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ABSTRACT 
 

The primary mineralogy of iron formations, iron and silica-rich chemical 

sedimentary rocks, are crucial archives of Precambrian seawater chemistry. Post-

depositional alteration from diagenesis and metamorphism commonly obscure the 

original mineralogy in many iron formations. Recent studies of well-preserved iron 

formations have identified putative primary mineral phases preserved in silica-cemented 

horizons. Silica cement aids in mineral preservation by sealing pore space with quartz, a 

stable mineral on the Earth’s surface. These previous studies focus on iron formation 

precipitation during the initial rise of oxygen in Earth’s atmosphere and oceans from ~2.5 

- 2.3 Ga. Following this rise, ocean oxygenation remains poorly understood. The ~1.9 

Ga Biwabik Iron Formation in northeastern Minnesota provides an opportunity to study 

well preserved (sub-greenschist facies) iron formation following the ~2.5 Ga rise in 

oxygen. Minerals were identified in silica-cemented horizons and non-silica-cemented 

horizons with petrography and electron microscopy. Cross-cutting relationships and 

mineral compositional data inform a paragenetic sequence and distinguish diagenetic 

minerals from texturally earlier minerals. Observations from petrography and electron 

microscopy suggest silica-cementation preserves textures not present in adjacent 

banded horizons. Diagenetic mineral compositions are influenced by their relative spatial 

proximity between silica-cemented and banded horizons. Within different silica-

cemented horizons, the texturally earliest mineral phases were greenalite or <5 µm 

hematite. These two minerals suggest the initial sediment of the Biwabik Iron formation 

was a Fe(II)-Si greenalite-like gel and/or an oxidized hematite precursor.  
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1.0 Introduction   
1.1 Constraining ocean oxidation through time 
 

The accumulation of oxygen in Earth’s ocean-atmosphere system plays an 

important role in the evolution of life on Earth, with stable oxygen concentrations 

considered a major requisite for the explosion of multicellular life (Nursall, 1959; 

Reinhard et al., 2016). The Great Oxidation Event, or GOE, marks the first accumulation 

of oxygen in Earth’s atmosphere beginning at ~2.4 Ga (Holland, 2006). However, 

oceans failed to accumulate modern oxygen levels (2-8 ml/L, Tyson and Pearson, 1991) 

until ~0.6 Ga (Lyons et al., 2014). The overall evolution of ocean oxidation is difficult to 

constrain throughout the Proterozoic (Lyons 2014). From ~2.4 to ~0.6 Ga, ocean 

chemistry is thought to broadly alternate between ferruginous, euxinic, and suboxic 

conditions (Figure 1). Ferruginous and euxinic conditions are defined as oxygen-free 

(anoxic) reducing conditions, rich in dissolved Fe(II) or H2S, respectively (Poulton, 2004; 

Poulton and Canfield, 2011). Suboxic conditions are defined as low in oxygen (Lyons et 

al. 2009, 2014), with O2 levels around 0- 0.2 ml/L (Tyson and Pearson, 1991). One 

archive of Precambrian ocean chemistry is banded and granular iron formations, which 

are iron and silica-rich chemical sedimentary rocks that precipitated throughout the 

Precambrian (Trendall et al. 2002, Simonson 2003) (Figure 1).  

 
Figure 1. Temporal distribution of iron formation (red peaks before 542 Ma), and ironstone (purple 
peaks after 542 Ma) with key events in Earth history highlighted. Red, blue, and green boxes 
represent simplified deep ocean chemistry, with Fe=ferruginous conditions (Poulton and Canfield, 
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2011), O2= oxic/suboxic conditions (Lyons, 2014), and H2S= euxinic (Poulton et al., 2004). 
Dashed vertical gray bars represent periods of increased mantle-plume activity(Isley and Abbot 
1999). OP= appearance of oxygenic photosynthesis (Nisbet et al., 2007). GOE=Great Oxidation 
Event. Figure modified from Pufahl et al. (2012) and based on data from Pufahl, (2012) and 
references therein. 

 
1.2 Iron formations: primary mineralogy and potential origins  
 

The primary minerals constituting iron formation precipitated directly from 

Precambrian seawater as chemical sediments, and as such provide insight into 

Precambrian seawater chemistry. In many iron formations, hematite has been identified 

as the earliest forming mineral phase (Beukes and Gutzmer, 2008; Sun et al., 2015; 

Konhauser et al., 2017 and references therein). Hematite would have formed from 

dehydration of precursor ferrihydrite or a similar Fe(III)-oxyhydroxide in oxic to suboxic 

seawater (Konhauser, 2017). Precipitation of ferrihydrite has been attributed to three 

formation mechanisms: (1) interaction of soluble Fe(II) with oxygen produced from 

oxygenic photosynthesizers (Cloud, 1968, 1973), (2) direct oxidation of Fe(II) by 

anoxygenic photosynthesizers (Garrels et al., 1973; Konhauser et al. 2002), or (3) UV 

photo-oxidation resulting in Fe(III) (Cairns-Smith, 1978; Braterman et al., 1983). The 

major source of Fe in these formation scenarios is derived from upwelling Fe-rich 

plumes from seafloor hydrothermal vents (Simonson, 2003 and references therein). 

Periods of increased mantle-plume activity are thought to episodically supply additional 

hydrothermally-sourced Fe and precede periods of increased iron formation deposition 

(Isley and Abbott, 1999) (Figure 1). Alternatively, ferruginous conditions necessary for 

iron formation deposition may have been constant throughout the Precambrian, with the 

temporal distribution of iron formation more closely related to crustal preservation 

(Johnson and Molnar, 2019). Whether soluble Fe(II) was episodically pulsed or 

ferruginous conditions persisted, a combination of one or more oxidation mechanisms 

correlates the temporal distribution of Late Archean to Early Paleoproterozoic iron 

formation deposits with the first appearance and accumulation of oxygen in Earth’s 

atmosphere and oceans (Figure 1).  

In addition to Fe-oxides, Fe-silicates have also been identified as the earliest 

forming minerals in iron formation (Spurr, 1894; Leith, 1903), with recent investigations 

confirming greenalite as the texturally earliest mineral (Rasmussen et al., 2015, 2017,  
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2019; Johnson et al., 2018; Muhling and Rasmussen, 2020). These recent studies focus 

specifically on minerals preserved in silica-cemented horizons (Figure 2). In these 

horizons, chert or quartz cement fills the pore space between minerals, and likely formed 

from an initially amorphous silica phase before or shortly after deposition of the 

precursor sediments (Simonson, 1987, Rasmussen, 2015). Greenalite and/or other 

precursor sediments could precipitate directly into silica hardgrounds on the seafloor 

(Rasmussen, 2019) or form porous precipitated sediment that was later filled with 

amorphous silica cement during early diagenesis (Simonson, 1987; Rasmussen, 2015). 

The end result of both scenarios would be silica-cemented sediment, illustrated in Figure 

2. Silica cementation aids in primary mineral preservation by sealing pore space, which 

reduces interstitial fluid flow. In addition, silica-cemented horizons resist burial 

compaction relative to non-silica-cemented horizons (Simonson, 1987), helping preserve 

initial sedimentary textures (e.g. Boggs, 2006) (Figure 2A).  
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Figure 2. Development of silica-cemented sediment and examples from Biwabik Iron Formation 
drill core. (A) In step 1, iron formation sediment is encased in silica cement. Steps 2a and 2b 
illustrate the tabular and nodular varieties of silica-cementation that develop during burial, with 
examples of each present in Biwabik Iron Formation drill core (B, C). Note the uncemented 
sediment draping around chert nodules. Adapted from Rasmussen et al., (2013). 
 

Primary greenalite preserved in silica-cemented horizons has been shown to 

have a high Fe(II), low Fe(III) redox state (Johnson, 2018). In addition, greenalite can be 

experimentally precipitated from oxygen-free (anoxic) seawater with high iron and silica 

concentrations (Tosca et al., 2016). If the initial sediment in iron formations was 

greenalite or a greenalite-like precursor, then constraints on the chemistry of 

Precambrian seawater must consider stable greenalite formation conditions (Johnson, 

2018). Precambrian seawater is already thought to have elevated silica concentrations 

of about 60 ppm (Siever, 1992) and abundant Fe(II) during ferruginous conditions 

(Poulton and Canfield, 2011). However, primary greenalite suggests anoxic seawater 

conditions, rather than oxic to suboxic seawater conditions, would have preceded 

deposition of ~2.5 Ga late Archean to early Paleoproterozoic iron formation (Muhling and 

Rasmussen, 2020).  

 

1.3 Research motivation and project description 

 

 Despite the constraints greenalite precipitation places on seawater chemistry 

during ~2.5 Ga iron formation deposition, minimal investigations have been conducted 

into whether primary greenalite is present in younger ~1.9 Ga iron formation (Figure 1). 

Texturally early greenalite has been identified in several iron formations from this time 

(Leith, 1903; French, 1973; Floran and Papike, 1975; Simonson, 1987). However, 

hematite has also been identified as the primary mineral phase in ~1.9 Ga iron 

formations (Dimroth and Chauvel, 1973; Akins et al., 2013). This primary hematite has 

been suggested to form in a stratified water column, where shallow suboxic conditions 

and deeper anoxia would have been separated by a potential redoxcline (Akins, 2013; 

Pufahl et al., 2014). As such, several studies suggest greenalite would actually form 

during anoxic diagenesis of precursor ferrihydrite originating above a redoxcline (Pufahl 

et al., 2012; Robbins et al., 2019). No study to date has specifically focused on what 

mineral(s) constitute the texturally earliest mineral phases preserved in silica-cemented  
4  



horizons from ~1.9 Ga iron formation. If silica-cemented horizons preserve minerals 

in ~1.9 Ga iron formations, then the geochemical conditions under which these 

minerals form provides a clearer picture of seawater and/or pore fluid chemistry at 

this time. To test this hypothesis, silica-cemented horizons of the ~1.9 Ga Biwabik 

Iron Formation were investigated for primary mineralogy. The Biwabik Iron 

Formation is the middle unit of the Animikie Group, a Paleoproterozoic sedimentary 

sequence from northeastern Minnesota. The Biwabik Iron Formation makes an ideal 

candidate for studying primary mineralogy in iron formations. In addition to containing 

silica-cemented horizons (Figure 2) most of the Biwabik Iron Formation has only 

experienced sub-greenschist metamorphism (French, 1968; Frost et al., 2007) and is 

well preserved. Furthermore, the alteration effects of modern weathering on Biwabik Iron 

Formation outcrops can be avoided by sampling publicly-available drill core stored at the 

Minnesota Department of Natural Resources Drill Core Library in Hibbing, Minnesota. 

Through a combination of high-resolution petrography and electron microscopy, 

diagenetic and texturally early minerals were identified within silica-cemented and 

uncemented horizons. Using cross-cutting relationships and compositional data from 

these mineral phases, a paragenetic sequence was constructed describing potential 

primary minerals and subsequent diagenetic reactions. Possible precursor phases and 

their respective geochemical formation conditions were then postulated from the 

identified primary minerals. These geochemical conditions constrain the seawater 

chemistry during deposition of Biwabik Iron Formation and provide a clearer picture of 

the evolution of seawater chemistry during the Late Paleoproterozoic.  

 

2.0 Background  
 
2.1 Iron formation classification, sedimentary textures, and mineralogy.  
 

Iron formations classify as Algoma-type and Superior-type based on depositional 

setting and stratigraphic association. Algoma-type iron formations typically are 

interstratified with submarine volcanic rocks, and have distinct banded textures 

composed of alternating mm- to cm-scale silica-rich and silica-poor layers. Deposition of 

these laterally extensive layers are thought to occur in calm, relatively deep settings 

below wave-base (e.g. Gross, 1980; Gourcerol et al., 2016). Superior-type iron 

formations, including the Biwabik Iron Formation, are typically interbedded with 
5 



siliciclastic and/or carbonate rocks (e.g. Morey and Southwick, 1995; Akin, 2013). They 

can display banding similar to Algoma-type iron formation (Beukes and Klein, 1990), 

though they more commonly display granular textures composed of predominantly sand-

size chemical sedimentary grains referred to as “granules”. Formation of granular 

textures are attributed to reworking of previously deposited chemical muds by wave 

and/or currents in proximal continental shelf-like environments (Pufahl and Fralick, 2004; 

Pufahl et al., 2014). The textures and stratigraphic associations of Algoma and Superior-

type iron formation can be considered endmembers, with some iron formation containing 

attributes of each. For example, the banded iron formations of the Hamersley Province 

in Western Australia can be interlayered with siliciclastic, carbonate, and extrusive 

volcanic rocks (Krapež et al., 2003; Pickard et al., 2004).  

