomalies and a slight depletion in LREE and HREE in relation to the mid-REEs.

pattern among the four samples with a slight depletion in LREE and HREE, in relation to the
middle-rare earth elements, a very slight negative Ce anomaly and a distinct positive Eu

anomaly.

21.3 Whitefish Channel

UTM 289167E, 5351919N, 16N

The Whitefish Falls study site is located roughly 3.0 km west of Nolalu, Ontario. The
stromatolites crop out continuously over 150 m on the river, on the south side of Hwy. 588
roughly 30 m downstream of the bridge. Two sites were delineated along the river: Site A

dominated by several large subspherical bioherms and Site B where the removal of the upper
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portions of the bioherms has revealed the internal decimeter scale domal, columnar, and

pseudocolumnar forms.

The stromatolitic mounds present along the river at Site A range up to 2 m in diameter
and 1 m height. Often, multiple bioherms in close proximity to one another are draped by a 5 to
10 cm thick layer of chert which imparts a hummocky appearance to the outcrop (Figure 15A).
The bioherms form directly on the Archean basement diorite and rarely on cobbles from the
basal conglomerate unit. An exposure of the basal contact between the diorite and the
stromatolitic unit show undulatory, stratiform stromatolites 1 to 5 cm thick, which grade
vertically to columnar, and pseudocolumnar forms within the bioherm (Figure 15B). The
stromatolites are composed of chert in a range of colours from mostly black and grey to red,
green and purple. Siliciclastic-carbonate grainstone with carbonate cement is present between

the bioherms, and more rarely in the interspace between stromatolite columns.

Site B is located roughly 75 m downstream at the rapids. Due to the unusually high water
levels at both site visits, much of the outcrop was underwater, with only a small section
subaerially exposed for observation. This site is characterized by the conspicuous absence of the
large hummocky bioherms present at Site A due to erosion. The erosion of the tops of the
bioherms and natural polishing of the outcrop (absent at Site A) provides a detailed internal view
of the bioherms. Large domes composed of alternating light and dark red jasper laminae make up
the remains of a large meter-scale bioherm (Figures 15C, 15D). Erosion of the carbonate
grainstone surrounding the siliceous stromatolites causes higher relief of the centimeter-scale
columnar forms present with well-defined walls (Figures 15E, 1F). The interspace between

stromatolites is composed of a medium- to fine-grained carbonate grainstone containing
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Figure 15. Outcrop photographs of the Whitefish Falls study site. (A) The outcrop consists of several large
bioherms that range up to 2 meters in diameter, and 1.5 m height. (B) Internally they are composed of columnar
and pseudocolumnar stromatolites. These are often present forming on a 1 to S cm thick layer of basal
stratiform mat. (C) Erosion of the bioherms provides an internal view of the jasper-rich decimeter-scale domal,
columnar, and pseudocolumnar forms. (D) Gently convex, red jasper decimeter-scale domes, 2 to 4 cm in relief
are present on topographic highs near the rapids. (E) Domal stromatolites with well-defined wall structures
composed of dark chert with carbonate grainstone surrounding them. (F) Internally the domes are made up
of centimeter-scale columns.
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abundant ooids and granules. In total, seven hand samples were collected; two from Site A and

five from site B.

In common with previously described samples from Kakabeka and Schreiber, the
preservation of the internal laminae varies depending on the sample. In some cases, the core of
the stromatolitic domes is composed of massive black chert which grades into pale grey chert or
iron silicate-rich outer zones (Figure 16A). The dark laminae are irregular and highly diffuse
commonly grading into the lighter layers. Preservation of the laminae within the columnar and
pseudocolumnar forms from Site B is better than that of found within the bioherms. The laminae
alternate between millimeter-scale white chert and dark micrometer-scale black organic-rich
laminae. Centimeter-scale digits with defined wall structures typify the stromatolites of Site B
(Figures 16B, 16C). The digitate stromatolites made up of white chert (Figure 16B) are in
contrast to the jasper-rich digitate forms (Figure 16C). Trapping of grainstone containing grains
of white chert with green reduced-iron-rich laminae is prevalent in the interspace between

columns and domes, similar to that of the other two basal sites (Figure 16D).

In thin section, the poor preservation of the lamination is evident with only faint
alternation of dark and light layers present. Despite the poor preservation, examination of the
dark laminae reveals a composition of chert with inclusions of cryptocrystalline iron oxides,
carbonaceous material and minor euhedral pyrite grains. Microcrystalline quartz with little to no

inclusions make up the light laminae.

Intraformational clasts up to a few millimeters in length are common in the interspace,
and in some cases make up almost half of the grains (Figure 17A). A rim of cryptocrystalline
quartz, 50 to 75 um thick coats the nuclei grains (Figure 17B). SEM point analysis of the rims
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Figure 16. Whitefish Falls hand samples. (A) Photograph of siliceous domal stromatolite taken from large
bioherm. Note the change from the massive black chert core to the light coloured laminated outer periphery.
(B) Photograph highlighting the poor preservation of the laminae commonly found in the columnar and
pseudocolumnar forms. (C) Photomicrograph of jasperlitic digitate stromatolite and interspace containing
specularite granules (D) Pockets of grainstone made up of white chert with green (reduced iron) laminae,
between columnar stromatolites.

shows iron concentrations up to 70% FeO, similar to the values found in the iron-rich
stromatolite laminae. The rim is composed of micrometer-scale laminae with a distinct drape
from one grain to the next, similar to a bacterial mat. Internally the clasts have a grumulose

microtexture imparted by high organic content and diffuse cryptocrystalline iron oxides with

minor euhedral pyrite grains (Figure 17C).

The jasperlitic material in Figure 16C is composed of centimeter-scale digitate
stromatolites, surrounded by ooid- and peloid-rich grainstone (Figure 18A). The grains have

varied compositions, ranging from chert, jasper, hematite, and greenalite. Interestingly, some of
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Figure 17. Photomicrographs of clasts in interspaces. (A) Photomicrograph of millimeter-scale clasts (white
arrows) made up of multiple ooids and granules located in the interspace between columns (XPL). (B)
Photomicrograph of clasts rimmed by a 50 to 75 um thick layer of fine grained quartz, similar to that of the
stromatolite laminae (XPL). (C) Photomicrograph of the side of a 3 mm clast containing multiple ooids. A thin
layer of fine-grained quartz exhibiting grumulose microtexture, drapes across the ooids (white arrow) (XPL).
(D) Iron silicate ooids showing well defined cortical lamination.

the larger granules are composed of specularite. The digitate stromatolites are made up of
alternating light and dark laminae. The light laminae are composed of microcrystalline quartz
with rare cryptocrystalline hematite inclusions whereas the dark laminae are made up of dense

concentrations of hematite-coated filaments, spheres and irregularly shaped star-like forms

(Figures 18B, 18C).
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Figure 18. Microfossil-rich zones within the jasperlitic digitate stromatolites. (A) Digitate stromatolite
composed of alternating light and dark laminae made up of chert and microfossil-rich jasper and hematite
laminae respectively (PPL). (B) High magnification photomicrograph of yellow box in (a) illustrating dense
concentration of filaments, spheres and irregularly shaped microfossils (PPL). (C) Same as (b) showing the
cryptocrystalline hematite coating the microfossils (XPL). (D) Secondary electron (SE) image of a filament
coated in blobs of hematite (white arrow). (E) SE image of star-shaped, micrometer-scale hematite coated
structures intermixed with the filaments and spheres. (F) SE image of 20 to 30 pm hematite coated spheres
within an iron-coated peloid.

SEM investigation of the dark laminae verified the petrographic observations that the
microfossils were coated in hematite (Figure 18D). Intermixed with the filaments and spheres,
star-shaped, micrometer-scale hematite-coated structures are present which have four to six
appendages extending out from a central sphere (Figure 18E). Several granules were noted

containing clusters of 20 to 30 um hematite-coated spheres (Figure 18F). The preservation of the
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Figure 19. Elemental mapping of iron-coated microfossil. (A) Secondary electron image of an iron-coated
filament surrounded by silica. False colour mapping of (a) showing the relative abundances of (B) Phosphorous,
(C) Silicon, and (D) Iron.

microfossils is variable; however, some are exceptionally well preserved (Figure 19A).
Elemental mapping a well preserved filament reveals the relative abundances of phosphorous

(Figure 19B), silica (Figure 19C) and iron (Figure 19D).

Carbonate is present as a minor component in all samples examined. Most often it occurs
as ankerite rhombs which cross-cut stromatolite laminae and grain boundaries within the

grainstone. Figure 20 shows two quartz granules, in different stages of replacement. The peloid
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Figure 20. Ankerite rhomb replacing quartz granules (XPL). Note the almost complete replacement of the
granule on the left. The grain on the right is partially replaced.

on the left has been almost completely replaced whereas the grain on the right is partially
replaced as noted by the partial rim of carbonate making its way around the outer edge of the

grain.

The ICP-MS measured rare earth element (REE) contents for samples collected from the
Schreiber Channel location were normalized to PAAS values and plotted (Figure 21). The
samples selected for analysis include two samples containing jasperlitic digitate stromatolites

(WF-A, WF-B) and two samples containing digitate stromatolites composed of white and grey
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Figure 21. The PAAS normalized REE diagram for Whitefish Falls location showing distinctly negative Ce and
distinctly positive Eu anomalies and a slight depletion in LREE in relation to the HREE.

chert (WF-3, WF-10). The plot shows a consistent pattern among the four samples with a slight

depletion in LREE compared to the HREE, a distinct negative cerium Ce anomaly and a strongly

positive europium Eu anomaly.
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2.2 Middle Stromatolitic Member

2.2.1 Mink Mountain

UTM 710621E,5346233N 15N

The Mink Mountain study site is located roughly 30 km west of Nolalu, Ontario, just
outside of the village of Soumi. Access is via an unmarked gravel road at the end of the paved
portion of Highway 588. The Middle Stromatolitic Member crops out in two locations at this
site. The first site is a 4 m cliff which provides a vertical profile of the grainstone and overlaying
stromatolites (Figure 22A). At the base of the outcrop, a ~2.5 m layer of medium to coarse
grainstone intermixed with fine grained jasperlitic muds is exposed. At the top of the grainstone
a 30 to 40 cm breccia layer containing large (decimeter-scale) lithified blocks of grainstone is
present. These blocks are overgrown by wavy stratiform stromatolites which grade into columnar
and digitate forms (Figures 22B, 22C). The stromatolitic unit is 1.25 m thick and some places
grades into a coarse to medium grainstone layer at the top of the outcrop. The second outcrop is
a jasper quarry consisting of a 1.5 m vertical ledge and several square meters of horizontal
exposure. At the base of the vertical exposure the breccia is exposed, with stratiform
stromatolites growing on and filling in between the blocks. However, the bulk of the exposure is

of the jasperlitic digitate and domal stromatolites (Figure 22D).

Representative hand samples of the stratiform, domal, and digitate forms were collected
in situ, and polished for analysis. The decimeter-scale domes show the typical zonation found in
the previously described samples from other locations (Figure 23A). The core of the domal
stromatolite consists of centimeter-scale digitate stromatolites surrounded in a medium- to

coarse- grained oolitic grainstone. The columns have well defined walls at the grainstone
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Figure 22. Outcrop photographs of the Mink Mountain study site. (A) Vertical exposure of the 2.5 m grainstone
unit underlying the 1.25 m Middle Stromatolitic Member. (B) The base of the Stromatolitic unit is composed
of 30 to 40 cm of stratiform and domal forms. They are composed of red to purple jasper. (C) Overlying the
basal stratiform and domal forms, a 60 to 70 cm thick zone of digitate and pseudocolumnar forms are present.
(D) Lateral view of closely spaced, centimeter-scale digitate stromatolites bordered by a zone of magnetite.
interface, with minimal trapping of grains within the laminae. The columns grade into
pseudocolumnar forms, with a notable increase in the amount of grains trapped in the fossil
microbial mat between laminae. The microbial mat in this zone is highly irregular, noted by the

discontinuous laminae which fade into and out of the grainstone. At the outer periphery, the

entire dome is covered by a thick (>5 mm) wavy stratiform mat. Interestingly, the stratiform mat
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covering a dome has an almost complete lack of grains within the laminae. The stromatolites are

composed of light-orange to red chert which alternate with hematite or rare specularite laminae.