Despite the contrast in sedimentary textures and lithostratigraphy, the mineralogy 

of many iron formations is remarkably similar. Mineral assemblages in iron formation 

develop through a combination of subsequent diagenesis, fluid flow, and metamorphism 

of the initial amorphous precursor sediments (Klein, 2005). In well-preserved iron 

formations that have undergone low grade (sub-greenschist) metamorphism, the 

mineralogy consists of quartz, Fe-oxides (hematite, magnetite, goethite), Fe-silicates 

(e.g. stilpnomelane, greenalite, minnesotaite) and carbonates (siderite, ankerite, 

dolomite) (Klein, 2005). At higher metamorphic grades ranging from biotite to sillimanite 

zones, minerals such as greenalite, stilpnomelane, and minnesotaite are the precursor 

phases for Fe-rich amphiboles (e.g. riebeckite, grunerite, cummingtonite), pyroxenes, 

and olivine (Klein, 1983). Although higher grade phases including pyroxenes and 

amphiboles are found within contact metamorphosed portions of the Biwabik Iron 

formation (French, 1968), most of the Biwabik consists of mineral assemblages 

indicative of sub-greenschist metamorphism (French, 1968; Klein, 2005; Pufahl et al., 

2014). This high degree of preservation allows for identification of primary minerals as 

well as the identification of key textural relationships between different mineral phases.    

 
2.2 Regional geology  
 

The Biwabik Iron Formation is the middle stratigraphic unit of the Mesabi Range, 

which along with the Cuyuna and Gunflint ranges hosts the Animikie Group, a 

Paleoproterzoic sedimentary sequence extending from central Minnesota to 

southeastern Ontario. The Animike Group is one of several Paleoproterozoic  
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supracrustal sedimentary successions deposited from ~2200 to ~1780 Ma among the 

southern margin of the Superior Province in the present-day Lake Superior region 

(Ojakangas, 2001) (Figure 3). Deposition of Paleoproterozoic sedimentary sequences 

began as continental extension and ocean opening caused basins to develop and 

accumulate sediment unconformably on the margins of the ~2700 Ma Superior craton 

(Schulz and Cannon, 2007; “Archean basement” in Figure 3). Animikie Group sediments 

accumulated on the northern margin of what was previously interpreted as a foreland 

basin (Ojakangas, 2001; Schneider, 2002), but is now interpreted as a back-arc basin 

that developed into a foreland basin (Fralick et al., 2002; Schulz and Cannon, 2007). 

Basin development was driven by tectonic loading between the collision of the northern 

Archean craton and a southern arc-terrane (“Penokean plutonics and volcanics” in 

Figure 3). Animikie Group sedimentation continued through collision from ~1880-1830 

Ma (Schulz and Cannon 2007), with detrital zircons in an upper Animike Group unit 

dated at ~1780 Ma (Heaman and Easton, 2005), therby constraining a maximum 

depositional age. The intrusion of the mafic Duluth Complex at ~1100 Ma Ga isolated 

the likely-continuous Mesabi and Gunflint ranges of the Animikie Group, with the two 

ranges separated by ~100km of plutonic, volcanic, and sedimentary rocks of 

Midcontinent Rift System (Ojakangas, 2001) (“Mesoproterzoic rocks” in Figure 3). 

Today, the Mesabi and Gunflint ranges dip southeast at ~10-20 degrees (Ojakangas et 

al., 2011). 
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Figure 3. Distribution of Paleoproterozoic sedimentary sequences in the Lake Superior region. 
The Animikie group consists of the Cuyuna, Mesabi, and Gunflint iron formation ranges. Figure 
modified from Pufahl et al. 2010.  
 
2.3 Animikie Group Stratigraphy  

 

The Mesabi and Gunflint Ranges of the Animikie group both consist of three 

sedimentary units. Moving up stratigraphy, the Mesabi range consists of the Pokegama 

Formation, the Biwabik Iron Formation, and the Virginia Formation. Previous authors 

have suggested these units represent a marine transgressive sequence (Ojakangas, 

1983; Severson et al., 2009). Each of the formations from the Mesabi range correlate 

directly with equivalent sedimentary units in the Gunflint range (Figure 4). 

 
Figure 4. Simplified stratigraphy for Animikie Group Formations. Ages are described in 

text. SIE= Sudbury Impact Event. Figure modified from Ojakangas et al. (2011) and Cannon et al. 
(2010).   

 

Stratigraphically, the lowest member of the Animikie Group is the Pokegama 

Formation, a <50 meter siliciclastic unit composed of quartzite, argillite, and siltstone. 

The quartzite is composed of a silica-cemented quartz sandstone, with sediment 

sourced from the northern Superior craton (Ojakangas, 2011). The age of deposition is 

thought to be 2125 ± 45 Ma based on a Rb/Sr isochron age from underlying dike 

swarms (Southwick and Day, 1983) and older than 1930 ± 25 Ma basd on cross-cutting  
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quartz veins dated with Pb/Pb isochron age (Hemming et al., 1990). The depositional  

environment of the Pokegama formation is interpreted to be a near shore, tidally-

influenced shallow marine setting based on measurements of bimodal cross-bedding 

interpreted as paleocurrent directions (Ojakangas, 1983). Argillites within the Pokegema 

are thought to have been deposited in an upper tidal flat, alternating argillite and 

siltstone deposited seaward in a middle tidal flat, and quartzite units deposited farther 

seaward in a lower tidal flat (Ojakangas, 1983).  

Overlying the Pokegama formation is the Biwabik Iron Formation, a <225 m-thick 

chemical sedimentary unit composed predominantly of authigenic iron minerals and 

chert. Chemical sedimentation of the Biwabik Iron Formation is interpreted to occur in a 

sediment-starved continental shelf-like setting (Ojakangas, 2001), with little to no visible 

terrestrial material in most drill core samples or thin sections. In addition, minimal 

terrestrial input is suggested by ~1% average Al2O3 composition of the formation (Morey, 

1992). However, several individual sub-members within the Biwabik Iron Formation (the 

Basal Red, the Intermediate Slate, and the putative Sudbury Impact Event horizon) 

contain notable terrestrial sediment and are discussed below. In addition, some of the 

fine-grained beds have upwards of ~5% Al2O3 content (Morey, 1992), and may contain 

terrestrial-sourced material too small to identify in drill core and petrographically. The 

Biwabik Iron Formation is subdivided into four texture-based members, known as the 

Lower Cherty, Lower Slaty, Upper Cherty, and Upper Slaty. The descriptors “cherty'' and 

“slaty'' are texturally-based (Wolff, 1917) and do not refer to the overall composition, 

cleavage, or metamorphic grade (Ojakangas, 2011). Within cherty members, alternating 

>1-5 cm beds of silica-cemented and non-silica-cemented granules make up the primary 

sedimentary texture (Severson et al., 2009). Granules are typically sand-sized, and 

resemble arentic textures in siliciclastic sedimentary rocks (Simonson, 1987). In the 

Upper and Lower slaty members, beds are typically thinner (<1cm) (Figure 5) with non-

silica-cemented beds often composed of mud-sized material instead of granules. 

However, some non silica-cemented bands still contain granules. In this study, granular 

and fine-grained beds will be referred to as “silica-cemented horizons'' and “banded 

horizons,” respectively. Both silica-cemented horizons and banded horizons contain 

granules within this nomenclature, however, silica-cemented horizons always contain 

granules, whereas banded horizons more commonly lack granules, and are defined by a 

lack of silica cement.  
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Figure 5. Drill core location, stratigraphy and sample locations. Biwabik stratigraphy and sample 
locations are shown for drill cores LWD-99-01 and LWD-99-02. Unique horizons within each 
member are discussed in the text. Figure from Brengman (personal communication), regional 
geology modified from Jirsa et al. (2011), and stratigraphy modified from Severson et al. (2009).  

 
 

In addition to authigenic iron minerals and chert-bearing horizons constituting 

most of the Cherty and Slaty members, several sub-members within the Biwabik contain 

terrestrial material. Moving up stratigraphy, the base of the Lower Cherty has a ~1.5 

meter submember known as the Basal Red (Severson, 2009). The Basal Red contains 

abundant hematite coated grains (Figure 5), with the nuclei of some coated grains 

containing detritally-sourced minerals including mono-crystalline quartz and rare 

feldspar. In the upper portion of the Basal Red, authigenic phases including chert, 

carbonates, and the Fe-chlorite chamosite constitute the nuclei of coated grains. Based 

on the gradational nature of the contact, the Basal Red likely represents a conformable 

transition from siliciclastic sedimentation of the Pokegama to chemical sedimentation of 

the Biwabik (Severson, 2009). Terrestrial sediment also constitutes the Intermediate 

Slate, a ~5 meter carbonaceous-rich argillite interstratified between the Lower Cherty 

and the Lower Slaty (Figure 5). Previous authors have suggested the Intermediate Slate 

is a tuffaceous ash-fall deposit (Perry et al., 1973; Morey, 1992). A third diagnostic sub-

member within the Biwabik is a unique carbonate horizon in the top of the Upper Slaty 

(Figure 5). This interval contains beds of limestone and dolomite not found throughout 

lower portions of Biwabik stratigraphy. Within the carbonate beds are putative ejecta-

related materials from the 1850 +1 Ma Sudbury Impact Event (Addison et al., 2005; 

Cannon et al., 2010). More information on these materials can be found in section 4.2. 

The Sudbury impact horizon serves as one of two age constraints for the Biwabik Iron 

Formation, with the main date coming from zircons within a single ash bed from the 

Gunflint Iron formation dated at 1878.3 + 1.3 Ma (Fralick et al., 2002) (Figure 4).  

Directly above the Sudbury Impact Horizon is the Virginia Formation, a 

siliciclastic sedimentary sequence composed primarily of alternating greywackes, 

siltstones, and argilites. The alternating siltstones and greywackes along with upwards 

coarsening sediment in these beds suggest the Virginia Formation was largely deposited 

as turbidite sequences (Lucente and Morey, 1983). The shift from chemical 

sedimentation to clastic sedimentation has been tied directly to the Sudbury Impact 

Event horizon. Specifically, the impact may have disrupted a redox-stratified water  
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column, resulting in deepwater, suboxic conditions that would reduce Fe solubility and 

inhibit iron formation deposition (Slack and Cannon 2009). Alternatively, a shift from 

chemical to clastic sedimentation may instead reflect slowly developing euxinic 

conditions within the Animikie basin at ~1.84 Ga, which would have prevented sufficient 

Fe accumulation for iron formation deposition due to Fe-sulfide precipitation in euxinic 

conditions (Poulton et al., 2004, 2010). Virginia and Rove deposition ages are 

constrained with U/Pb ages measured in detrital and/or volcanic zircons. In the Virginia 

and Rove Formations, zircons within ash beds 5-6 meters above the uppermost impact 

ejecta were dated at 1832 + 3 Ma and 1836 + 5 Ma, respectively (Addison et al., 2005) 

(Figure 4). In the Upper Rove Formation, detrital zircons within a greywacke horizon 

were dated at ~1780 Ma (Heaman and Easton, 2005), providing a maximum age 

constraint in the upper stratigraphy (Figure 4). 

 
 

3.0 Methods: Overview  

In order to identify mineralogy within silica-cemented horizons of the Biwabik Iron 

Formation, samples were first collected from drill core and made into thin sections. 

Mineral phases within thin sections were then identified with a combination of 

petrography, energy dispersive x-ray spectroscopy (EDS) using a scanning electron 

microscope (SEM), and wavelength dispersive x-ray spectroscopy (WDS) using an 

electron microprobe. Additional information about drill core sampling, petrography, SEM 

analysis, and electron microprobe analysis is discussed below. 

 

3.1 Sample Selection 

Biwabik Iron Formation samples were collected from drill cores LWD-99-01 and 

LWD-99-02 at the Department of Natural Resources Drill Core Library in Hibbing, 

Minnesota. In order to obtain a sufficient number of samples from each Biwabik member, 

drill cores LWD-99-01 and LWD-99-02 were selected as they represent the thickest part 

of the Biwabik Iron Formation, and contain abundant material from all four members 

(Severson, 2009). LWD-99-01 and LWD-99-02 core locations along the Mesabi Range 

are shown in Figure 5. Sixty-eight samples collected from 2015 - 2019 were selected 

from both drill cores spanning Biwabik Iron Formation stratigraphy as well as portions of 

the underlying Pokegama and the overlying Virginia Formation (see Table 5 for thin  
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section locations). Finding and collecting silica-cemented samples involved 

searching for gray-to white-colored silica-cemented features in drill core, primarily in the 

form of nodules or tabular horizons (e.g. Figure 2B, 2C). In order to compare mineralogy 

between different horizons, selected samples were cut to encompass both silica-

cemented and banded horizons within the same thin section, as illustrated in Figure 6 

below. Uncovered thin sections received a 40 µm polish for maximum resolution during 

SEM and electron microprobe analysis.  

 

3.1 Petrography 

 

Preliminary mineral identification was conducted using a Nikon SMZ1270/800N 

large-field stereoscope and a Nikon Eclipse LV100N POL transmitted light (TL) 

microscope equipped with reflective light. Visible mineral phases were identified using 

respective diagnostic features in plane polarized (PPL) and cross-polarized light (XPL), 

with reflected light used for identifying mineral phases opaque in transmitted light 

including Fe-oxides and sulfides. In addition to mineral identification, cross-cutting 

relationships between mineral phases and granule/cement contacts were recorded, with 

a summary of textural relations between phases noted in Table 3. Granular textures 

including shape and internal granule structures were also recorded. After preliminary 

mineral identification, the chemical compositions of minerals were then measured with 

EDS and WDS. 

 

3.2 Scanning Electron Microscopy 

 

Before SEM analysis, thin sections were coated with ~15 +5 nm of carbon using 

a LADD Vacuum Evaporator. Backscattered electron (BSE) images and Energy 

Dispersive X-Ray Spectroscopy (EDS) element spectra were collected with a JEOL 

JSM-6490LV Scanning Electron Microscope equipped with an EDS detector at the 

University of Minnesota Duluth Research Instrumentation Laboratory. Qualitative 

chemical compositions of mineral phases were measured with an EDS detector 

collecting X-rays generated from point analysis. Element concentrations were measured 

for specific mineral phases using a Wavelength Dispersive Spectroscopy (WDS) 

detector for X-rays generated from spot analysis. Beam width for spot analyses varied  
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considerably between sessions, but were typically ~50-100 µm wide to avoid analyzing 

multiple mineral phases per analysis. Spot analyses were operated at 10-15 kV with a 

~70 second dwell-time. For a few samples, EDS element maps were collected to display 

distributions of Fe, Al, Mg, and Si in minerals too small for both EDS and WDS spot 

analyses (i.e. < than 3 µm). Element maps were collected across a ~200 by 200 µm 

area at 15 kV, with a map dwell time of 100 µs and a total run time of 92 minutes. 

Element maps of Fe and Si were edited into a composite element map using ImageJ 

software. Unedited maps can be found in the Appendix, with the edited Fe-Si map visible 

in Figure 11.  

 

3.3 Electron Probe Microanalysis 

 

After mineral phases were identified via petrography and EDS, a smaller group of 

fourteen samples was selected for electron probe microanalysis (EPMA) in order to 

quantitatively measure element concentrations of Fe-silicate and carbonate minerals 

across specific textures (Table 1). 

 

Table 1: Samples for electron probe microanalysis. 

 
 

These mineral phases come from samples spanning all four members of the Biwabik, 

and include Fe-silicates and carbonates both inside and outside of granules, as well as 

from non-granular textures (Table 1, “General description of mineral phase” column).  
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Element composition data was collected using a Cameca SXFive field emission (SN944) 

electron microprobe located at the University of Wisconsin-Madison. Element 

concentrations were measured for specific mineral phases using a Wavelength 

Dispersive Spectroscopy (WDS) detector for X-rays generated from spot analysis. 

Elements for Fe-silicates were measured with the following mineral standards: Na and Al 

in jadeite, Mg, Al, Si, and Ca in hornblende, K in K-feldspar, Fe in hematite, Mn in Mn-

olivine, and O in clinochlore. For measuring elements in carbonates, the following 

standards were used: Ca and Mg in dolomite, Fe in siderite, and Mn in rhodochrosite. 

Notably, O was measured in silicates, but not in carbonates. Spot analyses were 

conducted at 10-15kV using a 3-20 µm spot-size with a dwell time of ~90 seconds. Spot 

size was adjusted to prevent multiple mineral phases from being measured during spot 

analyses, with beam width smaller than the mineral being analyzed. However, minerals 

with sub-micron crystals were also measured when they occurred in monomineralic 

aggregates >3 µm, such as in greenalite or chamosite-bearing granules (Table 1, Figure 

6C). This method does risk contamination from different minerals that could be present 

within aggregates of sub-micron minerals, although care was taken to ensure single 

mineral phases were being measured. Verification of whether two different mineral 

varieties were measured in a single analysis included checking for any visual differences 

in BSE imaging, and for variability in chemical composition totals between different spot 

analyses in the same sample. Using both of these verification techniques found minimal 

examples of two or more different sub-micron mineral phases (e.g. Figure 10G). 

 Chemical compositions from WDS spot analyses were measured and reported 

as weight percent (wt%) oxide totals. Unedited data containing error range for WDS 

point analyses and point analysis locations can be found in the Appendices. Oxide data 

from spot analyses was converted into mineral formulas, shown in Table 4. A cut-off of 

<97-101 wt% total was used when selecting spot analyses for calculating carbonate, 

minnesotaite, and stilpnomelane mineral formulas. Spot analyses with wt% oxide totals 

from 95-101% were used when calculating greenalite and chamosite mineral formulas.  

Lower oxide totals were used for greenalite and chamosite mineral formulas since these 

phases had lower average totals (Table 4) as they are hydrated phases. The lower totals 

were likely caused by the sub-µm mineral habits and difficulty measuring water (in the  
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form of O). Cation totals from mineral formulas were then plotted on ternary diagrams 

(Klein 2005) to compare mineral compositions from this study with the minerals in other 

iron formations or Fe-rich sedimentary rocks (Figure 6).  

 
Figure 6. Methods summary. (A) Silica-cemented features observed in drill core, such as the 
chert nodules pictured here, were collected and made into thin sections. (B) Transmitted light (TL) 
image of a chert nodule and surrounding fine-grained material. Preliminary mineral identification 
and mineral relationships were first recorded with petrography (C) Backscattered Electron (BSE) 
image of area from B. WDS spot analyses (orange) were collected across specific mineral 
phases, in this case chamosite-bearing granules. WDS spots are not to scale. (D) Mineralogical 
composition for silicates plotted on ternary diagrams, following similar (Fe+Mn) - Al - Mg 
diagrams of Klein (2005).  
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4.0 Results: Overview 
 

Petrographic, SEM, and EPMA analyses identified granule shapes, internal 

granule textures, non-granular features, and the mineralogy present within silica-

cemented and banded horizons of the Biwabik. Here, results will be presented in three 

sections: (1) textures of granules in section 4.1, (2) textures of non-granular features in 

section 4.2, and (3) mineralogy and internal textures of granules in section 4.3. Granule 

textures will focus on granule shapes, textures of non-granular features will contain 

mineralogy and textural observations of non-granular features, and granule mineralogy 

and internal textures contains petrographic and geochemical findings for mineral phases 

identified in the Biwabik. Internal textures of granules were found to be closely related to 

specific mineral phases and are discussed in sections 4.3.2 and 4.3.13.   
 
4.1 Textures of granules  
 

Granules present in silica-cemented and banded horizons throughout the 

Biwabik vary widely in shape. Using visual estimates of sphericity and roundness particle 

descriptors from Boggs (2006), granules were classified based on visual estimation of X 

and Y axis lengths of granules, with grain dimensions not quantitatively measured at any 

point in this study.  Granules fall into three shape-based categories: (1) ovoid; (2) 

irregular; and (3) elongate. Ovoid-shaped granules have equant dimensions giving 

granules a high sphericity appearance. Ovoid granules also have smooth boundaries. 

Irregular granules have moderate sphericity and smooth to sub-angular boundaries, and 

elongate granules have low sphericity and platy morphologies. Examples of each 

granule shape are shown in Figure 7. Visually classifying granule morphologies 

highlights differences in granule size, shape, and packing density between silica-

cemented and banded horizons, which are discussed below.  

Ovoid and irregular granules are the most common granule morphologies among 

silica-cemented horizons (Figure 7B, D). These granule shapes vary in size and shape 

but typically share similar packing densities. Ovoid granules have smooth edges, and 

have higher sphericity than irregular or elongate granules. Ovoid granule sizes range 

from  ~0.2 - 1.0 mm based on visual estimation. Irregular-shaped granules are typically 

smaller than ovoid granules (Figure 7C), and have boundaries varying from smooth to 

sub-angular (Figure 7C, D). Most irregular granules are randomly orientated. Both  
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irregular and ovoid-shaped granules are encased in silica cement visually estimated at 

~10-40%, giving granules a “floating” appearance among high volumes of intergranular 

cement (Figure 7D) and a tightly-packed appearance among lower volumes of cement 

(Figure 7B). A similar range of silica cement volume is noted in other Paleoproterozoic 

granular iron formations of the Lake Superior region (Simonson 1987).  

  
Figure 7. Granule morphology. Granules shapes are classified into ovoid (A, B), irregular (C,D), 
or elongate (E,F) categories. Silica-cemented horizons contain ovoid and/or irregular granule 
morphologies (B, D), whereas granules among banded horizons typically display elongate 
morphologies (F).  
 

  Elongate granules are the third shape-based granule classification, and are 

most common in banded horizons where no silica cement is present (Figure 7F).  

Elongate granule sizes range from ~0.1- 1.0 mm based on visual estimation and have 

platy morphologies resembling flattened or stretched ovoid granules. The long axes of 

elongate granules are parallel to bedding and neighboring granules in banded horizons 

(Figure 7E). Elongate granules appear less frequently than ovoid and irregular granules  
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throughout samples (Table 3). This observation corroborates the observed lack of 

granules among most banded, fine-grained horizons in the Biwabik (e.g. Severson, 

2009).  

 

4.2 Textures of non-granular features  

 

Several non-granular sedimentary features throughout the Biwabik help inform 

granule formation processes and the mineral paragenetic sequence. Examples of these 

features include pebble-size intraclasts, glass shards, and microbial mats. Noteworthy 

mineral compositions and textures from pebble-size intraclasts are discussed below, 

with potential implications of these features discussed in section 5.1. The composition of 

the putative glass shards is discussed in the section 5.2.2, however the origin of these 

features does not pertain to the overarching focus on mineralogy in silica-cemented 

horizons, and as such the full interpretation is discussed here instead.  

Throughout all four units, some silica-cemented and banded horizons contain 

pebble-size chert fragments interpreted to be rip-up intraclasts (Ojakangas, 1983). The 

margins of chert intraclasts are often irregular, with the chert appearing to conform 

around neighboring granules (Figure 8A, B). This deformation resembles modern soft-

sediment features such as load casts or ball and pillow structures (Boggs, 2006), 

suggesting chert intraclasts are composed of a non-lithified, amorphous phase during 

deposition. Alternatively, deformation could have occurred during burial compaction. 

Primarily composed of chert, pebble-sized intraclasts will often contain inclusions of 

mineral phases not present among the surrounding granules or cement, such as ~3-30 

µm stilpnomelane crystals or ~0.1- 2.0 mm carbonate rhombs (Figure 8A, B). 
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Figure 8. Examples of non-granular features. (A) Transmitted light (TL) image of a pebble-size 
chert intraclast, outlined with dashed line. Carbonate rhombohedral (CO3 rhombs) inside the chert 
intraclast are not present in surrounding granules or cement, suggesting carbonate formation 
predates redeposition of the intraclast. (B) XPL image of chert intraclast. The dashed border 
highlights the plastically-deformed margins of the chert intraclast with neighboring granules. (C) 
BSE image of a carbonate crystal fan. Horizon below the fan contains stilpnomelane fragments 
interpreted as putative glass shards. (D) Putative microbial mat morphology (partially outlined in 
white) among fine-grained carbonate cement.  
 

 Some non-granular features are unique to the carbonate horizons of the Upper 

Slaty. In one sample, angular stilpnomelane fragments floating in carbonate cement are 

interpreted as putative glass shards (Figure 8C). Glass shards in similar-age 

sedimentary sequences from Wisconsin and Michigan are identified as ejecta plume 

deposits from the 1850 +1 Ma Sudbury Impact Event (SIE) (Cannon, 2010). Although 

SIE deposits are also identified in the Gunflint and other Biwabik Iron Formation drill 

cores (Addison, 2005; Severson, 2009), these deposits also contain accretionary lapilli, 

and quartz and feldspar grains that display planar deformation features, which were not 

identified alongside glass shards in this study. The lack of these impact-related 

sediments indicates the glass shards in Figure 8C may not be deposits directly sourced 

from the SIE, but instead volcanic materials related to the SIE or an unrelated volcanic  
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event prior to or postdating the SIE. For example, volcanically-sourced tuffaceous beds 

above and below the 1850 +1 Ma SIE have been dated at 1837 + Ma and 1878 + Ma, 

respectively. (Fralick, 2002; Addison, 2005).   

 Directly above the putative glass shards sits a 9 mm-wide crystal fan (Figure 8 

C). Carbonate cements with similar fan-morphologies in other Precambrian carbonate 

sequences are interpreted as abiotically-precipitated seafloor cements (Pruss et al., 

2008, Hood and Wallace, 2018 and references therein). Precambrian-era crystal fans 

are commonly interpreted as having an initial aragonite composition, with changes in 

composition due to silicification, dolomitization, or other diagenetic processes (McIntyre 

and Fralick, 2017; Hood and Wallace, 2018). In a separate carbonate bed within the 

Upper Slaty, laminated fine-grained carbonates intepreted as microbial mats were 

identified (Figure 8D). Microbial sedimentary structures have previously been identified 

in lower members of the Biwabik Iron Formation (Severson, 2009) as well as the 

carbonate horizons of the Gunflint Iron Formation (Fralick et al., 2016). As the focus of 

this study is silicate mineralogy, carbonate features are only noted here for geologic 

context. At present, it is unclear whether or not these carbonate features represent 

primary depositional compositions or closely related early diagenetic equivalents, or if 

they instead are replacement features of a different original mineralogy. 