Both y-parallel and divergent branching is common, and rarely coalescing of multiple
columns was noted. Branching occurs where the column diameter increases resulting in a marked
decrease in the convexity of the laminae. Trapping of ambient grains within the laminae cause a
minor buildup of the microbial mat, resulting in the development of the daughter columns
(Figure 23B). The diameter of the daughter columns is roughly equal to that of the parent
column prior to branching. A horizontal section through several columns shows the cylindrical
to sub-polygonal shape of the columns (Figure 23C). The well-defined jasper stromatolites are
in stark contrast to the dark silver specularite grains within the black chert interspace.
Interestingly, the walls at the grainstone-stromatolite interface do not appear to contain

specularite.

The layers within the columnar and domal stromatolites alternate between light and dark
bands, with occasional discontinuous black zones within the dark laminae (Figure 24A). The
light laminae are composed of clean, microcrystalline quartz, with thicknesses ranging up to 250
um. In some samples the light laminae predominate over the dark. However, more commonly the
majority of the laminae are dark and are composed of finely disseminated cryptocrystalline
hematite inclusions in 10 to 25 pm microquartz crystals. Both the light and dark laminae range
from highly continuous to highly discontinuous across the columns although the thicker (>200
um) quartz laminae show excellent continuity over several millimeters (Figure 24B). The
bridging of columns by the microbial mat is evidenced by the wispy microcrystalline jasper

draping over the grains within the interspaces. Figure 24C shows a peloid at the base that was
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Figure 23. Photographs of polished hand samples. (A) Section through domal stromatolite. Digitate
stromatolites surrounded by a specularite-rich grainstone comprise the core of the dome. In the middle of the
sample the digits morph into pseudocolumnar forms, eventually resulting in a stratiform mat that covers the
dome. (B) Branching occurs as y-parallel and divergent forms with rare coalescing of columns. (C) The columns
show a cylindrical to sub-polygonal form. The interspace is composed of a mix of black chert, hematite and
millimeter-scale magnetite grains.

trapped by the microbial mat prior to the deposition of the larger fractured peloid that rests on
top of it. The pore space created by the larger grain is filled by blocky megaquartz, which
contrasts to the finer grained material making up the stromatolite laminae. Backscatter imaging
and point analysis of the columnar lamination support the compositional alternation of quartz

and iron oxides (Figure 24D). Concentrations up to 3.2% MnO are present within the columnar

laminae, generally at the top of the iron oxide laminae.
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Figure 24. Lamination within Mink Mountain stromatolites. (A) Photograph of a polished thin section showing
the typical lamination found in the Mink Mountain digitate stromatolites. (B) The columns are made up of
alternating quartz and jasper laminae (XPL). (C) The interspace is made up of microcrystalline quartz, with
jasperlitic wisps of microbial mat bridging adjacent columns. Individual grains resting against the stromatolite
wall allow large pores to remain open and eventually fill with blocky quartz (XPL). (D) BSE image of laminae.
Point analysis indicate areas of elevated manganese alternating with the hematite (pale grey) and quartz (dark

grey).
The discontinuous black zones within granules and black zones contained within the
hematite laminae are carbonaceous inclusions rich in microfossils (Figures 25A, 25B). Multiple

granules containing carbonaceous reddish-black blobs revealed dense concentrations of coccoid

microfossils similar to Huroniospora. The cells are ~25 um spheres that are coated in a thin layer
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Figure 25. Iron-coated microfossils. (A) Granules containing abundant coccoid microfossils ~25 pm diameter
coated in hematite (PPL). (B) The microfossils are embedded in a microquartz cement (XPL). (C) Dense mats
of fossilized filaments coated in hematite make up the dark laminae (PPL). (D) The diameter of the filaments
range up to 5 pm, with length up to 100 pm (PPL). (E) Backscatter image of filaments and spheres in a silica
matrix. (F) False colour BSE image showing the increased iron concentration around the microfossils.
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of iron oxides (most probably hematite). In some areas within the granules several spheres are
attached to one another. In areas where the cells contact another cell, there is a notable
thickening of the iron oxide (Figure 20A). The microfossils are encased in a microquartz cement,

which contains cryptocrystalline hematite inclusions (Figure 20B).

The black zones within the dark laminae of the columns contain dense concentrations of
fossilized filaments. They range up to 5 pm in diameter and over 100 um length. However, an
accurate estimate is difficult due to the broken nature of the filaments. Similar to the spheres, the
filaments are coated in micro-globules of iron oxide and are often found clustered together
(Figures 20C, 20D). SEM analysis and false colour mapping of the microfossil-rich areas
illustrates the increase in iron concentration on and around the filaments and spheres (Figure

20E, 20F).

As noted above, the bridging of columns across the interspace occurs as thin layers of
jasperlitic microbial mat (Figure 26A). The walls of the columns consist of 10 to 15 laminae that
pinch together and extend out over the grainstone forming a bridge. A notable change in colour
occurs at the grainstone-stromatolite contact from a pale orange in the column to bright red at the
wall signifying an increase in hematite concentration within the microbial mat. Pieces of broken
stromatolite are often resedimented in the interspace between columns. A thin rim of white chert
cement surrounds the pieces and in some cases contains ooids and granules which were
cemented together prior to erosion (Figure 26B). The fragments of stromatolite can then become
the nucleation point for a column. In Figure 26C, the development of a microbial mat growing
over a piece of lithified grainstone (white arrow) can be seen. The jasperlitic mat which started

as a thin wisp bridging two columns grew over the fragment, and due to the increase in relief,

67



Figure 26. Photomicrographs of digitate stromatolites. (A) Bridging of columns by the development of the
microbial mat across the interspace. Note the pinching out and colour intensity increase of the laminae at the
grainstone interface. (B) Piece of broken jasperlitic stromatolite with a white quartz rim between columns. (C)
Due to the convexity imparted from the stromatolitic mat growing over a clast (white arrow) similar to that
found in (b) a new column is formed. (D) Sx magnification of (c). Note scale in millimeters.

developed the characteristic convex digitate form (Figure 26D). The development of the mat

across the interspace also traps and binds the ambient granules and ooids in single-grain thick

layers.

The grainstone within the interspace and overlying the stromatolites is composed
primarily of ooids and granules. However, aggregate clasts similar to those described from the
Whitefish Falls site are abundant in some samples. The aggregate clasts contain multiple ooids

and granules in a dark microcrystalline cement (Figure 22). These millimeter-scale grains show
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Figure 27. Intraformational aggragrate clasts embedded in the interspace between stromatolite columns. (A)
The aggregate clasts contain a complex assortment of tightly packed granules and ooids in an iron oxide-stained
cement (PPL). (B) The cement within the clasts is stained by iron oxides, and noticeably different than that of
the intergranular cement surrounding the clasts (XPL). (C) The truncation of the granules at the outer edges
can be seen at the top left and centre right (PPL). (D) The staining of the cement within the aggregate clasts by
iron oxides is in sharp contrast to the clean blocky quartz cement surrounding the clast (PPL).

evidence of prior lithification and subsequent reworking. The granules within the aggregate
grains are tightly packed with low intergranular porosity. The edges of the granules are truncated
and the intergranular cement has been preferentially eroded. The cement within the aggregate
grains is distinct from the surrounding intergranular cement. It is composed of microcrystalline
quartz, stained with cryptocrystalline iron oxides imparting a dirty appearance (Figures. 27A,

27B). A micrometer-scale rim cement is rarely present around some of the aggregate grains

(Figure 27C). The other two major components of the grainstone within the interspace are
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randomly orientated ooids and less commonly granules (Figure 28A). In contrast to the aggregate
grains, these grains show low packing density with only rare occurrences of grain to grain
contact. The ooids and granules show little to no compaction. The low packing density allows
for uninhibited cement development within the intergranular porosity. Multiple generations of
cement are present on the grains (Figure 28B). The outermost laminae of the grain, most often
iron oxide, has a ~30 um thick layer of quartz cement orientated perpendicular the surface of the
ooid. A second quartz rim cement made up of ~100 um blades extends from the first. Finally
chalcedony fans fill the remainder of the intergranular porosity. Within the ooids, the internal
laminae are composed of concentrically laminated cortices of alternating quartz and specularite
however magnetite and hematite are also common. The nuclei of the ooids are compositionally
diverse. Some samples are composed of fragments of stromatolites and broken ooids (Figures.
28C, 23D), while others contain smaller ooids and granules (Figure 28A). Granules made up of

massive greenalite are also common.

Dehydration cracks extending out from the nucleus are common in both the ooids and
granules. They cross cut the original laminae and are filled by blocky quartz or more commonly
chalcedony (Figures 28E, 28F). Interestingly, the fragmented ooid pieces within the nucleus also

show dehydration cracks, which do not extend into the outer laminae.

The ICP-MS measured REE contents for samples collected from the Mink Mountain
location were normalized to PAAS values and plotted (Figure 29). The samples selected for
analysis include three samples from stratiform mats (CY-71, CY-73A, CY-73B) and a digitate

stromatolite (CY-77).

70



Figure 28. (A) The grainstone is composed predominantly of ooids with minor granules. (XPL). (B) Internally,
the ooids are composed of concentrically laminated cortices, alternating between iron oxides (opaque) and
quartz laminae. Three distinct phases of cementation can be seen; a thin micro to cryptocrystalline quartz outer
rim, a second layer of cement consisting of bladed microquartz, and finally chalcedony filling the remainder of
the porosity (XPL). (C) Fragments of ooids and stromatolites are common ooid nuclei (BSE). (D) Laminated
fragments and greenalite within an ooid (XPL). (E) Radial septarian dehydration cracks are a common feature
in most of the ooids and granules at Mink Mountain (PPL). (F) BSE image of dehydration cracks.
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Figure 29. The PAAS normalized REE diagram for The Mink Mountain location showing distinctly positive
Ce and Eu anomalies and a minor depletion in LREE in relation to the HREE.

The plot shows a consistent pattern among four samples, (CY-71, CY-73B, CY-77) with a slight
depletion in LREE compared to the HREE, a positive Ce anomaly and a positive Eu anomaly.
However, sample CY-73A shows a slightly positive La anomaly, resulting in the appearance of a

negative Ce anomaly.
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2.2.2 0Old School Road

UTM 291713E, 5354771N, 16N

The Old School Road study site is located roughly 7 km north of Nolalu, Ontario on Old
School Road off Highway 588. The Middle Stromatolitic Member intermittently crops out for
1.5 km on the left side of the road. Detailed site observations and acquisition of samples was

difficult due to poor exposure, and much of it extending onto private property.

Morphologically the stromatolites bear a striking similarity to the Mink Mountain
outcrop ~30 km to the east. Meter-scale bioherms directly overlying a grainstone breccia
characterize the stromatolites at this location (Figures 30A, 30D). The domes are made up of
irregular, wavy laminae composed of chert which varies from white to pale pink to red to deep
purple. Multiple decimeter-scale domes in close proximity to one another coalesce into larger
bioherms, commonly with a highly irregular, wavy layer draping over them (Figure 30C). At the
base of the outcrop, brecciated blocks of lithified grainstone are overlain by contorted stratiform

stromatolites.

One sample collected shows the decimeter-scale grainstone cobbles and the overlying
stromatolites (Figure 31). The microbial mat grows directly off the cobbles as irregular
stratiform layers which morph into centimeter- to decimeter-scale columns (Figure 31B). The
stromatolites are composed of white, pink and red jasper, specularite, and hematite, surrounded
by an ooid-peloid-rich grainstone. Columns develop from the stratiform layers as centimeter-

scale convex digits that widen and show a decrease in convexity vertically.
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Figure 30. Outcrop photographs of the Old School Road study site. (A) Exposures of the meter-scale bioherms
similar to Mink Mountain. (B-C) As the decimeter-scale domes laterally develop they merge creating the large
bioherms. (D) Several boulders scattered along the road contain 10 to 20 cm thick layers of stratiform
stromatolites. Within these mats are discontinuous centimeter-scale purple jasper zones.

Microscopically the Old School Road stromatolites are compositionally and morphologically
similar to those at Mink Mountain. The columns are made up of alternating light and dark
laminae (Figure 32A). The light laminae are composed of clean microcrystalline quartz which
coarsen away from the dark laminae. The dark laminae, made up of 20 to 50 pm hematite
crystals surrounded by greenalite range from 100 to 200 um thick (Figure 32B). The boundary
between the light and dark laminae is diffuse, often with hematite crystals present in the quartz.