 
4.3 Mineralogy and internal textures of granules  
 

Major mineral phases identified within silica-cemented horizons include quartz, 

Fe-silicates (greenalite, chamosite, minnesotaite, stilpnomelane), carbonates (siderite, 

ankerite-dolomite, calcite) and Fe-oxides (hematite, magnetite). Internal granule textures 

include (1) randomly oriented cracks referred to as non-compaction fractures, (2) sub-

micron minerals in chert referred to as  “dusty” textures, and (3) fine-grained hematite on 

the outside of granules referred to as granule coatings. Full definitions for these three 

textures are in quartz petrography (section 4.3.2) and hematite and magnetite 

petrography (section 4.3.13). Sample-specific granule mineralogy and internal textures 

are noted in Table 2, with a detailed summary of mineral habits and distribution among  

silica-cemented and banded horizons in Table 3.  
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Table 2. Granule mineralogy, shape, and internal textures were noted for every sample 
containing granules. Within an individual sample, mineral phases and/or textures listed are not 
ubiquitous; e.g. not all granules in sample MIR-17-18 contain chamosite or have a dusty texture. 
Texture descriptors: NCF: non-compaction fractures, dust=dusty textures, ct=external hematite 
coatings. See text for internal texture descriptions.  
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Table 3. The typical habits and distribution of common minerals among silica-cemented and 
banded horizons. Minnesotaite was separated into Fe-rich and Mg-rich varieties based on EPMA 
compositional data, located in Table 4.  

 
 

In Table 3, The “habits” and “distribution” columns refer to each mineral’s typical 

crystal habits and their occurrence in silica-cemented and banded horizons, respectively 

(Table 3). Most minerals form either sub-micron crystals located exclusively within 

granules (i.e. greenalite, chamosite, and < 5 µm hematite) or larger, subhedral to 

euhedral crystals located within granules and in the surrounding cement (i.e. 

stilpnomelane, minnesotaite, carbonates, >5 µm hematite, magnetite). The petrographic 

and compositional data for each mineral phase are discussed below. 

 

4.3.1 Petrography and mineral chemistry  

Summaries for each reported mineral phase are split into “petrography” and 

“chemistry” sections. Petrography sections focus on preliminary mineral identification 

and cross-cutting relationships collected with transmitted light, reflected light, and BSE 

imaging paired with EDS point analysis. The chemistry sections focus on chemical 

composition measured with wavelength dispersive spectroscopy (WDS) point analysis. 

The mineral chemistry of Fe-oxides and quartz are not presented since no EPMA point 

analyses were collected from these phases. 
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4.3.2 Quartz petrography   

 

Quartz (SiO2) forms the most common mineral within granules from all four 

members of the Biwabik. Quartz crystals ~5-25 µm long were labelled as chert, with 

crystals >30 µm referred to as megaquartz. Chert granules are ubiquitous among silica-

cemented horizons but can also be found among some banded horizons (Figure 7C). 

Granules composed primarily of chert are almost exclusively ovoid . Though granules of 

>90% chert are present, they typically contain varying concentrations of additional Fe-

silicate, carbonate, and/or Fe-oxide phases (Figure 9B). When inclusions of 

disseminated sub-micron greenalite or hematite are present (Figure 9A), they can give 

chert granules a dusty appearance in transmitted light. These dusty textures were noted 

as an internal texture for all four units (Table 2), and is a common petrographic feature 

for sub-micron greenalite or hematite bearing chert in a variety of banded iron formations 

(Muhling and Rasmussen, 2020). Within chert granules, non-compaction fractures are 

another common internal texture. These fractures are visible in transmitted light and in 

BSE imaging as randomly orientated cracks with septarian geometries (Figure 9B). Non-

compaction fractures occur within granules and do not continue across surrounding 

cement, nor do fractures preferentially align with fractures in neighboring granules. 

Similar fractures in chert from other granular iron formations and Precambrian cherts are 

interpreted as shrinkage cracks, forming during dewatering of a precursor siliceous gel 

or other hydrous phase (Simonson, 1987; Maliva et al., 2005). While most of the 

fractures listed in the sample compilation table are considered dewatering fractures, I 

refer to them as “non-compaction fractures'' in order to more broadly describe their 

appearance without implying a single formation mechanism. Non-compaction fractures 

are most commonly found in granules composed of chert, but are also visible in granules 

where greenalite, minnesotaite, or hematite are the predominant mineral phase (e.g. 

Figure 9B).  
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4.3.3 Greenalite petrography  

 

In all four units, the serpentine-group mineral greenalite [Fe6 Si4O10(OH)8] forms 

sub-micron crystals found within granules, appearing as either disseminated crystals 

within chert granules or as aggregates of predominantly greenalite. Disseminated 

greenalite gives chert granules a dusty appearance in transmitted light, similar to 

greenalite-bearing chert in other iron formations (Rasmussen, 2017; Muhling and 

Rasmussen, 2020). Greenalite and hematite can be distinguished in dusty chert 

granules using their green and red color in hand sample, respectively. They can also be 

identified readily by their appearance under reflected light and with BSE imaging (Figure 

9B, Figure 11). Aggregates of greenalite appear dark green to opaque in transmitted 

light (Figure 9C).  

 
Figure 9. Examples of chert and greenalite. (A) Ovoid chert granules in PPL containing sub-
micron greenalite (dusty chert), cemented with quartz (qtz). (B) BSE image of a single dusty 
granules in BSE with non-compaction fractures (ncf), and larger acicular crystals (secondary 
silicate). (C) TL image of irregular granules composed of dark green aggregates of greenalite, 
cross-cut by light brown minnesotaite (mnite) and magnetite (mgn). (D) BSE image of greenalite 
aggregates, with acicular minnesotaite cement among granule peripheries, as well as minor 
amounts of white magnetite.  
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Only ovoid and irregular-shaped granules contain greenalite, with no greenalite identified 

in elongate granules among banded horizons. Greenalite was also not identified as an 

interstitial cement phase (Table 3). Greenalite typically forms the finest mineral phase 

when other minerals are present, and can be cross-cut by minnesotaite, stilpnomelane, 

magnetite, and carbonate phases when present (e.g. Figure 9B, C, D) (Table 2).  

 
4.3.4 Greenalite mineral chemistry 

 

Sub-micron greenalite crystals disseminated within dusty chert granules were too 

small for WDS spot analysis, with attempted point analyses resulting in a mixed quartz-

greenalite composition signal. However, aggregates of greenalite were large enough for 

WDS spot analyses using a 3 µm spot-size. For greenalite and other Fe-silicates, the 

average oxide wt%, average formula, and the mineral formula range are shown in Table 

4. 

 

Table 4. Fe-silicate mineral composition. Average Fe-silicate compositions measured with 
electron microprobe point analyses. K and Na formula totals were only calculated for 
stilpnomelane, the only Fe-silicate identified that typically contains notable K and Na 
concentrations (Klein, 2005). MIR= Mesabi Iron Range.  
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Table 5. Mineral formula ranges. The range in mineral formula values for all EPMA spot analysis 
data collected for each mineral phase. Fe-rich minnesotaite values are from samples L-07, U-10, 
17-13, and 19-05. Mg-rich minnesotaite values are from samples 19-3.5 and U-08.  

 
 
  
In each sample, the number of WDS point analyses (Table 4, number of spot analyses 

(n)) reflect oxide wt% totals within 97-101%; with greenalite and chamosite WDS point 

analyses ranging from 95 to 101 total oxide wt%. Oxide totals were then recalculated 

into mineral formulas, with average mineral formulas for each sample and the range of 

all WDS spot analyses for each mineral phase reported in Table 5. Greenalite and 

chamosite cations were calculated on the basis of fourteen oxygens, minnesotaite with 

eleven oxygens, and stilpnomelane with seven oxygens.  

 The chemical composition of greenalite granules was measured with twenty 

point analyses across granules in samples MIR-L-07 and MIR-U-10 from the Lower 

Cherty. White boxes are used to denote areas where point analyses were collected 

within granules in Figure 10A and 11D. Both MIR-L-07 and MIR-U-10 have horizons of 

silica cement (Figure 10A, D), and contain aggregates of irregular-shaped greenalite 

granules (dashed outlines in Figure 10B, E). In addition, both samples contain abundant 

cross-cutting acicular minnesotaite cement. The greenalite granules in each sample also 

display large non-compaction fractures filled with quartz (Figure 10C, E).  
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Figure 10. Summary of locations and mineralogy of individual EPMA point analyses in thin 
sections MIR-L-07 and MIR-U-10.  (A) XPL image of MIR-L-07. (B) BSE image of greenalite 
granules where some point analyses were conducted. Points shown are larger than actual spot-
size used for analysis and are not to scale. (C) Close-up of B, with sub-micron greenalite (grn), a 
non-compaction fracture (ncf) filled with quartz, and minnesotaite (mnite). (D) XPL image of 
sample MIR-U-10. CO3=carbonate band. (E) BSE image of greenalite granules where some spot 
analyses were collected. (F) Close up of greenalite. (G) (Fe+Mn)-Al-Mg ternary diagram. 
Greenalite composition field from Klein (2005). 
 

Greenalite in MIR-L-07 and MIR-U-10 are composed predominantly of FeO and SiO2, 

followed by appreciable MgO (3-6 wt%) (Table 4). Greenalite in both samples had low 

levels of other measured elements including notably low Al2O3 (1-2 wt%) (Figure 10G). 

Greenalite compositions varied minimally across different granules within MIR-L-07 

(Figure 10A) and and MIR-U-10 (Figure 10D) and have compositions similar to  
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greenalite in other iron formations (Figure 10G). This includes an excess of Si cations  

(4.14 and 4.06 Si cations, Table 4) relative to the 4.00 Si cations in the ideal greenalite  

formula. Excess silica is a common compositional feature noted in greenalite EPMA data  

from other iron formations (Floran and Papike, 1975; Gole, 1980). The largest difference 

in element concentrations between samples was observed in iron, with FeO 

concentrations of 44.61 wt% in MIR-L-07 and 51.18 wt% in MIR-U-10. This difference is 

minimal compared to compositional variation noted in chamosite, minnesotaite, and 

stilpnomelane from this study.  

 To assess sub-micron greenalite composition too small for WDS spot analysis, 

element maps were generated with EDS for a single silica-cemented chert granule in 

sample MIR-17-18 containing fine-grained minerals (Figure 11). The relative 

concentrations of each element in Figure 11D are shown for Si (blue), Fe (red), and 

mixed Fe and Si (in purple). Elements including Mg and Al were mapped as well, with no 

appreciable concentrations appearing (see Figure A12, appendices). Three distinct 

mineral phases are identified in this map. Quartz is visible in non-compaction fractures 

as a pure Si phase with no Fe (Figure 11D). The inside of the granule contains a mix of 

this same quartz (pure blue), a second mineral phase in pure red, and a third fine-

grained purple phase that is cross-cut by the red phase. The red phase is likely hematite 

or magnetite, since it contains no silica and resembles hematite and magnetite in BSE in 

Figure 11C. The purple phase is likely greenalite or some other primarily Fe and Si 

bearing mineral, with no detectable amounts of Al and Mg.  
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Figure 11. Sample MIR-17-18 EDS element map. (A) TL image of a dusty chert granule in sample 
MIR-17-18. (B)  BSE image of A, note the dark gray quartz cement (qtz) along the granule 
perimeter and filling the space within non-compaction fractures (NCF). (C) BSE image of closeup 
of B. NCF=non-compaction fractures. (D) Element heat map of C.  
 

4.3.5 Chamosite petrography  

 

Chamosite, an Fe-rich chlorite [(Fe, Al)6(Si, Al)4O10(OH)8], occurs in granules as 

aggregates of sub-micron crystals, similar to aggregates of greenalite. Chamosite was 

optically distinguishable from greenalite due to chamosite’s moderate green-yellow to 

green-blue pleochroism (Figure 12A), and from EDS and WDS analysis showing 

chamosite’s significantly higher Al concentrations (e.g. Table 4). Chamosite commonly 

occurs in elongate granules within banded horizons (Figure 12A), or in ovoid and/or 

irregular-shaped granules in silica-cemented horizons adjacent to banded horizons. 

Notably, chamosite granules only appear among or adjacent to these banded horizons, 

with no chamosite identified among samples containing only silica-cemented horizons. 

No chamosite was identified as a cement or interstitially between granules.  
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Chamosite-bearing granules are typically monomineralic, but can also contain cross-

cutting stilpnomelane, carbonates, hematite, and/or magnetite. An example of cross-

cutting carbonate is shown in Figure 12A and 12B. Notably, chamosite was not observed 

alongside greenalite or minnesotaite within the same horizons. A single sample can 

contain chamosite in a banded horizon while having greenalite in a separate silica-

cemented horizon, such as in sample MIR-17-18 (Table 2).  