Samples taken from the stromatolites on the brecciated block have a more complex lamination

structure. The clean microcrystalline quartz laminae present in the columns are generally absent.
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Figure 31. Photographs of cobble sized breccia made up of lithified grainstone overlain by the Middle
Stromatolitic member. (A) Side view of the decimeter-scale cobbles made up of lithified grainstone overlain by
stratiform stromatolites. The microbial mat can be seen having grown in the space between the two cobbles.
(B) Side view of centimeter-scale columns growing from the sides and tops of the blocks. (C) Top view
highlighting the highly contorted, irregular nature of the stromatolite laminae.

Instead, jasper, and greenalite alternate with discontinuous hematite bands (Figures 32C, 26D).

Patches of black carbonaceous material are present throughout the stromatolites.

The exceptional preservation and ubiquitous nature of the microfossils contained within
the Old School Road stromatolites is remarkable. In every sample studied, structures with a
diameter of 1 to 10 um and lengths ranging from 20 to 100 um are present (Figure 33A). The
highest concentrations of the filaments are in the diffuse black zones between iron oxide-rich
laminae (Figure 33B). These zones are often encased by microcrystalline quartz, with

cryptocrystalline hematite disseminated throughout. The filaments are orientated roughly parallel
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Figure 32. Composition of Old School Road stromatolite laminae. (A) Edge of columnar stromatolite showing
the bridging of columns over grainstone. The opaque zones are hematite (XPL). (B) The dark laminae are
made up of 20 to 50 pm hematite crystals surrounded by greenalite which alternate with the light
microcrystalline quartz laminae (XPL). (C) The stratiform laminae are more complex, composed of dark
hematite and greenalite laminae which grade into one another separated by thin, discontinuous layers of
microcrystalline quartz (PPL). (D) 500x magnification of (c) (PPL).

to the laminae (Figure 33C). SEM analysis of the microfossil-rich zones supports the
observations made with the petrographic microscope. Backscatter imaging of the microfossils
shows the iron (white) is concentrated on the filaments and spheres and scarce elsewhere
(Figures 33D, 33E). False-colour mapping of the fossilized microbial mat shows iron (red) is

mostly concentrated along the cell wall boundaries (Figure 33F).
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Figure 33. Filamentous iron-coated microfossils within the stromatolites. (A) Microfossils are present in 50 to
300 pm quartz layers, often surrounded by jasper (PPL). (B) The black laminae contain the highest
concentration of the filaments (PPL). (C) The filaments range from 2 to 10 pm in diameter and are of variable
length (up to 100 pm). Micrometer-sized crystals of iron oxide coat the structures (PPL). (D) Backscatter image
of iron (white) coating a filament surrounded by silicon (black). (E) Backscatter image showing filaments and
spheres coated in iron (white) and surrounded by silicon (black) (F) False colour elemental map showing the
hematite (red) on the cell walls is in sharp contrast to the iron poor silicon (black) surrounding the microfossils.
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2.2.3 Current River

UTM 337466E, 5370543N 16N

The Current River study site is located within the city of Thunder Bay, Ontario, along the
Current River on the east side of the city. Access to the outcrop is via a 300 m walking path
parallel to Lyon Blvd. The stromatolites crop out at two separate locations at this site. The first
site, at the mouth of the Current River and Boulevard Lake, contains decimeter-scale domes
surrounded by ferroan dolomite grainstone (Figure 34A). The black chert stromatolites are
poorly preserved, showing little if any internal lamination (Figure 34B). When present the
lamination is defined by the alternation of black and light grey chert laminae. A small vertical
exposure shows the brecciated nature of some of the cherty stromatolites. The orange grainstone
encases the pieces of the broken stromatolite which were later intruded by calcite. In Figures 34C
and 34D, fragmented blocks of centimeter-scale, angular fragments of brecciated stromatolite
(yellow arrow) are present within the grainstone near the decimeter-scale domes (white arrow).

These pieces are visually similar to the black chert that make up the domes.

The second site is located 350 m upstream under the Arundel Street bridge. Here the
stromatolites occur as meter-scale bioherms draped by black siltstone and shale (Figure 34E).
Internally they are composed of carbonate, more closely resembling the clotted structure of

thrombolites than the typical laminated structure characteristic of stromatolites (Figure 34F).

In thin section the stromatolites are composed of microcrystalline quartz, with
cryptocrystalline inclusions of pyrite and carbonate. The preservation of the internal lamination
is poor, and only faint traces of the convex laminae are present. Furthermore, extensive

replacement of the quartz by carbonate is found throughout much of the stromatolitic
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Figure 34. Outcrop photographs of the Current River study site. (A) Black chert stromatolitic domes in a
ferroan dolomite grainstone. (B) Decimeter-scale, siliceous, domal stromatolite (C) Plan view of the siliceous
stromatolites (white arrow) and a fragment of stromatolite in the carbonate grainstone (yellow arrow) (D)
Close up of the angular chert fragments imbedded in the grainstone next to domal stromatolites in (c). (E)
Meter-scale bioherms draped by a siltstone-shale layer. (F) Within the bioherms a distinct clotted texture is
present.

material examined (Figure 35A). The stromatolite-grainstone contact is similar to that described

previously at the Kakabeka study site. A zone of silicification extends out several millimeters
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Figure 35. Petrographic photomicrographs of stromatolite and grainstone.(A) The stromatolites are composed

of microcrystalline quartz with minimal preservation of the internal lamination. Carbonate rhombs can make
up a large portion of the stromatolites locally. (B) Stromatolite-grainstone contact. Intense silicification of the
grainstone (top of image) and development of carbonate rhombs within the stromatolite (bottom of image)
highlights the complex replacement history. (C) Silicification of the carbonate grainstone extends several
millimetres out from the cherty stromatolite. (D) The ferroan dolomite grainstone shows extensive
neomorphism.

from the cherty stromatolite (Figure 35B) into the grainstone (Figure 35C). The silicified
grainstone is composed of a peloidal, medium-grained quartz with occasional ghosted carbonate

laminae. Further from the stromatolite, the grainstone is composed of ferroan dolomite with

significant neomorphic spar replacement (Figure 35D).

The stromatolites and surrounding grainstone at Current River have a complex diagenetic

alteration / replacement history. This includes the silicification and/or neomorphic spar
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development within the carbonate grainstone as well as potential alteration of the stromatolite

domes, based on the poor preservation of the internal laminae.

2.2.4 Magnetic Rock

UTM 662473E, 5329219N 15N

The Magnetic Rock study site is located roughly 75 km northwest of Grand Marais,
Minnesota on the Gunflint Trail (Highway 12). This outcrop is situated within the metamorphic
aureole of the Duluth Complex providing a good comparison between albite-epidote hornfels
facies thermally metamorphosed iron formation and the unmetamorphosed sites previously
described. The Middle Stromatolitic Member intermittently crops out for 2.5 km along the
Magnetic Rock hiking trail. The main outcrop is found 500 m from the trailhead where a 2.5 m

cliff allows for a detailed vertical view of the stromatolites (Figure 36A).

At the base of the cliff 40 cm of brecciated cobbles are overlain by a 50 cm zone of
stromatolites. Wavy, stratiform stromatolites accrete directly on the breccia with decimeter-scale
domal stromatolites growing from them (Figure 36B). Directly overlying the domes, a 30 cm
zone of rip-up casts made up of chemical mudstone and fragments of stromatolite is present.
Overlying this is 60 cm of medium-grained grainstone containing highly contorted layers capped
off by a 3 cm thick strongly magnetic, black layer that is roughly continuous across the main
outcrop. A further 60 cm of medium grainstone containing stratiform, domical, and digitate

stromatolites extends to the top of the outcrop (Figures 36C, 30D).

The most noticeable difference between this outcrop and those previously described is the
absence of the characteristic red jasper. Instead, shades of green and tan dominate the rocks of

this site. The stromatolitic lamination is well preserved in the samples examined and consists of
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Figure 36. Outcrop photographs of the Magnetic Rock study site. (A) The main site consists of a 2.5 m cliff
exposing the entire Middle Stromatolitic Member. (B) Stratiform and decimeter-scale, flattened domes are
present at the base of the outcrop accreting on breccia. (C) Four distinct layers of stratiform mat ~ 10 cm thick
are present consisting of alternating tan and green laminae. (D) Millimeter-scale digitate stromatolites growing
from stratiform mat.

light olive green to tan laminae alternating with discontinuous dark green laminae (Figure 37A).
In thin section the light laminae are made up of megaquartz with abundant, randomly orientated
acicular to bladed crystals many of which are <3 um in diameter (Figure 37B). SEM point

analysis of the crystals suggest a composition similar to actinolite or ferro-actinolite, however the

lack of Ca in some would indicate grunerite is also present.
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Figure 37. Stromatolitic lamination. (A) Photograph of digitate stromatolites with alternating green and tan
laminae. (B) Randomly orientated, fibrous actinolite, acicular grunerite and megaquartz crystals make up the
light laminae (XPL). (C) The well preserved dark laminae are mostly euhedral magnetite crystals with
subordinate actinolite (XPL). (D) Backscatter imaging of magnetite laminae (white) alternating with quartz
(dark grey) with amphiboles (light grey) orientated randomly throughout the sample.

The dark laminae are discontinuous, and consist of euhedral magnetite with abundant
amphiboles disseminated throughout (Figure 37C). A backscatter image taken of a stromatolitic
column gives emphasis to the lamination versus the randomly orientated amphiboles (Figure
37D). The iron-rich laminae (white) alternate with the thicker quartz layers (dark grey) in the

typical convex-up stromatolitic form. The acicular to bladed crystals (medium grey) overprint

the iron and quartz laminae.
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2.2.5  Dirill Core

Three drill cores, P-1, P-2 and DH-containing the Middle Stromatolitic Member were
examined. All three were drilled between Whitefish Lake, Ontario and the Minnesota border.
Due to the extremely poor preservation of the stromatolites in P-2, only P-1 and DH-3 were

examined in detail.

2251 P

The stromatolitic zone in P-1 is ~50 cm thick, which overlays 150 cm of jasperlitic,
medium-grained peloid dominated grainstone. A 5 mm wide carbonate vein extends through the
entire length of the stromatolitic layer (Figure 38A). Although difficult to differentiate between
stratiform and domal stromatolites in drill core, the stromatolites at the base appear flat, with

increasing convex curvature up column.

At the base of the stromatolitic section, zones containing trapped granules within the
jasperlitic mat alternate with clear to smoky discontinuous quartz laminae (Figure 38B).
Internally the millimeter-scale granules are composed of specularite or carbon-rich, fine-grained
material. A thin, continuous outer coating of jasper is present on most of the grains. Interspersed
with the peloid-rich laminae are zones containing abundant mud rip-up grains made up of black,
carbon-rich subrounded grains (Figure 38C). At 35 cm the stromatolites transition from a
stratiform mat to digitate forms (Figure 38D). The development of a digitate stromatolite is
imaged in in Figure 38E. The stromatolite developed on an intraformational clast (white arrow)
containing abundant cemented granules similar to those described earlier. The intraformational
clast is resting on a non-jasper coated specularite-rich peloid beside a well-rounded, jasper-

rimmed peloid. Subrounded rip-up clasts are commonly embedded into the stromatolitic laminae
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Figure 38. Photographs of drill core P-1. (A) Photograph of the 50 cm stromatolitic section (b-bottom, t- top of
core). (B) Jasper-rich zones containing abundant granules alternate with clear to cloudy quartz laminae. The
granules contain fine-grained specularite and greenalite internally, with a jasperlitic rim coating the grains.
(C) Subrounded rip-up clasts, >1 mm in diameter are abundant throughout the sample. (D) 30 cm from the
base, the stratiform stromatolites are replaced by microdigitate forms. (E) The microdigitate stromatolite
developed on an intraformational clast (white arrow). The clast rests upon a specularite-rich peloid, next to a
jasper coated peloid. (F) Millimeter scale mud-chip rip-up clasts (white arrow) are often embedded between
stromatolitic laminae. (G) The laminae which make up the microdigitate stromatolites is more diffuse and
lighter than that of developed columnar stromatolites (bottom right).

(white arrow) along with trace granules (Figure 38F). The development of microdigitate
stromatolites from larger columnar forms highlights a distinct change in laminae. In Figure 38G

the laminae within the column (bottom right) show a distinct alternation between red and black,
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however, the jasper within the microdigitate stromatolite developing from it has a cloudy

appearance and no black laminae.

The lamination within the stromatolites is well preserved in the form of alternating light
silica-rich and dark-silica-poor laminae. The silica-rich laminae contain microcrystalline quartz
with finely disseminated cryptocrystalline hematite. These laminae average 75 to 100 um thick,
and show good lateral continuity throughout the samples observed. The dark silica-poor laminae
can be divided into three different types based on their composition (Figure 39A). The first,
made up of euhedral hematite crystals, form laminae which are continuous over several
millimeters, with sharp outer boundaries (bottom left of Figure 39A). They often exceed 100 um
in thickness and in thin section appear opaque. The second contain dense concentrations of
cryptocrystalline hematite inclusions in microquartz. These laminae show poor lateral continuity
and have highly diffuse boundaries and appear deep-red to purple in thin section (Figure 39B).
Finally, highly diffuse black layers which grade into the silica-rich laminae contain abundant

microfossils.

The bridging of columns across the interspace occurs as the stromatolitic laminae
coalesce into compound laminae at the stromatolite wall, and drapes over individual grains
(Figure 39C). There 1s a marked difference in crystal size between the stromatolitic laminae and
that of the intergranular cement. Elongate granules are the most common grains, with ooids and
intraformational clasts secondary. The granules are composed of iron silicates (greenalite with
minor minnesotaite and possibly stilpnomelane) containing hematite and range up to 3 mm in

diameter.
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Figure 39. Photomicrographs of stromatolitic laminae and grainstone. (A) The laminae in the finely laminated
stromatolites are composed of microcrystalline quartz containing abundant inclusions of cryptocrystalline
hematite and carbon (PPL). (B) Laminae containing cryptocrystalline hematite in microquartz with diffuse
laminae boundaries dominate the “poorly laminated” zones within the microdigitate stromatolites (XPL). (C)
The stromatolitic laminae drape across the granules within the interspace, bridging adjacent columns. Note the
finer grainsize of the stromatolite laminae in contrast to the coarser intergranular blocky quartz cement (XPL).
(D) Intraformational rip-up clasts with a 10 to 15 pm clear quartz cement surrounding the grain (PPL).

Dehydration cracks are present in most of the grains examined (Figure 39C). Rip-up
clasts containing zones of laminae and individual grains cemented together are a common
constituent of the grainstone (Figure 39D). A 10 to 15 pm rim of clear quartz cement, with

elongate crystals developing perpendicular to the grain surface occurs on many of the rip-ups.
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Figure 40. Iron-coated microfossils. (A) The filaments and spheres occur in diffuse, organic-rich black zones
surrounded by quartz (PPL). (B) The concentration of cryptocrystalline hematite increases substantially near
the filaments, especially on the walls of the 2 to 5 pm diameter filaments (yellow arrows) (XPL). (C) Backscatter
image showing the increased concentration of iron (white) within the microbial mat, which is surrounded by
quartz (dark grey). (D) False colour mapping shows the increase in iron on the filaments.

As noted previously, highly diffuse, carbon-rich laminae within the stromatolites contain
abundant microfossils. These laminae contain cryptocrystalline hematite-coated filaments
orientated roughly parallel to the bedding direction (Figure 40A). They are morphologically
similar to those described previously at Mink Mountain, Old School Road, and Schreiber
Channel, and most probably belong to the genus Gunflintia sp.. The microfossil-rich laminae

are diffuse black zones overlying the jasperlitic laminae, and often grade into the light

microquartz laminae. In cross-polarized light the fossils are deep red-purple due to the
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cryptocrystalline hematite coating their outer surfaces (Figure 40B). Electron microprobe
analysis corroborates the observations previously discussed of iron being preferentially deposited
on or adjacent to the filaments. Figure 40C shows a backscatter image of the filaments (white)
surrounded by quartz (dark grey). False colour mapping of the area reveals the iron (red)

concentrating on and around the filaments surrounded by silica (black) (Figure 40D).

2252 DH-3

The stromatolitic zone in DH-3 is ~45 c¢m thick, and overlays a medium-grained
grainstone. The core is crosscut by multiple quartz and calcite filled fractures. At the base of the
stromatolitic zone a 10 cm bulbous columnar stromatolite overlays a medium-grained grainstone.
It consists of millimetre-scale, wavy laminae which range from white to pink, to red and green in

colour (Figure 41A).

The lamination within the stromatolite is comparable to those previously described both
in core and outcrop. Light iron-poor laminae alternate with thinner iron-oxide-rich laminae
comparable to P-1 (Figure 41A). As was previously described three types of dark laminae are
present: those containing euhedral hematite crystals, laminae made up of cryptocrystalline
hematite inclusions in microquartz and diffuse laminae rich in black carbon-rich material (Figure
41C). The diffuse black laminae contain filamentous microfossils 2 to 5 pm in diameter with
lengths exceeding 100 um (Figure 41D). They are coated in iron oxides. The microfossil laminae
overlay thick (~100 um) jasperlitic laminae, and often grade into light laminae composed of

microquartz.

The grainstone is composed of granules and ooids similar to those described in the P-1
core. However, ooids are present in greater amounts. The grains are composed of iron silicates
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Figure 41. DH-3 photomicrographs. (A) Photograph of the 45 cm stromatolitic zone. The stromatolites are
composed of wavy jasper, and chert laminae. (B) The laminae are composed of light iron-poor microquartz
which alternate with iron-rich laminae (XPL). (C) Diffuse boundaries of some laminae contain
cryptocrystalline hematite and high concentrations of carbon (PPL). (D) The carbon-rich laminae often contain
filamentous microfossils, 2 to 5 pm in diameter and up to 100 pm long coated in iron oxides. (E) The grainstone
is made up of ooids and granules composed of iron silicates and hematite. They are overlain by thin microbial
mats bridging adjacent columns. Note the size difference between the stromatolite and the intergranular
cement (XPL).

(greenalite, stilpnomelane, and minnesotaite) and when present, with internal laminae rich in
euhedral hematite crystals. Bridging between stromatolite columns occurs as ~500 um thick

drapes of microcrystalline quartz with thin (>100 um) layers of iron oxides.
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The ICP-MS measured REE contents for samples collected from the DH-3 core were
normalized to PAAS values and plotted (Figure 42). The samples selected for analysis include
one sample form the grainstone directly below the stromatolites (DH-03-01), one sample from
stromatolite (DH-3-02) and three samples of the overlying grainstone (DH-03-03, DH-03-04,
DH-03-05). The plot shows a consistent pattern among five samples showing a slight depletion
in LREE compared to the HREE, a slight positive to nil Ce anomaly and a distinct positive Eu

anomaly.
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Figure 42. The PAAS normalized REE diagram for DH-3 drill core showing slightly positive Ce and distinctly
positive Eu anomalies and a minor depletion in LREE in relation to the HREE.
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2.3 Upper Stromatolitic Member

2.3.1 Mary Ellen Mine

UTM 578504E, 5279565N, 16N

This site is located on the western edge of Biwabik, Minnesota off Highway 135. It
provides an excellent opportunity to observe the domal and columnar stromatolites in situ,
through horizontal and vertical sections. Near the entrance to the pit the stromatolites crop out
for several meters, allowing for a horizontal view of the top of the digitate stromatolites.
Preferential weathering of the interspace material caused the siliceous stromatolite columns to

have a higher relief in relation to the interspace.

Within the southeast corner of the pit, directly below the horizontal outcrop, a vertical
exposure is visible 1 to 7 m in height varying with the size of the rubble pile abutting the wall. A
zone of alteration is present, extending up from the base of the outcrop approximately 100 cm.
In this zone, the stromatolite forms are rarely preserved, and if present, are highly altered by iron
hydroxides. Above this zone, stratiform, domal, and columnar stromatolites are present and
preserved in great detail (Figures 43A-C). The domal stromatolites have diameters ranging from
4 cm to over 15 cm and heights of up to 30 cm. The domes are closely spaced, often with less
than 10 cm of interspace between them and are laterally linked by stratiform lamination (Figure

43A). The colour of the cherty stromatolites ranges from reds and purples to black.

At the base of the outcrop, several boulders containing oblong to polygonal domal

stromatolites are present (Figure 44). The way in which the boulders broke provides a lateral
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Figure 43. Photos of vertical exposure with siliceous domal stromatolites. (A) Panoramic view of three domal
stromatolites (white arrows). (B) Close up of 10 cm dome from (A). (C) Lateral view of siliceous domal
stromatolite at top of outcrop.

view of the internal structure of the stromatolites. The central nucleus is composed of white
silica-rich grainstone or massive silica and rarely exceeds a diameter of 4 cm (Figure 44B).
Concentric laminations growing out from the nucleus consist of dark red to purple jasper (Figure
37C). The jasperlitic layers are interrupted and cross cut by thin (1 to 2 mm), discontinuous and
diffuse white quartz zones (Figure 44D). Similar to the columns described above, the domal

stromatolites are closely spaced, often with less than 2 cm of interspace between them.

Columnar forms were difficult to study in situ, however 24 large stromatolitic rock
samples were taken from the site for further study in the lab. The columnar stromatolites show a
relatively consistent diameter throughout the columns, with a range from 0.5 to 1.5 cm with the
majority of samples collected having a diameter of 0.75 cm (Figure 45A). In columns where the

diameter increases upwards, the development of branching is common and takes the form of
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Figure 44. Lateral view of boulders containing cherty domal stromatolites. (A) The well-developed domal
stromatolites are composed of deep-red to purple chert. (B) White quartz at the centre of the dome. (C) The
domes are closely packed, often growing together (white arrow) (D) The jasperlitic layers are interrupted and
cross cut by 1 to 2 mm discontinuous and diffuse white quartz zones.

either divergent or more rarely parallel branching. The bifurcation often starts as a winding of a
single column, and due to the accumulation of several ooids in an area, creates an area of higher

relief, resulting in the creation of a new column. In some cases it was noted that these columns

would again bifurcate creating a dendritic or digitate pattern.

A lateral cut through a slab containing several digitate stromatolites illustrates the
cylindrical growth pattern common in the Mary Ellen stromatolites (Figure 45B). Within this
sample the microbial mat can be seen in the interspace as abundant jasper wisps, joining several
of the columns which are encased in the magnetite-rich grainstone. In some columns, laminae
composed of specularite alternate with jasper in the central portions of the stromatolite (Figure

45C). These bands are highly continuous, forming closed laminations within the column.
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Figure 45. Photographs of typical digitate Mary Ellen stromatolites. (A) The brilliant red digitate stromatolites
are composed of hematite-rich quartz (jasper) surrounded by a magnetite grainstone. Divergent and parallel
branching of the columns is common. (B) Lateral cut through digitate stromatolites showing the cylindrical
nature of the columns. The microbial mat, rich in jasper can be seen joining several columns and trapping the
magnetite grainstone. (C) Internal laminations of alternating jasper and specularite are common within the
columns (white arrow).
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Some, such as the one on the right in Figure 45C (white arrow) are near the central portion of the
column, whereas some columns near the top left of the image have specularite layers closer to
the outer edges of the column. The magnetite layers closer to the edges are more diffuse and less
continuous than those in the inner portions of the column. Within the interspace, a distinct
zonation between jasper-rich and magnetite-rich cement is present. The central portion of the
sample has a notably greater amount of jasper than the areas at the top left and bottom right,
which are dominantly magnetite. The binding of the magnetite grainstone by the jasper-rich
microbial mat is a prominent feature of the interspace. At the base of several columns the
trapping of the grainstone and subsequent growth of the microbial mat is prominent (Figure
46A). The thin film of microbial mat grows out of the grainstone as wisps of dark red to light
orange jasper, forming the base of the columns (Figure 46B). Subsequent growth of the biofilm

in alternating dark and light laminae form a convex-up column (Figure 46C).

The laminae that make up the columns can be divided into two groups: light laminae, rich in
silica and dark laminae, rich in iron oxides and jasper. The silica laminae are composed of
micro- to cryptocrystalline quartz and are generally thicker than the iron oxide-rich lamina and
many other places. The quartz laminae show a greater continuity within the stromatolites in
relation to the iron oxide-rich bands which are often discontinuous with irregular boundaries.
The iron oxides which make up the jasperlitic laminae (hematite and/or magnetite) generally
occur as finely disseminated, cryptocrystalline inclusions in microcrystalline quartz. Less
commonly, the dark laminae are made up of euhedral magnetite crystals. The images in Figure
47 demonstrate the various lamination styles found within the Mary Ellen stromatolites. In thin
section the contact between the jasperlitic and quartz laminae range from sharp to gradational.