 
Figure 12. Chamosite granules. (A) TL image showing an elongate chamosite granule (dashed 
gray outline) with yellow-green pleochroism. Numerous rhombohedral carbonate crystals (CO3) 
are present within the banded horizon, with some cross-cutting the chamosite. (B) BSE image 
with arrows pointing to chamosite granules. A lighter gray group of carbonate rhombs cross cuts 
a chamosite granule. Chamosite in this sample is present among a Si-cemented horizon that is 
adjacent to a banded horizon.  
 

4.3.6 Chamosite mineral chemistry 

Chemical composition in chamosite granules was measured using WDS point 

analyses (n = 68) across one Lower Cherty, one Upper Cherty, and two Upper Slaty 

samples (Table 4). Chamosite compositions were measured among silica-cemented 

granules adjacent to banded horizons in samples MIR-19-12 and MIR-19-15 (Figure 

13C, 13D) and in elongate granules within banded horizons in the same samples as well 

as MIR-17-18 and MIR-17-15 (Figure 13A-D). Gray and white boxes denote point 

analysis areas in Figure 13A-D. All chamosite samples are marked by high average 

Al2O3 (12-17 wt%) and SiO2 (24-30 wt%). Samples MIR-19-12, MIR-17-18, and MIR-17-

15 are defined by higher FeO concentrations (39-44 wt%). In contrast, chamosite in 

sample MIR-19-15 is marked by lower FeO (about 31 wt%), and higher MgO (about 14 

wt%) (Table 4, Figure 13-I). 
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Figure 13. Summary of locations and mineralogy of individual EPMA point analyses in thin 
sections MIR-17-15, MIR-17-18, MIR-19-12 and MIR-19-15.  (A-D) TL images of samples with 
boxes denoting point analysis granule locations. Notably, cross-cutting stilpnomelane in MIR-19-
15 gives many of green chamosite granules a green-brown to opaque appearance. Banded 
CO3=carbonate-rich horizon. Banded chert=laminated chert-rich horizon. (E-H) Chamosite (chm)  

32 



granules with point analysis location. Dashed lines are drawn around several granules in these 
images. (I) Fe+Mn-Mg-Al ternary diagram, with  data plotted alongside chamosite in other iron 
formations and ironstone. WR-IF =Weld Range Iron Formation, IS =Ironstone.   
 

Fe-rich chamosite was identified in three samples. First, sample MIR-17-15 

chamosite compositions were measured with twenty spot analyses across two different 

granules within carbonate-rich banded horizons (Figure 13A, E). Though average MgO 

and FeO concentrations vary minimally, the widerange in Al2O3 (10-16 wt%) across both 

granules results in the greatest variation of plotted chamosite compositions from Biwabik 

samples here (blue diamonds, Figure 13-I). Notably, wide ranges in chamosite Al 

content can be seen in other iron formations (Gole, 1980) and ironstone (Maynard, 

1986). Chamosite compositions in sample MIR-17-18 were measured among carbonate-

rich banded horizons as well, but with proximal laminated chert making up an adjacent 

horizon (Figure 13B). Additional point analyses come from a chamosite aggregate within 

a carbonate-cemented vein (CO3 in Figure 13F). Despite the mineralogical variation 

surrounding chamosite in MIR-17-18, the average composition of Al, Mg, and Fe varies 

minimally and is compositionally similar to MIR-17-15 and MIR-19-12, resulting in a 

narrow range of values (yellow diamonds, Figure 13-I). In MIR-17-18, no detectable Fe, 

Mg, and Al compositional variation is observed when transitioning between chamosite 

granules in banded horizons and granules in the silica-cemented nodule (Figure14C, I). 

Twenty spot analyses measured Fe-rich chamosite composition in sample MIR-19-12. 

Point analyses were collected across granules in both a silica-cemented nodule and the 

surrounding banded horizons (Figure 13C, G). Though Mg, Fe, and Al values vary more 

than chamosite in MIR-17-18, chamosite composition in MIR-19-12 varies only slightly 

(pink diamonds, Figure 13-I).  

Seventeen spot analyses were collected from ten granules shown in MIR-19-15 

(Figures 14D and 14H). Chamosite granules in this sample are also located in both 

silica-cemented and banded horizons, but have a markedly higher Mg composition than 

the Fe-rich chamosite discussed above. One possible source of Mg is stilpnomelane that 

is often seen cross-cutting chamosite in granules. Point analyses collected adjacent to 

visible stilpnomelane crystals displayed definitive signs of stilpnomelane contamination 

based on higher compositional MgO, SiO2, K2O, and Na2O. Though point analysis with 

clearly visible stilpnomelane contamination were not included in mineral calculations 

from Table 4 or plotted in Figure 13-I, the possibility of a sub-micron stilpnomelane  
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phase mixed with the seemingly monomineralic chamosite cannot be ruled out. 

Alternatively, high MgO may reflect overall heterogeneity in chamosite compositions 

throughout Biwabik stratigraphy. In the Biwabik and Gunflint Iron Formations, variable 

MgO content in chamosite has been attributed to the bulk composition of the banded 

horizons surrounding the chamosite (Floran and Papike, 1975; McSwiggen and Morey, 

2008), implying changes in Mg-Fe concentrations in chamosite that instead reflect local 

mesoband chemistry.  

 

4.3.7 Minnesotaite petrography 

 

The Fe-rich talc endmember minnesotaite [Fe3Si4O10(OH)2] forms acicular 

crystals among silica-cemented horizons, appearing within ovoid or irregular-shaped 

granules and as interstitial cement between granules. No minnesotaite was identified in 

elongate granules or among banded horizons. Minnesotaite crystals are typically pale 

green-brown to colorless in transmitted light, and form ~5-50 µm long acicular crystals 

commonly bundled together as “felty masses” (Floran and Papike, 1975) (Figure 14D). 

Smaller minnesotaite bundles resemble sheaves (Table 3, Figure 14C). Minnesotaite 

crystals typically transect granule-cement boundaries, (e.g. Figure 14B, C) as well as 

cut-across textures including non-compaction fractures (Figure 10C, 14C). Relative to 

other minerals, minnesotaite is commonly found cross-cutting greenalite (Figure 10B) 

and will alternate cross-cutting relationships with stilpnomelane and carbonates. 

Minnesotaite is always cross-cut by magnetite when present (Figure 14B). 
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Figure 14. Examples of minnesotaite. (A) TL image of brown minnesotaite (mnite) within and 
between granules. The proportion of minnesotaite within granules can vary in a single horizon, 
with minnesotaite proportion increasing from granule 1 (minimal mnite) to granule 3 (total mnite). 
mgn= magnetite. (B) XPL image of a minnesotaite granule, the internal finer-grained minnesotaite 
(mnite granule) contrasts with a coarser minnesotaite rim (mnite rim), cross-cut by magnetite 
(mgn). (C) BSE image of minnesotaite forming within granules (dashed outlines) and among Si 
cement (arrows). (D) BSE image of euhedral minnesotaite cement with acicular habit.    
 

4.3.8 Minnesotaite mineral chemistry 

 

The chemical composition of minnesotaite was measured with eighty-one WDS 

spot analyses across intergranular and interstitial minnesotaite in six samples. The 

average composition of all minnesotaite consists predominantly of SiO2, MgO, and FeO, 

with low concentrations of other elements, including the lowest Al2O3 (about 0.1- 0.6 

wt%) of all silicates in this study (Table 4). Similar to chamosite MgO and FeO 

compositional variation, minnesotaite compositions have Fe-rich and Mg-rich varieties 

(Figure 15).  
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Figure 15. Summary of locations and mineralogy of individual EPMA spot analyses in thin section 
samples MIR-L-07, MIR-U-10, MIR-U-08, MIR-19-05, MIR-19.3.5, and MIR-17-13. (A, C,  
E, G, I, K): TL images of samples. rxn rim= transitional nodule rim (B, D, F, H, J, L): BSE images 
of analysis areas in samples. Some granules boundaries are shown with a dashed line. (M) 
(Fe+Mn)-Mg-Al ternary diagram. Talc-minnesotaite field from Klein (2005). 
 
 
Four samples (L-07, U-10, 19-05, and 17-13) contain an Fe-rich minnesotaite variety 

higher average FeO (33-42 wt%), and lower MgO (2-7 wt%). These four samples can be 

further divided into two textural groups; a minnesotaite cement associated with 

greenalite granules, and a minnesotaite granule variety. The first textural variety includes 

samples MIR-L-07 and MIR-U-10, where composition was measured in minnesotaite 

cement that cross-cuts aggregates of greenalite (Figure 15 A-D). Fourteen spot analyses 

in MIR-L-07 and two spot analyses in MIR-U-10 have an average composition of about 

53 wt% SiO2, 33-37 wt% FeO, and lower MgO (4-7 wt%) (Table 4). When plotted on a 

(Fe+Mn)-Mg-Al ternary, these two samples show little variation (blue triangles in Figure 

15M). The average composition of greenalite in these samples are reported in greenalite 

mineral chemistry (section 4.3.4). The other two average minnesotaite compositions with 

high FeO come from twenty-five spot analyses in MIR-19-05 (Figure 15G) and twenty-

two spot analyses in MIR-17-13 (Figure 15K). In these samples, minnesotaite makes up 

the primary mineral phase within granules as well as forming abundant masses of 

cement between granules (Figure 15H, L). MIR-19-05 and MIR-17-13 primarily consist of 

SiO2 (49-53 wt%) and FeO (32-42 wt%), with low MgO (2-7 wt%) (Table 4). No 

appreciable composition variation was measured between cement and intergranular 

phases (pink and orange triangles, Figure 15M). MIR-19-05 has higher compositional 

spread than other Fe-rich minnesotaite samples, whereas MIR-17-13 spot analyses 

show little to no variation in composition.  

Although the ideal mineral formula for minnesotaite is reported as an Fe 

endmember of talc [Fe3Si4O10(OH)2], the relative enrichment of Fe to Mg in samples L-

07, U-10, 19-05, and 17-13 is high enough that their compositions do not overlap those 

of typical talc-minnesotaite compositions from Klein (2005) (Figure 15M). Based on this 

ternary alone, Fe-rich minnesotaite plots closer to the Klein (2005) greenalite 

composition field (Figure 10G). To ascertain whether the Fe-rich minnesotaite crystals 

are not a larger, acicular variety of greenalite locally found in metamorphosed sections of 
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the Gunflint and Sokoman Iron Formations (e.g. Floran and Papike, 1978; Pufahl et al., 

2016), average compositions for all minnesotaite and greenalite were plotted on an 

MgO-SiO2-FeO ternary diagram.  

 

Figure 16.   
Average greenalite  
and minnesotaite 
compositions for each 
sample are plotted on a 
MgO-SiO2-FeO ternary 
diagram, with yellow 
greenalite composition 
field and talc-minnesotaite 
composition line from 
Floran and Papike 1975.  
M= minnesotaite, T= talc.  
 

 

 

Using this ternary diagram, minnesotaite and greenalite from this study plot within their 

respective composition fields from Floran and Papike (1975). Lower amounts of SiO2  in 

greenalite results in greenalite plotting separately from minnesotaite (Figure 16). Acicular 

Fe-rich minnesotaite from samples MIR-L-07, MIR-U-10, MIR-19-05, and MIR-17-13 is 

likely not an acicular variety of greenalite despite plotting outside of the Klein (2005) talc-

minnesotaite composition field, but instead a Fe-rich minnesotaite member not reported 

in Klein (2005). Future micron scale mineral detection methods, such as Raman 

spectroscopy, could affirm the identity of this Fe-rich minnesotaite.  

Samples MIR-U-08 and MIR-19-3.5 contain a Mg-rich variety of minnesotaite, 

whose composition resembles ferroan-talc from other iron formations (Figure 15M, 

Figure 16). The distribution of these Mg-rich minnesotaite granules was measured in 

granules located in silica-cemented nodules with surrounding banded horizons (Figure 

15E, I). This distribution contrasts with Fe-rich minnesotaite samples, where banded 

horizons are not present in the sample (e.g. Figure 15G, K) or minnesotaite was 

measured distal to banded horizons in the sample (Figure 15A, C). Five spot analyses in 

MIR-U-08 are reported from across two granules (Figure 15F). Average minnesotaite 

composition primarily consists of SiO2 (57 wt%), MgO (20 wt%), and FeO (17 wt%) 

(Table 4). Minnesotaite in sample MIR-19-3.5 was measured with thirteen spot analyses  
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across eight granules, and has a similar average minnesotaite composition to MIR-U-08. 

Minnesotatie in MIR-19-3.5 primarily consists of SiO2 (56 wt%), MgO (19 wt%), and FeO 

(17 wt%). Minnesotaite in both MIR-U-08 and MIR-19-3.5 have varying FeO and MgO 

contents (Table 5), resulting in a wider spread of values compared to the more 

consistent Fe-rich minnesotaite (green and red triangles in Figure 15M).  

  

4.3.9 Stilpnomelane petrography 

 

Stilpnomelane [(Fe,Mg,Al)8(Si,Al)12(O,OH)36 • nH2O with traces of K, Na, Ca 

(Klein 2005)] most commonly forms large (~3-100 µm), euhedral to subhedral acicular 

crystals within granules and interstitially between granules. Stilpnomelane is typically 

greenish-brown to reddish-brown in transmitted light (Figure 17A), and can be found 

among ovoid, irregular, and elongate granules in both silica-cemented and banded 

horizons (Table 2, Table 3). Though both minnesotaite and stilpnomelane can form 

masses of acicular crystals within granules, stilpnomelane does not form masses of 

interstitial cement between granules. Stilpnomelane can be seen cross-cutting greenalite 

and chamosite phases (Figure 17A) and alternates between cutting across and being 

cross-cut by carbonate crystals and minnesotaite, depending on the sample. 

Stilpnomelane is always cross-cut by magnetite when present (Figure 17B).  

 
Figure 17. Examples of stilpnomelane.  (A) TL image of a single granule (dashed outline) 
composed mostly of brown acicular stilpnomelane (stilp) cross-cutting green chamosite (chm).  
(B) BSE image of euhedral stilpnomelane. Arrows point to hematite lathes (hem) and cubic 
magnetite (mgn).  
 

4.3.10 Stilpnomelane mineral chemistry 

  The chemical composition of stilpnomelane was measured with seventeen WDS 

spot analyses across samples MIR-19-3.5, MIR-U-08, and MIR-17-16 (Table 4). Similar 

to greenalite, chamosite, and Fe-rich minnesotaite, the average composition of  
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stilpnomelane consists predominantly of SiO2 (43-49 wt%) and FeO (25-34 wt%). 

Stilpnomelane contains moderate levels of MgO (3-13 wt%). Unlike greenalite and 

minnesotaite, stilpnomelane has appreciable levels of Al2O3 (3-5 wt%), and unlike all 

other Fe-silicates in this study, has notable levels of K2O (1 -2 wt%) and Na2O (0.2- 0.4 

wt%) (Table 4). Similar to FeO and MgO concentrations in minnesotaite, variation in FeO 

and MgO wt% between stilpnomelane crystals correlates with distribution near banded 

horizons (Figure 18). Samples MIR-U-08 and MIR-19-3.5 contain a more Mg-rich variety 

of stilpnomelane-bearing granules located within or adjacent to banded horizons (Figure 

18A, B). These same samples also contain Mg-rich minnesotaite in the silica-cemented 

nodules of each sample (Figure 15M, green and red triangles). Stilpnomelane 

compositions in sample MIR-U-08 were collected with eight spot analyses across 

elongate granules in the banded horizon (Figure 18A, D), and are primarily composed of 

SiO2  (49 wt%), FeO (25 wt%), and MgO (13 wt%) (Table 4). Stilpnomelane in sample 

MIR-19-3.5 was only present within the transitional rim of the silica-nodule, and not in 

the nodule center where granules contained minnesotaite (Figure 18B, E, F). Six spot 

analyses were collected across two stilpnomelane granules, with an average 

composition of 43 wt% SiO2, 26 wt% FeO, and 11 wt% MgO. Stilpnomelane in MIR-U-08 

and MIR-19-3.5 show significant Mg-Fe compositional variation, similar to the 

minnesotaite from these same samples (green and red triangles in Figure 18H). In 

addition to plotting near stilpnomelane compositions from Klein (2005) (Figure 18H), 

stilpnomelane composition ranges resemble stilpnomelane variability measured in the 

Gunflint Iron Formation (Floran and Papike ,1975). Stilpnomelane from sample MIR-17-

16 was distributed within a chert intraclast (Figure 18C). This sample has no banded 

horizon, unlike samples MIR-U-08 and MIR-19-3.5. Three point analyses measured 

average composition from three stilpnomelane bundles (Figure 18G), showing 

stilpnomelane with considerably higher 33.58 wt% FeO than stilpnomelane from 

samples MIR-U-08 and MIR-19-3.5 stilpnomelane (Figure 18H).   
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Figure 18. Summary of locations and mineralogy of individual EPMA point analyses in thin 
section samples MIR-19.3.5, MIR-U-08, and MIR-17-16. (A-C): TL images of samples. Chert  
intraclast boundaries are traced with a dashed outline. (D-G): BSE image of sample analysis  
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areas. stilp granules are traced in black, with chert intraclast traced in white. (H): (Fe+Mn)-Mg-Al 
ternary diagram. Gray shaded area shows stilpnomelane composition field from Klein (2005). 
 
4.3.11 Carbonate petrography 
 

Carbonate minerals include calcite, siderite, and ankerite-dolomite phases, and 

are most commonly present among Si-cemented horizons as ~0.1- 5 mm euhedral to 

subhedral rhombohedral crystals (Table 3, Figure 19B, C). Composition varies between 

different carbonates rhombs in the same sample, with EDS and WDS data shows 

varying amounts of Mg, Fe, and Ca for Biwabik rhombohedral crystals (Figure 19D, 

Table 5, Table 6), typical of ferroan dolomite-ankerite series carbonates within other iron 

formations (Krapež et al, 2003; Flügel and Munnecke, 2010). Rhombohedral carbonate 

crystals (rhombs) will sometimes display rims and/or often have slightly-warped edges 

(Figure 19C). 

 
Figure 19. Examples of carbonate. (A) XPL image with subhedral carbonate spar (CO3 spar) . 
Arrows pointing at the spar rim appear to show a darker-colored carbonate occurring between the 
main carbonate spar and the dusty granule on either side. Dusty chert granule is traced with a 
dashed white line. Hem=hematite. (B) Euhedral carbonate rhombs (CO3) form the interstitial 
cement phase between chert (ct) granules, with some granules boundaries shown with a dashed 
white line. (C) Chert intraclast containing subhedral carbonate rhombs (CO3). Note the warped  
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edges of rhombs. (D) BSE image of sub-euhedral carbonate rhombs with varying composition 
alongside minnesotaite (mnite). The lighter color rhombs contain more Fe than the darker colored 
rhombs.  
 
Carbonate rhombs can form within granules, interstitially between granules, or transect 

granule-cement boundaries (Figure 19B). Carbonate rhombs are present among banded 

horizons as well (Figure 12A), though carbonate usually forms fine-grained crystals , 

with some banded horizons being composed almost entirely of fine-grained carbonate 

(Figure 10C). Most Fe-silicate phases are cross-cut by carbonate rhombs when present, 

although minnesotaite and stilpnomelane can sometimes cut across carbonates instead 

(Figure 19D). Hematite and magnetite are the only mineral phases that consistently 

cross-cut carbonates (Figure 19A).   

 

4.3.12 Carbonate mineral chemistry 

 

Carbonate WDS spot analyses were collected across several carbonate textures 

from four samples, including a crystal fan, carbonate rhombs, a putative microbial mat 

(Figure 8), fine-grained carbonate, and vein cements with different carbonate 

morphologies. SiO2 was measured to ensure no spot analyses were picking up potential 

sub-micron quartz or silicate phases not visible with BSE imaging. (Table 6).  

 

Table 6. Carbonate compositions measured with electron microprobe point analyses. The 
average wt% oxide are listed below each specific texture. The average composition of all textures 
in sample 17-21 was similar enough to be clumped into the “all textures” category. 
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The average oxide composition and average formula for each texture are shown in 

Table 6. Formula ranges for ankerite-dolomite and siderite are presented in Table 5. 

EPMA point analysis areas are shown with white boxes in Figure 20A-D. Chemical 

compositions measured using these EPMA point analyses are then plotted on a CaO-

MgO-FeO ternary diagram (Figure 20-I).   

Samples MIR-17-21 and MIR-17-19 are located among the carbonate horizon of 

the Upper Slaty and were found to have calcite or variable ferroan dolomite-ankerite 

series composition depending on texture. The average composition of all carbonate-

bearing textures within MIR-17-21 display end-member calcite composition with a 

formula average of 0.99 Ca and remaining 0.01 or less of Mg, Fe, and Mn (Table 6). 

This average formula composition includes sixteen spot analyses collected across the 

crystal fan, and twenty-three spot analyses collected from micritic cement and dark-

colored fragments surrounding the fan (Figure 20A, E). In MIR-17-19, composition of 

fine-grained carbonate and larger, ~0.1-1 mm rhombohedral crystals were found to have 

similar dolomite-ankerite mineralogy, with average composition of twenty spot analyses 

containing ~30 wt% CaO, ~13 wt% MgO, and ~10 wt% FeO. The rims of carbonate 

rhombs were visibly brighter in BSE imaging (Figure 20F) and found to contain similar 

CaO (30 wt%) but higher FeO (18 wt%) and lower MgO (8 wt%) (Table 6).  

 Samples MIR-U-10 and MIR-17-18 contain carbonate among alternating silica-

cemented and banded horizons, with average compositions containing more Fe than 

carbonate in samples 17-21 and 17-19. This includes fine-grained carbonate within 

sample MIR-U-10 (Figure 20C), where twenty-three spot analyses forming an average 

siderite composition with higher FeO (48 wt%), lower MgO (6 wt%) and low CaO (2 wt%) 

(Table 6). An Fe-rich carbonate was also measured across two different carbonate 

textures in sample MIR-17-18. Five spot analyses from several ~100 µm carbonate 

rhombs within a chert intraclast (Figure 20H) have an average composition primarily 

composed of FeO (54 wt%), MgO (4 wt%), and CaO (1 wt%). MIR-17-18 also contains 

several veins with two different carbonate cement morphologies. The edge of veins have 

a dogtooth morphology carbonate cement (Figure 20G). Seven spot analyses from this 

cement reveal a siderite composition with a high FeO compostion (52 wt%), low MgO 6 

wt%), and low CaO (1.29 wt%). Filling the the center of the same veins are blocky 

carbonate cements (Figure 20G). Nine spot analyses across blocky cement  
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reveal similar similar levels of MgO as the dogtooth cement (6 wt%) but higher CaO (31 

wt%) and moderate FeO compostion (20 wt%) (Table 6). The cements in MIR-17-18, as 

well as the carbonate from MIR-17-19, MIR-U-10, and MIR-17-18 plot across a wide 

swathe of a CaO-MgO-FeO ternary diagram (Figure 20-I). Similar mineral compositions 

are reported in carbonates from the Stambaugh Formation, 

another late Paleoproterzoic sedimentary unit analogous to the Virginia Formation 

(Planavsky et al. 2018).  
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Figure 20. Summary of locations and mineralogy of individual EPMA point analyses in thin 
section samples MIR-17-21, MIR-17-19, MIR-U-10 and MIR-17-16. (A-D) TL images of samples.  
(E-H): BSE images of point analysis areas. The chert intraclast in H is traced with a dashed 
outline. (I) FeO-MgO-Cao ternary diagram. Grey-colored triangles are from two carbonate-
bearing rock types in the Stambaugh Formation (Planavsky et al. 2018). 
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4.3.13 Hematite and magnetite petrography 

 

Hematite (Fe2O3) laths appear as two distinct sizes throughout the Biwabik. 

Similar to greenalite, fine-grained (sub-micron) hematite forms disseminated crystals 

within chert granules, giving granules a reddish dusty appearance. In addition to 

occurring within granules, fine-grained hematite occurs as concentric coatings on chert 

granules  (“ct” texture in Table 2). Such coated grains resemble hematite-coated ooids in 

other Superior-type iron formations (Floran and Papike, 1975; Simonson, 1987). 

Hematite-bearing chert granules typically contain very few other types of minerals, with 

the most common minerals being minor amounts of carbonates and stilpnomelane. 

Hematite can also form larger (>5 µm) crystal laths that cross-cut all Fe-silicate and 

carbonate minerals, granule-cement boundaries, and quartz cement between granules 

(Figure 17B, Figure 19A). Although samples from all four units contain hematite, most 

fine-grained hematite samples are located within the Upper Cherty, or among the lower 

portions of the Lower Cherty near the contact of the Basal Red (Table 2).   

 
Figure 21. Examples of hematite and magnetite. (A) TL image of fine-grained hematite within 
granules, finely disseminated hematite gives granules a dusty texture (d-hem), with more 
abundant hematite giving granules an opaque appearance (hem). ncf=non-compaction fracturing. 
(B) Chert and hematite granules with additional coats of hematite. Fine-grained hematite fills a  
vein as well. (C) TL image of a granule with a green Fe-silicate (Fe-sil) core, with arrows pointing  
to fine-grained hematite rim. (D) TL image of minnesotaite granule (m) rimmed with euhedral 
magnetite (mag) among silica cement (qtz).                                                                                  47 



Magnetite (Fe3O4) is present among silica-cemented and banded horizons as 

~10-20 µm euhedral cubes that cross-cut all other mineral phases. Magnetite is more 

abundant alongside horizons with abundant interstitial mineral phases such as 

stilpnomelane, minnesotaite, and carbonates (Table 2, Figure 18), but can be found 

alongside all mineral phases, including hematite (Figure 14A, Figure 17B). Magnetite 

can be found in all four units, but most common in the Lower Cherty and Lower Slaty, in 

contrast to hematite being more common in the Upper Cherty (Table 2). 
 