The jasper often concentrates at the column walls and at the apex of the convexity.
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Figure 46. Photographs highlighting the development of a digitate stromatolite. (A) Development of a columnar
stromatolite from an iron-rich microbial mat. The stromatolite begins as an irregular accumulation of jasper-
rich microbial mat (white arrow). (B-C) Thin jasper laminae (white arrow) growing out from the grainstone
forming the basal portion of digitate stromatolites. Note scale in millimeters.

Elemental mapping through a segment of a digitate stromatolite revealed distinct iron,
manganese and silica-rich zones (Figure 48). The silica is present throughout the column,
representing the “background” or baseline precipitate within the column (Figure 48B). The zones
with lower concentrations of silica have elevated iron, phosphorus and calcium (Figures 48C,
48E, 48F). Several laminae with elevated manganese are also present (Figure 48D).

Interestingly, of the four distinct manganese-rich laminae, two are present without iron, and the

remaining two show elevated Mn concentrations near the tops of iron-rich laminae (Figure 48C).

Point analysis of the manganese bands provide MnO values up to 4.9%.
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Figure 47. Photomicrographs illustrating typical lamination within the digitate columns from Mary Ellen
Mine. (A, B, D) Vertical sections through columns. The layering is visible do to an alternation between light
microquartz laminae and dark jasperlitic laminae. (C) Lateral cut through digitate stromatolite. Note scale in
millimeters.

Micro-unconformities within the columns are common in the form of truncation of the
stromatolite columns (Figure 49). Photomicrographs taken of the truncations show the
millimeter-scale digitate stromatolites with the top of the stromatolite erosivly scoured off and
the subsequent overgrowth of younger biofilm over the truncation (Figures 49A-F). The contact

between the column and the new overlying microbial mat is sharp.

There is a notable difference in the size of crystals within the stromatolite laminae and
that of the intergranular space. The quartz and jasper crystals within the stromatolitic laminae

range from 5 to 25 pm. This is in contrast to the much larger blocky quartz crystals within the
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Figure 48. False colour BSE/elemental maps of stromatolite laminae. (A) Backscatter electron image, (B) Silica,
(C) Iron, (D) Manganese, (E) Phosphorus, (F) Calcium. The dashed lines in (C) show the location of the
manganese layers in relation to the iron.
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Figure 49. Photomicrographs of truncations of stromatolite columns and subsequent overgrowth. (A)
Millimeter-scale digitate stromatolite showing an erosive hiatus. The top of the stromatolite was erosivly
scoured off, with subsequent overgrowth of biofilm (PPL). (B) Higher magnification (100x) of sample in (A)
showing the sharp contact caused by the erosive scouring of the original stromatolite laminae, and growth of
later mat (PPL). (C-D) Centimeter-scale digitate stromatolite showing an erosive scour similar to previous
example. Note the sharp contact of the stromatolite wall, and the bridging of the microbial mat over the
granules (PPL). (E) XPL photomicrograph of area in (a). (F) XPL photomicrograph of area in (c).
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Figure 50. Photomicrographs of truncated ooids. (A) Dissolution surfaces of the truncated ooid (white arrow)
XPL. (B) The truncated surface of a peloid being overgrown by a thin microbial mat containing magnetite.
PPL. (C) Multiple intraformational aggregate grains containing multiple granules cemented together in the
interspace between digitate stromatolites. PPL. (D) SEM backscatter electron image of the concentric cortices
surrounding a magnetite nucleus. Point analysis of the individual laminae show concentrations of up to 3.1%
MnO.

intergranular cement which often exceeds 50 pm (Figures 49E, 49F). There is also an increase in

the crystal size immediately adjacent to the truncation surface (Figure 49F).

The grains within the interspace between columns are mostly granules, however ooids
and aggregate grains are also present in all samples examined. Similar to the truncation of the
stromatolite columns, the grains are often fractured and erosivley truncated prior to deposition

(Figure 50A). These grains are randomly orientated, and are coated by a microcrystalline,
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magnetite-rich microbial mat (Figure 50B). Aggregate grains made up of multiple ooids and
granules cemented together are also a common feature (Figure 50C). These grains have distinct
boundaries, where the scouring of the internal grains at the grain periphery is prominent (Figure
50C, white arrows). Cementation prior to deposition within the interspace is evident by the
angular grain which can be seen sticking out in the bottom left of Figure S0C. The cement
within the aggregate grains contains disseminated cryptocrystalline iron oxide imparting the
stained, dirty appearance. The granules within the aggregate grain also show greater compaction
in contrast to the non-aggregate granules and ooids found within the interspace. SEM analysis of
several grains indicates a similar elemental alternation as that present in the stromatolite
columns. Ooids with cortical laminae composed of up to 2.9% MnO alternate with iron oxide

and silica-rich laminae (Figure 50D).

Scanning electron imagery of untreated rock chips provided a unique perspective of the
lamination and mineralogical associations within a stromatolitic column. The alternation of the
blocky iron oxide and fine-grained (<10 pm) silica laminae is distinct (Figure 51A). Backscatter
imaging Figure 51A shows the iron oxide (light grey) alternating with the silica (dark grey)
(Figure 51B). Fossilized EPS was noted in several samples as ropy structures with
cryptocrystalline silica grains <1 pm embedded (white arrow, Figure 51C). Platy hematite was
noted growing from a silica groundmass (Figure 51D). One sample showed two distinct forms of
silica crystals, the first being a smooth mass with a sharp contact to elongated euhedral crystals
up to 10 um in length (Figure 51E). Similarly, large interlocking silica crystals up to 50 pm
bordered by euhedral iron oxide crystals highlight the alternation of iron oxides and silica within

the laminae (Figure 51F).
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Figure 51. Scanning electron images of untreated stromatolite rock chips. (A) Secondary electron (SE) image
showing the alternating blocky iron oxide and granular silica laminae. (B) Backscatter electron image (BSE) of
(a) showing the alternating light (iron oxide) and dark (silica) laminae. (C) Fossilized EPS (white arrow)
surrounded by cryptocrystalline silica. (D) Platy hematite growing from a silica groundmass. (E) Two
generations of silica, the first is the smooth mass at base of image that is sharply overlain by the elongated
blocky silica crystals at the top. (F) Interlocking blocky silica with euhedral magnetite crystals at bottom edges.
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The ICP-MS measured REE contents for samples collected from the Mary Ellen Mine
were normalized to PAAS values and plotted (Figure 52). The samples selected for analysis
include one sample form the grainstone directly below the stromatolites (ME-01), two samples
containing stromatolites (ME-06, ME-07) and two samples of the highly altered basal zone
(ME-15, ME-16). The plot shows a consistent pattern showing a slight positive to nil Ce
anomaly and a slightly positive to nil Eu anomaly. The ME-01 and ME-06 samples have a
positive La anomaly imparting an apparent negative Ce anomaly, however, when factored in

these samples show a slightly positive Ce anomaly.
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Figure 52. The PAAS normalized REE diagram for the Mary Ellen Mine site. Samples ME-01, Me-06, ME-.7
showing a slightly negative to nil, to positive Ce anomaly (respectively) and a minor depletion in HREE in
relation to the LREE. Samples Me-16 and ME-17 were taken from the highly altered basal zone and show a
distinct positive Ce anomaly and a minor depletion in LREE in relation to the HREE.
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2.3.2 LTV (OId Cliffs-Erie) Mine

UTM 567859E, 5271899N 15N

The LTV mine is located 20 km northwest of Aurora, Minnesota. Access is via a private
mining road (Dunka Road) with right of entry provided by Cliffs Natural Resources. Erosive
scouring and subsequent glacial polishing exposed an area roughly 150 m long by 70 m wide

containing multiple (over 30), meter-scale, cherty bioherms (Figure 53A). No samples were

collected at the request of the mine geologist. At the base of the outcrop a ~30 cm breccia layer

Figure 53. Outcrop photographs of the LTV Mine study site. (A) Upper Stromatolitic Member crops out over
a 150 m x 70 m glacially polished area containing multiple, meter-scale bioherms. (B) 75 cm vertical exposure
of pebble to cobble sized brecciated grainstone which is overlain by the stromatolites. (C) Horizontal view of a
domal stromatolite developing off the side of a cobble.
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containing angular to subangular cobbles made up of grainstone is directly overlain by the
stromatolitic unit (Figure 53B). In Figure 53C a domal stromatolite has developed off one side of
a decimeter-scale subangular boulder. The laminae extend partially around the boulder before

draping over the smaller cobbles adjacent to it.

The stromatolitic mounds range up to 2.5 m in diameter and consist of alternating zones
of light and dark material (Figure 54A). The light zones range in thickness from a few
centimeters up to a meter and are composed of centimetre-scale digitate stromatolites which
grew perpendicular to the stratiform mat from which they developed.. The light digitate zones
are subsequently overlain by dark, wavy stratiform laminae up to 4 cm thick (Figure 54B). The
light-dark alternation occurs 2 to 4 times in the bioherms examined. The digitate stromatolites
are closely packed, often with only a few millimetres between individual columns allowing for
hundreds of digitate stromatolites within each bioherm. The individual digits range from 1 to 2
cm in diameter and have an irregular polygonal shape (Figure 54C). The internal lamination
within the digits is reasonably well preserved and consists of alternating cream and light green
laminae. Figure 54D provides a horizontal view through the centre of a large bioherm. Due to the
development of the digits perpendicular to the mound the cross section offers an oblique view of

the stromatolites.

The digitate stromatolites are made up of alternating cream and light-green chert laminae
surrounded by a medium-grained chert grainstone. Abundant, randomly orientated, centimeter-
scale rip-up clasts are present within the interspace (Figure 46E). These clasts are composed of

green chert and often have stromatolites developing from them (Figure 46F).
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Figure 54. Photographs of stromatolite forms at LTV. (A) The bioherms develop as decimeter-scale domes
made-up of wavy cream coloured laminae, alternating with dark green to black laminae. (B) A vertical outcrop
showing digitate stromatolites overlain by a stratiform mat. (C) The centimeter-scale digitate stromatolites
have a polygonal shape and are closely packed. Hundreds of digitate columns make up each bioherm. (D)
Horizontal section through middle of bioherm. The digitate stromatolites developed perpendicular to the domal
laminae allowing vertical, horizontal and oblique views through the digits. (E) The stromatolites are made up
of alternating cream and light green chert laminae in a medium-grained grainstone containing abundant
centimeter-scale rip-up clasts (white arrow). (F) The rip-up clasts often become nucleation points for the
development of the stromatolites (white arrows).
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2.3.3  Northshore Mine (Peter Mitchell Mine)

UTM 576421E, 5278854N, 15N

The Northshore mine is located 8 km southeast of Babbitt, Minnesota, off Forest Route
112. Entry to the property was provided by Cliffs Natural Resources. The outcrop consists of a
1.5 m vertical exposure which extends several meters laterally and contains an exceptionally well

preserved section of the Upper Stromatolitic Member (Figure 55A).