5.0 Interpretation and Discussion: Overview 
 

Interpretations from petrographic observations and compositional data are 

presented in sections 5.1 - 5.3.1. Interpretations of granule textures presents possible 

granule formation conditions extrapolated from granule shapes and internal granules 

textures. Mineral paragenesis describes features of “texturally early” and “diagenetic” 

mineral phases, which are used to construct a paragenetic sequence. Finally, the 

discussion contains possible depositional scenarios that explain conflicting observations 

of texturally early minerals. The most likely mineral formation scenarios are then used to 

constrain possible geochemical conditions during deposition of the Biwabik Iron 

Formation. Preceding some sections are one or more questions that will be addressed to 

some degree in the following text. 

 
 
5.1 Interpretations of granule textures   
 
How do granules with different shapes form, and how are granules deposited? 
 

Observations from petrography suggest variation between ovoid, irregular, and 

elongate granule morphologies are the result of several post-depositional processes. In 

particular, non-compaction fractures within granules (e.g. Figure 11C) suggest 

dehydration of an initial amorphous siliceous mud during early diagenesis would result in 

irregular and fractured ovoid granules. Following dehydration, the distribution of ovoid 

and irregular granules among silica cement and elongate granules among banded 

horizons (Figure 7A-F) suggests differential compaction during burial. In addition to  

these post-deposition processes, petrographic comparisons of the edges between ovoid 

granules and larger pebble-size chert intraclasts suggest granules initially form  
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as (1) intraclasts of reworked Fe and Si-rich chemical muds or (2) direct precipitates of 

Fe-Si rich granules from the water column. This aligns with previous work and 

interpretations of non-compaction fractures, granules with long directions parallel to 

bedding, silica cementation, and granule deposition interpretations (similar to those 

observed in this study) by Dimroth and Chauvel (1973), Ojakangas (1983), Simonson 

(1987), Beukes and Klein (1990), Maliva et al. (2005), and Stuferak et al. (2014, 2015).  

Ovoid granule shapes preserved in silica-cemented horizons suggest two 

potential granule formation methods. In the Biwabik and other iron formations, the high 

sphericity and smooth edges of ovoid granules (Figure 7) suggest chemical muds were 

reworked by storms and/or currents, then rounded during transport of the initial 

intraclasts (Dimroth and Chauvel, 1973; Ojakangas, 1983; Beukes and Klein, 1990). 

Silica cementation of these chemical-mud intraclasts shortly after deposition would 

preserve well-rounded granular shapes and account for high silica cement volumes 

(Simonson 1987). However, the boundaries of larger pebble-size chert fragments, which 

are also interpreted as chemical mud intraclasts (Ojakangas, 1983) have more irregular 

boundaries that, unlike granules, conform to neighboring well-rounded granules, 

suggesting intraclasts remain a soft amorphous phase following deposition (Figure 8 A, 

B). This discrepancy in clast shapes may be attributed to potential early silica cement 

filling micropores within chert granules, causing them to resist deformation compared to 

larger pebble-size intraclasts (Simonson, 1987). However, the consistent smooth 

boundaries of chert granules within specific horizons that lack distorted granules (e.g.  

Figure 9A, B) suggests chert granules may form as direct precipitates from the water 

column, instead of forming as reworked chemical muds. Recent detailed petrography of 

some Archean chert beds indicate chert granules with equant dimensions and smooth 

boundaries form from this direct granule precipitation mechanism (Stuferak et al. 2014). 

While this mechanism accounts for granules of pure chert with little to no iron-phase 

inclusions, the authors suggest granules composed primarily of chert in granular iron 

formations could result from water-column precipitation (Stefurak et al. 2015). Direct 

granule precipitation and reworked chemical mud granule formation pathways are 

illustrated in Figure 22A. Identifying the specific granule formation mechanisms in the  

Biwabik are beyond the scope of this thesis and will require further investigation, but the 

end result in either granule formation pathway can account for smooth outlined, ovoid 

chert granules (Figure 22B).  
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Non-compaction fractures and compression during burial may explain the 

morphologies of irregular and elongate granules, respectively. After granules have been 

deposited, dewatering of the initial siliceous phase causes some granules to develop 

shrinkage cracks (Simonson, 1987), also referred to as non-compaction fracturing 

(Maliva, 2005). While some shrinkage cracks occur without altering ovoid-shapes 

(Figure 11B, Figure 22B), other cracks form across entire granules, splitting single ovoid 

granules into two or more irregular shaped granules (Figure 22C, E). An example of 

splitting attributed to dewatering is present in Figure 7, where several in-situ irregular 

granules can be pieced together to form a single ovoid granule. In the Sokoman Iron 

Formation, Canada, the irregular shapes of some granules are interpreted as being 

derived from initially ovoid-shaped granules, though this granule deformation is 

attributed to compression rather than dewatering (Dimroth and Chauvel, 1973). In the 

Biwabik, compression is less likely to form irregular granules due to high silica cement 

volumes separating granules and the random orientation of cracks within granules. 

However, formation of elongate-shaped granules is attributed to compression during 

burial. Silica cementation typically encompasses all granules present in a horizon, 

however, some granules along the edges of silica-cemented nodules are instead 

surrounded by authigenic, fine-grained material (Figure 22-D1). As the horizon is buried, 

silica-cemented horizons resist burial compression and preserve granules with ovoid or 

irregular morphologies, whereas non silica-cemented granules are compacted, resulting 

in elongate-shaped granules with the long-direction parallel to bedding (Figure 22-D2, 

F). Similar examples of granule deformation are noted in the Sokoman Iron Formation, 

where non silica-cemented granules undergo compaction resulting in granule 

deformation (Maliva, 2005), or display a preferred orientation where the long direction is 

parallel to bedding (Simonson, 1987). Among carbonates, deformed ooids with long-

directions parallel to bedding also suggest elongation results from burial compression 

(Flügel and Munnecke, 2010). Differences in ovoid, irregular, and elongate-shaped 

granules highlights the potential role of silica cementation in preserving specific granule 

morphologies compared with non silica-cemented granules.   
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Figure 22. Interpretations from granule shapes. (A) Granules are formed as reworked or directly 
deposited chemical muds (B) Silica cement (gray background) helps preserve ovoid shapes by 
sealing pore space. (C) Granule dewatering splits granules into irregular shapes. (D1) Nodular 
silica-cementation. Some granules are not encased in silica cement. (D2) Subsequent burial 
compresses non-cemented granules into elongate shapes. (E) Ovoid and irregular-shaped 
greenalite granules (dark-green to opaque) (F) A silica-cemented nodule preserves more equant 
shapes of chamosite and chert granules. Chamosite granules among the banded horizon in the 
upper right are elongated parallel to bedding.  
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5.2 Mineral paragenesis 
 

In addition to ovoid and irregular granules, unique mineral assemblages were 

also preserved among silica-cemented horizons (Table 3). A paragenetic sequence 

identifying primary and diagenetic minerals was established using cross-cutting 

relationships between minerals, textural relationships between minerals and specific 

granule textures, and compositional data from electron microscopy. When determining 

paragenesis, minerals were classified as texturally early or texturally late (here termed - 

diagenetic) phases. Quartz, greenalite, chamosite, siderite, and fine-grained hematite 

are classified as texturally early, forming <1-5 µm crystals found within granules (with the 

exception of siderite, which forms as individual crystals within bands) (Figure 23). All of 

the mineral phases identified as texturally early are cross-cut by larger, >5 µm 

secondary mineral phases. The label “texturally early” is used instead of primary since 

fine-grained mineral phases may form after other fine-grained phases and/or during 

diagenesis. Stilpnomelane, minnesotaite, siderite, ankerite-dolomite, magnetite, and >5 

µm hematite are classified as diagenetic phases, forming >5 µm euhedral to subhedral 

crystals that cross-cut texturally early minerals and granule/cement contacts (Figure 23).  

 
Figure 23. A paragenetic sequence was established for identified minerals, with bars representing 
the relative order each mineral appears. Excluding quartz, the dashed lines represent formation 
uncertainty (see text below).  
 
Diagenetic phases are thought to form entirely from precursor mineral phases or as 

authigenic precipitates in the sediment following deposition of primary mineral phases. 

The relative timing of formation for each mineral included in the paragenetic sequence  

is shown with horizontal bars in Figure 23. Uncertainty regarding timing of diagenetic  
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formation is shown with a dashed line for greenalite, hematite, and siderite. The dashed 

line for quartz indicates recrystallization of primary chert occurring throughout diagenesis 

(e.g. Simonson, 1987). 
 

5.2.1 Texturally early minerals  

 

Which of the minerals classified as texturally early are likely primary minerals? 

Of the minerals classified as texturally early, greenalite and some examples of 

fine-grained hematite form the most primary textures based on cross-cutting 

relationships of seventeen samples. In addition to not cross-cutting other mineral 

phases, all greenalite examples and some fine-grained hematite in dusty chert granules 

are never seen filling dewatering cracks or as a cement, suggesting granule fracturing 

during early diagenesis occurred after greenalite and hematite crystallization. Greenalite 

within chert granules and greenalite aggregates resemble similar primary greenalite 

habits in other iron formations. For example, sub-µm greenalite in dusty chert granules 

(Figure 9A, Figure 11A) visually resembles dusty chert beds with primary greenalite 

inclusions in late Archean and early Proterozoic iron formation (Rasmussen, 2017, 2019; 

Johnson, 2018; Muhling and Rasmussen, 2020). Dusty chert granules also visually 

resemble “cloudy” chert granules containing a sub-µm silicate phase in late 

Paleoproterozoic granular iron formations (Simonson 1987). Greenalite aggregates 

cross-cut by acicular minnesotaite (e.g. Figure 10B) are mostly composed of iron and 

silica (Table 4), similar to compositions of proposed silicate gel precursor phases for 

greenalite (Klein, 2005; Tosca, 2016). Greenalite aggregates also resemble greenalite 

granules observed in the Biwabik Iron Formation (French, 1973) and the Gunflint Iron 

Formation (Floran and Papike, 1975, 1978; Simonson, 1987). Examples of primary 

hematite from this study include fine-grained hematite within dusty chert granules and 

hematite-coatings on grains (ooids). Similar features are labeled as primary hematite 

phases in chert granules and ooids in other ~1.9 Ga granular iron formations (Simonson, 

1987; Akin 2013; Pufahl, 2014). Other examples of fine-grained hematite occur in the 

Biwabik, such as in banded horizons surrounding granules and in veins, but these 

examples are considered to be diagenetic due to forming outside of granules and their 

association with cross-cutting features. The proposed precursor phases and depositional  

conditions of greenalite and hematite can be found below in section 5.3.  
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  Chamosite, while texturally early, is interpreted to form during early diagenesis, 

and is not interpreted to be a primary mineral phase in the Biwabik Iron Formation. This 

early diagenesis interpretation is based on (1) the specific mesoband locations of 

chamosite and (2) the high Fe, Mg, Si, and Al content of chamosite. Chamosite, unlike 

greenalite and hematite, does not form ubiquitously across silica-cemented horizons, but 

instead forms adjacent to or within banded horizons (Figure 12A, B, Figure 13A-D). The 

limited spatial distribution of chamosite granules is likely due to the high Al content of 

chamosite (Table 4), with the only source of sufficient Al available in fine-grained 

terrestrial or volcanic sourced material within banded horizons (Morey, 1992). Due to the 

limited mobility of Al in pore fluids (Wintsch and Kvale, 1994), chamosite is restricted to 

forming proximal to sources of Al in the banded horizons, with Si and Fe sourced from 

the precursor gel phase within granules. An example of this Al-dependent distribution 

can be seen in Figure 22F, where green-colored chamosite granules are only present 

within the banded horizon and along the margins of the nodule, with the center of the 

nodule containing granules composed primarily of chert. Since chamosite is still fine-

grained and cross-cut by diagenetic mineral phases such as carbonate rhombs (Figure 

12A), the likely precursor phase for chamosite in the Biwabik is a hydrous Fe-Si gel that 

reacts with local Al (French, 1973). Local Al, Si, and Fe-rich precursor phases are 

suggested for chamosite formation in other iron-rich rocks (Klein, 2005). Specific 

examples include chamosite-bearing ooids in Ordovician ironstones, where the Si, Fe, 

and Al for chamosite were supplied by rapidly-deteriorating volcanic ash (Sturesson et 

al., 2000) and chamosite wisps in the Gunflint Iron Formation, where chamosite is 

restricted to tuffaceous shale facies and interpreted to form from precursor volcanic 

shards (Floran and Papike, 1975). Low-temperature synthesis of clay minerals from an 

amorphous hydroxide-silica precipitate produces chamosite in the presence of Fe, Al, 

and Mg under reducing conditions (Harder, 1978). Chamosite can also form from 

precursor berthierine in iron rich, reducing environments (Beaufort et al., 2015), and 

bertheirne/greenalite assemblages are noted in Mesoproterozoic ironstone (Johnson et 

al., 2020). Although no berthierine phases were identified in this study or in previous 

investigations of Biwabik Iron Formation mineralogy (e.g. French, 1968) the possibility 

remains that at least some portion of chamosite in the Biwabik was sourced from 

precursor bertheriene (McSwiggen and Morey, 2008).  
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A crystal fan and surrounding micritic cement in sample MIR-17-21 from the 

carbonate horizon of the Upper Slaty were found to be composed of calcite (Table 5). 