At the base of the outcrop domes exceeding 15 cm in diameter develop from a
conglomeratic layer. The domes are made up of highly contorted laminae containing deep red to
pink chert (Figure 55B). They are surrounded by intraformational rip-up clasts within a medium
grained cherty grainstone. Overlying the domes, ~60 cm of digitate stromatolites are present,
which can be divided into three zones. The first extends up from the base ~50 cm and contains
poorly developed jasperlitic digitate stromatolites. These forms show low to moderate
inheritance, and have an average height of 1.5 cm. Above these, extending an additional 10 to 15
cm are exceptionally well preserved digitate forms (Figures 55C, 55A). These stromatolites show
a consistent diameter of 1 cm throughout the columns. The digits have an inclined to curved
habit of accretion, while maintaining a high degree of inheritance. Individual columns range up
to 10 cm in relief, with minimal bridging structures. Alpha and beta branching is common,
generally occurring from the left side of the columns. They range in colour from fire-red to
cream laminae which irregularly alternate with black laminae. The top zone contains poorly
developed digits, similar to the basal zone. However, the stromatolites within this zone are
composed of white chert. The top of the outcrop contains abundant centimeter-scale rip-up clasts

in a medium to coarse grainstone (Figure 55D).
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Figure 55. Outcrop photographs of the Northshore Mine study site. (A) The outcrop consists of a 1.5 m vertical
exposure of the Upper Stromatolitic Member. (B) At the base of the outcrop decimeter-scale cherty domal
stromatolites overly intraformational conglomerate. (C) Exceptionally well preserved digitate stromatolites.
The curved to inclined digits can reach a relative relief of up to 10 cm and show a high degree of inheritance.
(D) A rip-up conglomerate layer containing centimeter-scale clasts embedded in a medium to coarse grainstone
overlies the stromatolites.
At the outer edges of the column the laminae coalesce forming a well-defined wall

structure (Figures 56A, and 56B). The width of the wall varies from 200 to 400 um, and can be

continuous over several centimeters. Interestingly, a notable increase in the intensity of colour

occurs within the wall at the grainstone-stromatolite contact from a pale orange in the column to
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Figure 56. Photographs of stromatolite bearing hand samples. (A) Well defined digitate columns with alpha
and beta branching. Bridging is rare in the large columns, however the wall structures are well developed often
with higher relative amounts of iron oxides as noted by the brighter red colour. (B) Centimeter-scale columns
directly underlying the larger columns. Bridging is common and can be seen as a continuation of the red wall
at the stromatolite-grainstone interface. Note the difference in intensity of the wall and internal laminae (scale
in mm). (C) Zones of magnetite-rich (bottom) versus jasperlitic rich (middle) grainstone are common. The
microbial mat bridging the columns has grains of each trapped within the jasperlitic laminae. (D) Secondary
white quartz zones, continuous across several centimeters, contain fragments of stromatolite and grainstone.

vibrant red signifying an increase in iron concentration within the microbial mat (white arrow
Figure 56A). Bridging of the centimeter-scale columns is common, and occurs as thin wisps of
microbial mat from the wall drapes over the grainstone, connecting adjacent columns (Figure
56B). Frequent trapping of individual grains in the microbial mat occurs, and records differences
in grainstone composition. In Figure 56C a distinct change is evident from a magnetite
dominated grainstone (silver) near the bottom to a more jasperlitic grainstone (dark red) in the

middle. Individual grains trapped within the laminae show a similar compositional difference.
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Figure 57. Photomicrographs of laminae. (A) The grainstone-stromatolite contact. Note the abundance of large
quartz crystals (PPL). (B) The dark laminae are composed of concentrated inclusions of cryptocrystalline
hematite with relatively sharp boundaries (XPL). (C) A predominance of blocky megaquartz crystals make up
the light stromatolitic laminae as well as the intergranular cement (XPL image of (A)). (D) Diffuse black zones
similar to those containing abundant microfossils at other sites contain no filamentous or spheroidal structures.
Secondary quartz is present in abundance in all samples examined. Translucent to white
quartz zones can be continuous across several centimetres, and rarely in outcrop over one meter.
In some cases they parallel the column laminae as can be seen in Figure 56 A, while also
crosscutting and destroying in the centimeter-scale columns (Figure 56D). In the smaller

columns, angular fragments of stromatolite are present within the quartz, as well as millimeter-

scale blocks of lithified grainstone.
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In thin section, differences between the Northshore samples and those previously
described are evident. The dark laminae are thinner (generally under 100 pm) and show a greater
continuity along the convexity of the column (Figure 57A). They are composed of concentrated
bands of cryptocrystalline hematite inclusions in blocky quartz with relatively sharp boundaries.
The light laminae are composed of blocky megaquartz with crystal sizes ranging up to 90 um in
length (Figure 57B). This is in stark contrast to the microquartz crystals previously described
within stromatolitic laminae, which had an average length of under 25 um. The increase in the
size of the quartz crystal is evident even at low magnification and the result of thermal
metamorphism (Figure 57C). Interestingly, carbon-rich zones similar to the laminae containing
microfossils in the Middle Stromatolitic Member are present in the Northshore samples, however

no structures resembling spheres or filaments were found (Figure 57D).

2.34 Thunder Bird North Mine

UTM 535000E, 5257910N 15N

The United Taconite Thunderbird North Mine is located 8 km south of Virginia,
Minnesota, off US Highway 53. Access was provided by Cliffs Natural Resources. Within the
mine the Upper Stromatolitic Member is made up of resedimented stromatolites, termed
oncolites. These structures make up a marker bed 70 to 100 cm thick that is continuous
throughout the mine locally known as the UC-6 subunit (Figure 58A). It overlies a medium- to
coarse-grained oolitic ankerite grainstone containing decimeter-scale zones of magnetite and is
overlain by chert beds containing abundant coarse-gained jasper rip-up clasts. The UC-6

submember is exposed several meters above ground, thus in situ sampling was not possible. All
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Figure 58. Photographs of the UTAC Thunder Bird North oncolites. (A) The UC-6 oncolite subunit ranges in
thickness from 70-100 cm and is continuous throughout the mine. (B) In core the oncolites appear as wavy dark
layers which alternate with white chert. (C) The oncolites are surrounded by a mottled, coarse-grained
grainstone. (D) The oncolites occur as subrounded spheres, 4 to 8 cm in diameter and made up of millimeter-
scale light granule-rich and dark iron-rich layers. (E-F) More commonly the oncolites occur as centimeter-
scale elongated spheres composed of an angular chert grain surrounded by dark laminae.

samples were collected from blast piles below the exposure.

In core the oncolites occur as wavy, iron-rich layers, which alternate with pale red to

purple grainstone layers (Figure 58B). Two distinct forms of oncolites were noted at the mine.
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The first occurs as 4 to 8 cm, subrounded spheres embedded in a mottled, purple to red coarse-
grained grainstone (Figure 58C). The mottled zones contain disseminated magnetite surrounded
by purple to red chert. The oncolites are made up of dark, wavy, iron-rich laminae several
millimeters thick, which alternate with creamy white chert containing rounded granules. The
core of these oncolites is generally made up of cemented grainstone comparable to that
surrounding the oncolites (Figure 58D). The second form are centimeter-scale elongated spheres
composed of millimeter-scale dark laminae concentrically laminated around jasper rip-up clasts

(Figures 58E, 58F).

The oncolites occur interspersed with multicentimeter-scale jasper and magnetite-rich
rip-up clasts (Figure 59A). The rip-up clasts contain rare concentric laminae consisting of dark
and light jasper and magnetite. Dehydration cracks within the rip-ups are common (Figure 59B).
The rip-ups overlay a 2-mm-thick jasper layer which caps off a decimeter-scale zone containing
2 to 4 cm magnetite clasts in a chert matrix. Within this zone rare white chert clasts are present
(Figure 59C). One sample collected contains a chaotic mix of angular black and white chert
clasts, magnetite clasts, and oncolites composed of magnetite-jasper-carbonate (Figure 59D).
The oncolites within this sample are highly fractured, containing abundant carbonate-filled

cracks. This sample is however not typical of the oncolites.

Figure 60 illustrates typical Thunder Bird oncolite composition. The nucleus is an angular clast
composed of cemented grainstone (magnetite and jasper grains) intermixed with millimeter-scale
jasper- magnetite clasts and magnetite. Dehydration cracks extend through the magnetite, but do
not extend into the cemented grainstone. The nucleus is surrounded by asymmetrical laminae of

jasper, magnetite and grainstone. The laminae are noticeably thicker on the top of the oncolite
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Figure 59. Photographs of oncolite bearing grab samples. (A-B) The oncolites are interspersed with abundant
intraformational jasper and magnetite rip-up clasts in a coarse-grained grainstone. (C) The jasper rip-up clasts
overlie a decimeter-scale zone of magnetite-rich clasts with rare white centimeter-scale chert grains. (D)
Randomly oriented, angular clasts surrounding magnetite-jasper-carbonate oncolites.
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Figure 60. Oncolite surrounded by medium- to coarse-grained grainstone composed of rounded jasper and
magnetite grains. The nucleus is made up of cemented grainstone, magnetite containing dehydration cracks
and millimeter-scale jasper rip-up clasts. This is surrounded by asymmetrical wavy laminae composed of
jasper, grainstone, and hematite. The grainstone is a mix of submillimeter magnetite and jasper grains.

whereas the basal laminae are thin and mostly jasper.

A grainstone composed of submillimeter ooids, granules and coated grains as well as
larger (<1 mm) clasts surrounds the oncolites. Interestingly granules composed of magnetite and
those composed of jasper as well as magnetite grains with a jasper rim are intermixed with
angular centimeter-scale clasts (Figure 60). The clasts are predominantly jasper containing
dehydration cracks. However, some composed of laminated magnetite with rare jasper rims are

also present.

In thin section the composition of the oncolites becomes more complicated. Some
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Figure 61. The laminae within the oncolite are compositionally diverse. (A) Discontinuous, wavy laminae
composed of iron oxides irregularly alternate with quartz (XPL). (B) Diffuse layers, 25 to 50 pm thick
containing micro- to cryptocrystalline hematite between opaque hematite laminae (XPL). (C) Thin (100 to 200
um) layers of greenalite (white arrow) alternate with hematite at the outer edge of oncolite (XPL). (D)
Backscatter image of ferroan-rhodochrosite (Rds) bound by stilpnomelane (Stl) overlying a magnetite (Mag)
laminae.

samples examined have a simple composition of iron-oxide and quartz with minor
cryptocrystalline inclusions of carbonate and/or hematite within the quartz (Figure 61A, 61B).
However, others have varying compositions of iron oxides, iron silicates, quartz, and carbonates.
In Figure 61C thin layers of greenalite (white arrow) alternate with hematite at the edges of the
oncolite. Similarly, discontinuous zones of ferroan-rhodochrosite containing relict 30 to 50 um

chert crystals bound by well-defined layers of stilpnomelane are relatively common and often

occur with magnetite laminae (Figure 61D).
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As noted above, the oncolites are surrounded in a medium- to coarse-grained grainstone
comprised of ooids, granules, coated grains and rip-up clasts. Within one of the cherty granules
several spheres, each roughly 25 to 30 um in diameter are present (Figure 62). These cores of
these spheres are composed of chert with finely disseminated iron similar to the material between

spheres and is coated in a 6 to 10 um thick rim of iron oxide.

Figure 62. Backscatter image of a peloid containing multiple iron-oxide coated spheres measuring 25 to 30 pm
in diameter.

118



2.3.5 Drill Core

2.3.5.1 VHD-001

UTM 530941E, 5257656N, 15N

The 482 m deep VHD hole was drilled by BHP Minerals near the town of Virginia,
Minnesota, roughly 140 meters above the Pokegama-Biwabik contact. Within this core, 120 cm
of the Upper Stromatolitic Member is present. At the bottom of the unit, 30 cm of stratiform and
pseudocolumnar stromatolites overlie pebble conglomerate made up of cherty mud-chip rip-ups.
These are overlain by 90 cm of oncolites in a mostly grainstone matrix. At the base of the
section, the oncolites are surrounded in a medium- to coarse-grained grainstone (Figure 50A).
Further up column, layers of magnetite mud interspersed with granules become common (Figure
50B), until the oncolites are completely surrounded by magnetite-chert rich mud at the top of the

unit (Figure 50C).

In thin section the coarse grainstone surrounding the oncolites contains abundant granules
ranging from sub-millimeter to several millimeters in length. They are composed primarily of
jasper often with 100-to-200 pm thick outer rims of iron oxide. The wavy laminae within the
oncolites are well preserved and are composed of black carbon-carbonate-iron oxide-rich
laminae alternating with jasper (Figure 63A). The nucleus of the oncolites is composed of
lithified grainstone (granules and ooids in a microcrystalline quartz cement), or jasper rip-up
clasts. Often dehydration cracks extend through the nucleus and extend into the wavy oncolitic
laminae. The carbonate within the oncolites ranges compositionally from siderite to ferroan-
rhodochrosite and occurs as cryptocrystalline inclusions in microquartz and/or as large (=100

um) zoned rhombs which alternate with thin, discontinuous dark laminae (Figures 63B, 63C).
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Figure 63. Photographs of oncolites in thin section. The oncolites are composed of a jasper core with alternating
laminae of manganiferous carbonate and iron oxides. Note the dehydration cracks in each of the samples. (A)
The basal oncolites have well preserved internal laminae, and are surrounded by a coarse grainstone, (B) The
oncolites in the middle section are composed of jasper in a peloid grainstone. (C) The oncolites contained within
the uppermost section are encased by magnetite with variable laminae preservation.

composed of microcrystalline quartz with cryptocrystalline hematite inclusions disseminated
throughout (Figures 63C, 63D). Investigation conducted with the electron microscope confirm
the optical observations showing the thin lamination within the oncolites are composed of

alternating chert and manganiferous siderite laminae with thin zones of iron oxide (Figures 63E,

63F).

Elemental mapping of the oncolite in Figure 64F illustrate the compositional variation
from the nucleus to the oncolite-grainstone interface (Figures 65A, 64F). The nucleus of the

oncolite is composed of a manganiferous dolomite with an average of 10 point analyses yielding
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Figure 64. Photomicrographs of oncolite lamination. (A) The oncolites, surrounded by a coarse grainstone
containing abundant granules, are composed primarily of microquartz alternating with irregular iron oxide or
carbonate laminae. (B) The carbonate occurs as cryptocrystalline inclusions in microquartz and/or as large
(100 pm) zoned rhombs (white arrow) (PPL). (C) Near the outer edge of the oncolite the laminae become
thinner, and more iron-rich, alternating with layers of carbonate rhombohedra (XPL). The dark laminae are
composed of microcrystalline quartz with cryptocrystalline hematite inclusions disseminated throughout
(XPL). (E) Backscatter image of thinly laminated oncolite with alternating chert (Qz) and manganiferous
siderite (M-Sd) laminae containing thin zones of iron oxide. (F) Backscatter image illustrating the
compositional variation of the laminae (white - iron oxide, light grey - manganiferous siderite, dark grey -
chert). Note the fracture of the innermost iron oxide laminae (See Figure 65 for more detail).
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Figure 65. False colour EDS maps of oncolite lamination. (A) Backscatter image illustrating the variation in
laminae composition and size. (B) magnesium, (C) calcium, (D) silicon, (E) iron, and (F) manganese.

a value of 10.2% manganese.

Outwards from the nucleus, the oncolite is composed of magnetite laminae ~100 pm
thick which alternate with a manganiferous siderite with a Fe:Mn of 2:1 (Figures 65E, 65F).
Point analysis revealed values up to 13.1% manganese in these layers. Present throughout the
oncolite are discontinuous layers of silicon in the form of microquartz (Figure 65D). The
magnetite lamina nearest the nucleus is fractured with the manganiferous dolomite extending

into a quartz lamina (Figure 65E).
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The ICP-MS measured REE contents for samples taken from the VHD-001 core were

normalized to PAAS values and plotted (Figure 66). The samples selected for analysis all

contained manganese-rich oncolites from the base (VHD-27A) middle (VHD-22) and top (VHD-

X) of the oncolite section. The plot shows a consistent pattern for the VHD-22 and VHD-X

samples showing a slight enrichment in HREE compared to the LREE, a negative Ce anomaly

and a positive Eu anomaly. The VHD-27A sample shows no Ce anomaly, and a positive Eu

anomaly.
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Figure 66. The PAAS normalized REE diagram for VHD-00-1 core showing a slightly negative to nil Ce
anomaly, distinctly positive Eu anomalies and a slight depletion in LREE and HREE in relation to the mid-

REEs.
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2.3.5.2 LWD-99-1/ LWD-99-2

UTM 531571E, 5252837N 15N

The 423 m deep LWD-99-1 and 430 m deep LWD-99-2 holes were drilled by BHP
Minerals 6 km southwest of the town of Eveleth, Minnesota. A distance of 2 km separates the
drill holes. The Upper Stromatolitic Member in the LWD cores is located roughly 47 m below
the Limestone Member at the top of the Gunflint. Regrettably a 1 to 1.5 m section of drill core
was removed from each box leaving only a few centimeters of core containing the Upper
Stromatolitic Member for study. Fortunately the LWD cores share a striking similarity in
composition to the VHD core previously described. Despite the missing core, several samples

were obtained for further investigation.

The stromatolitic unit overlays 100 cm of intraformational conglomerate made-up of
elongated chert rip-up clasts, and centimeter-scale compound grains in a medium- to coarse-
grained grainstone. Magnetite bands <5 mm are sporadically present throughout the
conglomerate layer. The base of the stromatolitic unit is marked by the development of a
stratiform mat, composed of wavy sub-millimeter jasper- and iron oxide-rich laminae. Directly
above the missing core, 10-20 cm of centimeter-scale oncolites intercalated with jasper rip-up

clasts are overlain by medium-grained, jasperlitic peloidal grainstone (Figure 67).

Compositionally the oncolites are similar to those described from the Thunderbird and
VDH sites. Development of laminae often occurs on intraformational rip-up clasts composed of

jasper. The oncolites in Figure 67 illustrate the typical asymmetrical laminar growth noted in the
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Figure 67. Photograph of oncolites in core. Intraformational rip-up clasts are common sites of oncolite
development. Note the asymmetrical growth of laminae on the right.

majority of the samples examined. The laminae (if present) at the base of the oncolite are thin,
with a total thickness of ~1 mm. This is in contrast to the well-defined multi-millimeter laminae
that developed from the upper surface of the nucleus. Bands of euhedral magnetite are present

crosscutting the jasperlitic laminae throughout the oncolites.

One unique feature of the LWD oncolites is the presence of microdigitate stromatolites
within the laminae (Figures 68 A, 68B). They range from 250 to 500 pm in width and are less
than 1 mm in relief. Alternating iron oxide-rich and poor laminae define the internal
microstructure. The iron oxide-poor laminae are composed of microcrystalline quartz with trace

cryptocrystalline carbonate and/or hematite. The interspace between the microdigitate forms is
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Figure 68. Microdigitate stromatolites within the oncolites. (A) Finely laminated, iron oxide-rich microdigitate
stromatolites make up multiple layers within several of the oncolites (PPL). (B) Same as (a) in XPL showing
iron-rich (dark) and iron-poor (light) zones surrounding the microdigitate stromatolites (XPL). (C) Three
individual growth phases, each ~500 pm high developed successively on top of one another. A dark iron-rich
wall surrounds the stromatolites (XPL). (D) Backscatter image showing the iron concentrating in/around the
microdigitate stromatolites. Note the sharp contact at the base of the stromatolites.

made up of minor carbonaceous material and cryptocrystalline hematite in microquartz. When
present, wall structures are well developed and appear as dark zones around the stromatolite

(Figure 68C). The contact between the stromatolites and underlying laminae is sharp. Figure 68D

illustrates the accumulation of iron (white) in and around the microdigitate stromatolites.

The oncolite-grainstone contact ranges from sharp to gradational. Where sharp, it is

defined by a 100 to 200 um thick jasper layer delineating the oncolite-grainstone boundary.
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More commonly the contact is gradational, with an increase in the number of grains trapped
within the outer oncolite laminae. The grains consist of granules, ooids, coated grains,
intraformational clasts and aggregate clasts surrounded by microquartz with abundant

carbonaceous material imparting a cloudy brown appearance.

The grainstone surrounding the oncolites is compositionally diverse with the grain types
mentioned above present in varying abundances. Generally, the grains are <l mm in diameter,
rounded to subrounded and contain jasper, magnetite and carbonate (Figure 69A). Grains with
irregular, wavy laminae similar to those found in the oncolites are common in the grainstone
often exhibiting asymmetrical laminae development from one side (white arrow, Figure 69A).
Aggregate clasts, similar to those previously described at Whitefish and Mink Mountain are
common. They are composed of multiple grains in a microquartz cement containing diffuse
cryptocrystalline hematite. Overlaying the grains are multiple, subparallel, iron-rich laminae
interspersed with quartz (Figure 69B). Subrounded fragments of oncolite/ stromatolite were also
noted in abundance. They are composed of alternating light and dark laminae composed of iron
oxide and quartz respectively (Figure 69C). The ooids examined all contain well developed
cortical laminae around a jasper nucleus. The laminae are made up of thin hematite laminae
which alternate with microcrystalline quartz. The quartz crystals are well defined and do not
crosscut the hematite laminae (Figure 69D). Many of the ooids contain dehydration cracks which

extend through multiple cortical laminae (Figure 69E).

Carbonate is ubiquitous in all samples examined, both within the oncolites and
surrounding grainstone. The oncolites show a composition similar to that described in the VHD

and Thunderbird samples, with varying abundances of ankerite, manganiferous-ankerite and
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Figure 69. Grainstone features. (A) The grainstone surrounding the oncolites is compositionally diverse with
varying abundances of ooids, granules, coated grains, intraformational clasts, aggregate clasts and micro-
oncolites (white arrows), (PPL). (B) Aggregate clasts containing multiple grains cemented by microquartz
containing cryptocrystalline hematite inclusions. Multiple subparallel iron-rich laminae coat the grain (PPL).
(C) Fragments of laminated oncolite/stromatolite are common in the grainstone, exhibiting low angularity
alluding to reworking prior to cementation (PPL). The ooids examined contain well developed cortical laminae
surrounding a jasper nucleus. The quartz crystals are defined and do not crosscut the laminae boundaries
(XPL). (E) Backscatter image illustrating dehydration cracks within hematite-quartz ooid. (F) Backscatter
image of manganiferous ankerite (white arrow) replacing quartz. Note the residual hematite laminae (black
arrow) within the micro-oncolite.
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ferroan-rhodochrosite within the laminae. The grainstone contains zones of carbonate replacing
the quartz cement. In Figure 69F manganiferous-ankerite (light grey) has replaced the quartz
(dark grey), including a micro-oncolite. The iron-rich laminae (white) remain despite the

pervasive replacement (black arrow).

Several spheres are present within a peloid (Figure 70). These spheres show a consistent
diameter of 20 to 25 um and occur in groups of three to five. They have a central core composed

of quartz, surrounded by a thin iron-rich rim containing crystals <1 um in diameter.

SU70 20.0kV 15.0mm x1.20k SE(M)

Figure 70. Iron-coated, 20 to 25 pm spheres within a peloid. They are composed of a central area composed of
quartz, coated in an iron-rich rim of micron-scale crystals.

The ICP-MS measured REE contents for samples taken from the LWD-99-1 core were

normalized to PAAS values and plotted (Figure 71). The samples selected for analysis consisted
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Figure 71. The PAAS normalized REE diagram for the LWD-99-1 core. Samples selected for analysis consisted
of two manganiferous-ankerite oncolites (LWD-A, LWD-6A) and a jasper-rich wavy-laminated stromatolite
(LWD-5A). LWD-5A and LWD-6A show a negative Ce anomaly, distinctly positive Eu anomalies and a slight
depletion in LREE in relation to the HREE. LWD-A has a slightly positive Ce anomaly and distinctly positive
Eu anomalies, with a depletion in LREE in relation to the HREE.

of two manganiferous-ankerite oncolites (LWD-A, LWD-6A) and a jasper-rich wavy-laminated
stromatolite (LWD-5A). The LWD-5A and LWD-6A plots shows a consistent pattern with a
negative Ce anomaly, a positive Eu anomaly and enrichment in the HREE:s in relation to the

LREEs . The LWD-A sample shows a slight positive Ce anomaly, a positive Eu anomaly and

enrichment in the mid and HREEs in relation to the LREEs.

23.5.3 MGS-2

UTM 548449E, 5259726N 15N
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Figure 72. Photograph of MGS-2 Core. The Upper Stromatolitic Unit is 110 cm thick, and consists of three
distinct stromatolitic horizons separated by decimeter scale layers of chemical mud intercalated with medium-
grainstone; white arrow indicates up direction, (a) is at the top of the section. (B) The basal stromatolites consist
of columnar, stratiform and pseudocolumnar forms composed primarily of millimeter-scale jasper laminae
alternating with cream to white chert. (C) The middle stromatolite contains well developed digitate forms
overlain by stratiform mats containing abundant trapped grains within the laminae. (D) The top horizon
contains chert rip-up clasts with rare centimeter-scale oncolites (white arrow).

The 691 m deep MGS-2 hole was drilled by the Minnesota Geological Survey 6 km
southeast of Mckinley, Minnesota. No sampling was possible as a significant amount of the core

had already been removed.
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The Upper Stromatolitic Member is present in three sections totaling 110 cm (Figure
72A). The basal stromatolites directly overlie a fine-grained, iron-rich, magnetic, chemical
mudstone intercalated with medium-grained peloidal grainstone. They consist of small (2 cm)
columnar stromatolites overlain by 45 cm pseudocolumnar and centimeter-scale laterally linked
digitate stromatolites (Figure 72B). Overlaying the basal stromatolitesis 10 cm of highly
magnetic red chemical mudstone which is in turn overlain by 20 cm of stratiform and columnar
stromatolites in a medium-grained grainstone (Figure 72C). Above this, 35 cm of rip-up clasts
and rare centimeter-scale oncolites complete the stromatolitic section (Figure 72D). Jasper is the
most common constituent of the stromatolites and oncolites, however, magnetite, hematite and

carbonate are all present in varying abundances.

2354 2627

UTM 578923E, 5275160N 15N

The 167 m deep 26-27 exploration hole was drilled by Northern Pacific Co. 15 km
southwest of Babbitt, Minnesota, between the LTV and Northshore mines. Similar to the core
previously described, only minimal sampling was possible due to the condition of the core and

amount remaining in the box.

In the 2627 core, the Upper Stromatolitic Member occurs 44 m below the Limestone
Member at the top of the Biwabik Formation. The 100 cm stromatolitic horizon contains
stratiform and domal stromatolites at the base which overlie a coarse grainstone composed of
jasper and chert rip-up clasts in a white chert cement (Figure 73A). The ~15 cm stratiform mat at
the base consists of 2 to 4 mm thick undulatory laminae composed of hematite, quartz and minor

carbonate. Centimeter-scale layers containing grainstone similar to that described below the mat
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are present between the stromatolitic laminae. Above this, 85 cm of wavy, cream and dark green
laminae alternate within laterally linked columnar stromatolites (Figure 73B). Overlying the

stromatolites, 20 cm of oolitic grainstone caps off the section.

Figure 73. Photographs of stromatolites in the 2627 core. (A) At the base of the stromatolitic horizon,
undulatory laminae 2-4 mm thick make up a 15 cm thick stratiform mat. The mat overlies coarse-grainstone
containing abundant jasper rip-up clasts in a white chert cement (up direction to left). (B) Cream and dark

green chert make up the stromatolites in the upper 100 cm stromatolitic horizon.

2.3.55 PR-98-1

UTM 578923E, 5275160N 16N

The PR-98-1 core was drilled ~4 km northeast of the Ontario-Minnesota border near Pine

Bay. The core on contains a 74 cm section of the Upper Stromatolitic Member (Figure 74). This
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is located roughly 40 meters below the Limestone Member at the top of the Gunflint. The base
of the section consists of a medium-grained peloidal grainstone containing white and purple

chert with thin (<1 cm) magnetite layers. This is overlain by 24 cm of brecciated white chert

grainstone containing centimeter-scale pink layers of ferroan-rhodochrosite bounded by

Figure 74. The PR-98-1 core contains a 74 cm section with iron-rich oncolites. The base of the section (white
arrow facing in up direction) consists of typical Gunflint grainstone. It is overlain by a highly brecciated
section, overlying the oncolites. The oncolites are overlain by thick green zone before being overlain by a
medium-grained grainstone.

millimeter-scale magnetite laminae. Several centimeters of grainstone containing angular, shard-
like grains in a white chert cement directly underlay the oncolites. The oncolites occur as either
rounded or elongated iron-rich spheres in a magnetite-rich cherty grainstone. Overlying the
oncolites is a 40 cm green zone containing highly irregularly bedding. A sharp contact separates

the green zone and the overlying medium-grained, peloidal grainstone composed of chert and

magnetite.
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The oncolites occur as elongate or spherical structures composed of alternating white and
dark laminae (Figure 75). The large (2 to 5 cm) elongate oncolites develop from magnetite or

jasper rip-up clasts, and are subsequently surrounded by thin, discontinuous magnetite and quartz

laminae (Figure 76A). Dehydration cracks extend through the oncolites. The magnetite and

Figure 75. Two forms of oncolites are present in the PR-98-1 core. The elongate oncolites contain a nucleus of
a jasper or magnetite rip-up clast containing dehydration cracks, surrounded by magnetite, chert, carbonate
and iron silicate laminae. The spherical oncolites contain a nucleus composed of grainstone with asymmetrical
laminae of magnetite and chert with minor carbonate and iron silicates.
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Figure 76. Photomicrographs of oncolite lamination. (A) Cross section through an elongated oncolite
illustrating the magnetite-rich rip-up clast core surrounded by dark and light laminae composed of magnetite+
amphibole+ carbonate and quartz. Note the dehydration cracks throughout (PPL). (B) Iron-aluminum-silicates
are regularly found within the elongate oncolites (XPL). (C) Coated grains trapped within the outer laminae of
the elongate oncolites are common (PPL). (D) Subparallel lamination of magnetite (opaque) and quartz make
up the spherical oncolites with only trace carbonate observed (XPL). (E) Backscatter image illustrating the
compositional variation within the laminae. Magnetite (Mag) and quartz (Qtz) laminae are overprinted and
replaced by an iron aluminum silicate (FAS) and ankerite (Ank). (F) Ankerite rhombs, rimmed by magnetite
are present throughout the interspace (XPL).
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quartz lamiae are often overprinted/replaced by zones of an iron aluminum silicate (Figure 76B).
Abundant coated grains trapped within the outer laminae of the elongate oncolites are common.
The coated grains contain a blocky quartz core with either jasper or magnetite defining their
outer boundaries. The rounded oncolites contain a nucleus composed of peloidal grainstone
containing grains of jasper, magnetite and iron silicate in a chert cement. Surrounding the
nucleus, 100-to-200 um thick magnetite laminae alternate with ~500 pm layers composed of
megaquartz with minor carbonate (Figure 76D). The laminae are better defined and show a
greater continuity than those of the elongate oncolites, however preferential asymmetrical
laminae development on the top surface of the spheroidal oncolites was noted (Figure 75).
Backscatter imaging illustrates the composition of the oncolite laminae (Figure 76E). Magnetite
and quartz make up the majority of the oncolite, however, minor manganiferous ankerite and
iron aluminum silicate are present throughout. The areas between oncolites is composed of a
megaquartz cement between granules, ooids and rip-up clasts. Ankerite rhombs with a magnetite

rim are commonly found near the edges of the oncolites (Figure 76F).

The ICP-MS measured REE contents for samples taken from the PR-98-1 core were
normalized to PAAS values and plotted (Figure 77). The samples selected for analysis consisted
of two elongate oncolites (PR98-6 LG, PR98-7 ONC), two spherical oncolites, (PR98-6 SM,
PR98-11 ONC) and two samples of the cement (PR-7 CEM, PR98 11 CEM). The plot shows a
consistent pattern among the six samples showing a distinct positive Ce anomaly and enrichment

in the mid and HREEs compared to the LREEs.
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Figure 77. The PAAS normalized REE diagram for the PR-98-1 core. The samples selected for analysis
consisted of two elongate oncolites (PR98-6 LG, PR98-7 ONC), two spherical oncolites, (PR98-6 SM, PR98-11
ONC) and two samples of the cement (PR-7 CEM, PR98-11 CEM). The plot shows a consistent pattern among
the six samples with a distinct positive Ce anomaly and depletion in the LREEs in relation to the HREEs.
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2.4 Limestone Member Stromatolites

Marking the top of the Gunflint and Biwabik Formations is the Limestone Member. The
Limestone Member has a variable thickness ranging from tens of centimeters up to 6 meters. The
primary carbonate stromatolites occurring within the Limestone Member are directly overlain by

the Sudbury ejecta layer which in many cases overlie sheared off stromatolite domes (Figure 78).

Figure 78. Limestone Member domal stromatolite that has been sheared off by the Sudbury impact blast wave,
with subsequent deposition of accretionary lapilli.
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Three sites were selected for comparison with the iron oxide and silica-rich stromatolites of the
Lower, Middle and Upper Stromatolitic units. The first location, is an outcrop on the side of
Highway 588 where rock piles containing stromatolites and lapilli can be viewed in and ex situ.
The second is an in situ outcrop on Hill Street illustrating the cabbage-shaped carbonate
stromatolites. The final location is the “A” subunit at Northshore mine in Babbitt, Minnesota,
which was thermally metamorphosed to marble, and does not contain any preserved stromatolitic

structures.

241 Highway 588

UTM 306009E, 5357502N 16N

The stromatolites crop out over several meters along the side of the Highway 588, in
Stanley, Ontario, 7 km southwest of the Stanley Inn. The stromatolites occur as decimeter-scale,
cabbage shaped domes, made up of alternating dark and light laminae (Figure 79A). They are
overlain by centimeter-scale accretionary lapilli. Figure 79B shows two domes which developed
adjacent to one another and eventually merged into one larger dome. The dome on the right of
the image is dominated by dark laminae consisting of very-fine grained chloritic ash which is
intermittently interlayered with calcite cement. A close up image of the stromatolite on the left
reveals a distinct difference in the development of the two domes. Unlike the relatively grain-
free dome on the right, the stromatolite on the left contains zones of volcanic shards which
appear to be agglutinated within the light carbonate laminae (Figure 79C). The agglutinated
laminae alternate with millimeter-scale dark laminae composed of chlorite. In thin section the

development of neomorphic spar can be seen fracturing the chlorite laminae (Figure 79D). A
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Figure 79. The primary carbonate stromatolites within the Limestone Member occur as decimeter-scale domes,
made up of alternating light and dark laminae. (B) The merging of two adjacent domes with variation in
laminar development. The dome on the right developed with a majority of chlorite-rich dark laminae with
minor white carbonate laminae. However, the dome on the left contains abundant ash shards within the
carbonate laminae. (C) Thin continuous chloritic ash layers alternate with thicker carbonate laminae
containing agglutinated volcanic ash shards. (D) Layers of recrystallized primary carbonate alternating with
thin, chlorite laminae (XPL).

complete absence of the iron oxides and quartz (jasper and chert), as well as the morphological
differences highlight the difference between the stromatolites in the Lower, Middle and Upper

Stromatolitic Members and these primary carbonate stromatolites at the Hwy 588 outcrop.
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2.4.2  Hill Street

UTM 334405E, 5367076N, 16N

The Hill Street outcrop consists of an exposure roughly 5 m by 2 m located on a private
driveway at the corner of Hill Street and Markland Street, Thunder Bay, Ontario. Multiple
cabbage-shaped stromatolites tens of centimeters in diameter are present at this outcrop (Figure

80). As this site is on private property no sampling was permitted, and access is controlled by the

owner.

Figure 80. The Hill St. outcrop contains multiple domal stromatolites. They occur as cabbage-shaped domes,
tens of centimeters in diameter made up of calcite with thin ash layers. The development of multiple

stromatolites in close proximity to one another caused them to coalesce.
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The close proximity of the stromatolites during their development caused several of the
individual domes to coalesce with adjacent domes creating large multi-dome stromatolites.
Compositionally, the Hill St. stromatolites are the same as those described from Highway 588.
They are composed of alternating light and dark laminae made up of calcite and chloritic ash
respectively. As noted in the previous section there is a marked difference in the composition and
morphology of the primary carbonate stromatolites at this site versus those found in the Lower,
Middle and Upper Stromatolitic Member stromatolites, in particular the absence of iron oxides,
jasper, chert, siderite and ankerite as well as the distinct crinkly laminae within the domes and

the presence of blocky calcite cement.

2.4.3 Northshore Mine (Peter Mitchell)

UTM 576421E, 5278854N, 15N

The Northshore mine is located 8 km southeast of Babbitt, Minnesota off Forest Route 112.
Entry to the property was provided by Cliffs Natural Resources. The Limestone Member is
laterally continuous throughout the mine and comprises the “A” submember, however, contact
thermal metamorphism has altered the limestone to marble. This member consists of a 0.5 to 1.5
m layer of marble containing 4 to 8 cm thick layers of wollastonite (Figure 81). It overlies the
“B” submember compositionally dominated by magnetite, quartz, garnet, amphiboles and rare
vesuvianite. Stromatolites are absent at this location, and in fact are not recorded in the
Limestone Member south of the Canadian border. As noted in the two previous sections, there is
a distinct absence of iron oxides, jasper, chert, iron silicates, siderite and ankerite in the

Limestone Member.
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Figure 81. The “A” submember at the Northshore Mine was thermally metamorphosed resulting in the
development of marble with wollastonite. No stromatolites have been documented in this member south of the
Canada border.
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2.5 Modern Ferromanganese Nodules

Modern ferromanganese nodules were examined as these can provide one of the few
modern examples of stromatolites built of precipitates rather than agglutination. They also
represent iron and manganese precipitated in an environment with plentiful photosynthesizers

an