Crystal fans with similar morphologies in other Precambrian carbonates are believed to 

have an initial calcite/aragonite composition, suggesting calcite in sample MIR-17-21 

reflects the primary composition of the fan (Fralick and Riding, 2015; Hood and Wallace, 

2018). While this calcite composition indicates minimal alteration has affected the 

mineral composition in this horizon, it is an iron-poor interval that likely formed under 

geochemical conditions unlike the depositional conditions under which most of the 

Biwabik formed (Severson, 2009). While these geochemical conditions bear important 

consequences for changes in chemical sedimentation in the Animikie Basin, it falls 

outside the scope of geochemical conditions that can be inferred from mineralogy 

preserved within silica-cemented horizons of the Biwabik.  
 

5.2.2 Diagenetic minerals 

 

What do cross-cutting relationships and compositional data from diagenetic mineral 

phases reveal about their potential precursor phases?  

 

 The diagenetic minerals identified in this study —stilpnomelane, minnesotaite, 

siderite, ferroan dolomite-ankerite, >5µm hematite, and magnetite— resemble mineral 

assemblages formed in diagenetic to low-grade metamorphic conditions in both the 

Biwabik and other iron formations (French, 1973; Klein, 2005). The composition of these 

diagenetic minerals is influenced by their precursor phases, their spatial location in either 

silica-cemented or banded horizons, and/or contributions of local and non-local pore 

water chemistry. Examples of the factors influencing the proposed paragenetic 

sequence are illustrated in Figure 24. Starting with an initial iron and silica bearing 

hydrous gel (Klein 2005), texturally early greenalite, hematite or chamosite form with 

initial Fe(II), Fe(III) and local Al, respectively (Figure 24 A1, B1, C1). Subsequent 

diagenetic reactions result in mineral assemblages currently present in the Biwabik Iron 

Formation. These reactions will be briefly mentioned below, with a more in-depth 

discussion in sections 5.2.2 - 5.2.4 that focus on diagenetic Fe-silicates, carbonates, and 

Fe-oxides. Starting in Figure 24-A1, texturally early greenalite and chert forming from a 

hydrous gel (Dove and Rimstidt 1994, Tosca 2016) subsequently react to form  
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minnesotaite in Figure 24-A2 (Klein 2005). Siderite then forms from a reaction between 

minnesotaite and dissolved CO2 (Figure 24-A3) (Floran and Papike 1978). Magnetite 

forming from thermal decomposition of siderite in Figure 24-A4 (Rasmussen et al. 2018, 

Milesi et al. 2015) leads to a mineral assemblage present in the Biwabik (Figure 24-A5). 

Also shown in A4 is ongoing minnesotaite growth, forming from precursor siderite in the 

Equation 1 from Klein 2005: 

 

3FeCO3 + 4SiO2 + H2O →  Fe3Si4O10(OH)2 + 3CO2           (1) 
 

Starting in Figure 24-B1, precursor hematite and chert forming from hydrous precursors 

(Dove and Rimstidt, 1994, Posth et al., 2013) react with organic carbon (simplified as 

CH2O) to form siderite (Figure 24-B2) (Posth et al., 2013). Notably, organic carbon was 

not observed in most silica-cemented horizons, despite being a main component of 

equations in Figure 24-B2. Figure 24-B3 illustrates the introduction of oxygenated 

groundwater reacting with available Fe(II) to produce diagenetic hematite (Shapiro and 

Konhauser, 2015). Magnetite forms from thermal decomposition of siderite (Milesi, 2015) 

(Figure 24-B4), resulting in an assemblage similar to Figure 24-B5. In Figure 24-C1, 

chamosite forming from interactions between a hydrous precursor phase and local Al 

(Klein, 2005) can then react with further local silica and K to form stilpnomelane (Figure 

24-C2), (Gole, 1980). Figure 24-C3 and C4 show the development of diagenetic siderite 

and hematite from pore fluids containing dissolved carbonate and oxygen interacting 

with available Fe(II) (Tosca et al., 2019; Shapiro and Konhauser, 2015). These two 

minerals are visible in Figure 24-C5, where a dashed line divides a banded horizon into 

a fine-grained hematite portion and a non-hematite bearing portion with a single 

chamosite granule cross-cut by carbonate.   
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Figure 24. Simplified paragentic pathways. Paragenesis of an initial Fe(II,III)-Si-OH granule 
undergoing three paragenetic pathways. Mineral reactions discussed in text. Abbreviations: 
Qtz=quartz, mag=magnetite, sid=siderite, m=minnesotaite, d-ct= dusty chert, hem=hematite, 
chm=chamosite.    

 

5.2.3 Diagenetic Fe-silicates  

 

Broadly, the diagenetic Fe-silicate phases minnesotaite and stilpnomelane form 

during early diagenesis (Figure 23). Compositional data indicates formation from 

texturally early Fe-silicates in combination with geochemical influence from the 

surrounding mesobands. This early diagenetic interpretation is based on mineral 

relationships. Euhedral to subhedral acicular minnesotaite and stilpnomelane crystals 

(~50 µm) can be seen cross cutting greenalite (Figure 9C) and chamosite (Figure 17A). 

They can also cross-cut carbonate rhombs (Figure 19D). In addition to mineral 

relationships, both stilpnomelane and minnesotaite visibly cross-cut granule-cement 

boundaries and appear as interstitial cement phases. Interstitial minnesotaite 

predominantly occurs in silica-cemented horizons and interstitial stilpnomelane within or 

adjacent to banded horizons. These textural relationships suggest minnesotaite and 

stilpnomelane form after granule formation and silica cementation. However, the 

presence of stilpnomelane inclusions within pebble-size chert intraclasts and not in the 

surrounding horizon (Figure 19G) suggests stilpnomelane can form prior to erosion, 

transportation, and redeposition of chert intraclasts, indicating stilpnomelane may be 

able to form close to the sediment-water interface (Simonson, 1987). In other iron 

formations, acicular stilpnomelane and minnesotaite are similarly classified as forming 

during early diagenesis, including granular iron formation (Dimroth and Chauvel 1973, 

Floran and Papike, 1975) and in banded iron formation (Gole, 1980; Pecoits et al., 

2009).  

Minerals cross-cut by stilpnomelane and minnesotaite are candidates for 

precursor phases. For example, abundant minnesotaite in samples MIR-L-07 and MIR-

U-10 cross-cuts greenalite granules. This minnesotaite is mostly composed of iron and 

silica, similar to the greenalite in these samples (Figure 16, Table 4). As such, Fe-rich 

minnesotaite in samples MIR-L-07 and MIR-U-10 as well as similar Fe-rich minnesotaite 

from samples MIR-19-05 and MIR-17-13 may form from a reaction between precursor 

greenalite and quartz phases. This minnesotaite reaction is shown in Figure 24-A2  
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(reaction from Klein, 2005). Minnesotaite can also form as a reaction product from 

precursor siderite and chert (Klein, 2005) (Equation 1). Such a reaction may occur in 

samples where minnesotaite visibly cross-cuts carbonates, though most commonly, 

carbonates-rhombs cross-cut minnesotaite. The Fe content of all Fe-silicates shows 

potential relationships between precursor phases as their spatial distribution in silica 

cemented and/or banded horizons. Figure 25 illustrates the connection of silica-

cemented vs banded horizons on composition when plotting silicate Fe/ Fe+Mg ratios 

against Al content. 

 
Figure 25. Plot of Fe/Fe+ Mg vs Al for Fe-silicates phases from each sample. Fe/Fe + Mg ratios 
for minnesotaite and stilpnomelane are higher among Si-cemented horizons and lower among 
samples adjacent to or within banded horizons. Greenalite is only found within Si-cemented 
horizons, and chamosite is only found within proximity of banded horizons.  
 

Notably, Fe/ Fe+Mg ratios are higher for texturally earlier phases than cross-cutting 

phases within the same sample. In addition, minnesotaite and stilpnomelane have higher 

Fe/ Fe + Mg ratios among silica-cemented horizons compared to banded horizons. 

These two observations suggest (1) cross-cutting phases are incorporating Mg cations 

from local pore waters during diagenesis, and (2) a source of Mg is located within the 

banded horizons, and substitutes for Fe to a higher degree in diagenetic minerals 

forming near banded horizons. Evidence for minor Mg substitution is visible in Fe-rich 

minnesotaite among silica-cemented horizons in sample MIR-L-07 and MIR-U-10. Fe/ 

Fe + Mg ratios in samples MIR-L-07 and MIR-U-10 are lower for cross-cutting 

minnesotaite than greenalite (Figure 25). In the Gunflint Iron Formation, minnesotaite 

was also noted to have a lower Fe/ Fe + Mg than greenalite in the same samples (Floran  
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and Papike, 1978). As such, Mg-rich minnesotaite in samples MIR-19-3.5 and MIR-U-08 

could also have an Fe-rich greenalite precursor phase as well. However, the high Mg 

content in these samples suggests the surrounding banded horizon sourced Mg which 

substituted for Fe during minnesotaite formation.  

Minnesotaite granules in samples MIR-19-3.5 and MIR-U-08 are cross-cut by 

stilpnomelane. This cross-cutting relationship is illustrated in Figure 26 and suggests 

minnesotaite was a likely precursor phase for stilpnomelane-bearing granules in these 

same samples. However, stilpnomelane in MIR-19.3.5 and MIR-U-08 is only present in 

granules adjacent to or within banded horizons, such as the margins of the silica 

cemented nodule in MIR-19-3.5 (“rxn rim”, Figure 26A) or in the banded horizon of MIR-

U-08 (Figure 26B). Stilpnomelane, similar to chamosite, has appreciable Al 

concentrations (Table 4), and may be forming near Al-rich banded horizons due to the 

limited mobility of Al in porefluids (Wintsch and Kvale, 1994). In addition to Al, the higher 

K and Na concentrations of stilpnomelane are also likely sourced from banded horizons, 

with small but appreciable average Na, K, and Al noted in minnesotaite from these 

samples (Table 4). When readily available Al, K, and Na are present, it is likely 

minnesotaite reacts with these cations to form stilpnomelane (Equation 2 modified from 

Klein (2005)):  

 
minnesotaite + H2O + Al3+ + minor Na+, K+ → stilpnomelane + Fe2+             (2) 
                                                    
A line highlights the putative reaction between minnesotaite and stilpnomelane in Figure 

26C. Variable Fe and Mg concentrations in both minnesotaite and stilpnomelane from 

these samples causes a few EPMA points to populate the center of the line, suggesting 

either transitional minnesotaite and stilpnomelane phases, or a possible mixed EPMA 

signal measuring both minnesotaite and stilpnomelane (Figure 26C).  Minnesotaite 

reacting to form stilpnomelane is proposed in the Gunflint Iron Formation, where the 

presence of K and Na in minnesotaite are a potential indicator of a transition to the 

stilpnomelane structure (Floran and Papike 1975). Stilpnomelane observations from the 

present study are in line with previous work on Biwabik mineralogy, which also suggests 

stilpnomelane forms from precursor minnesotaite (McSwiggen and Morey 2008).  
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Figure 26. Minnesotaite and stilpnomelane relationships. (A) TL image of sample 19-3.5.  
rxn=reaction rim. (B) TL image of sample U-08. (C). Average stilpnomelane composition from 
sample 17-16 is plotted for comparison with MIR-U-08 and MIR-19-3.5. Talc-minnesotaite series 
and stilpnomelane field are from Klein (2005).  

 
In addition to a minnesotaite precursor, stilpnomelane likely forms from other 

precursor phases in the Biwabik that can supply Si, Fe, Mg and Al. For example, 

stilpnomelane cross-cuts chamosite, and the distribution of both minerals near banded 

horizons (e.g. Figure 13A, Figure 17) suggest stilpnomelane could link to precursor 

chamosite. Examples of stilpnomelane derived from precursor chamosite are recognized 

for the Biwabik and in other iron formations. In the Biwabik, chlorite and quartz are 

thought to form the precursor phases for stilpnomelane (French, 1968), with this reaction 

illustrated in Figure 24-C2 (though no chlorite was observed in the present study). In iron 

formations of the ~2.7 Ga Weld Range from Australia, stilpnomelane is interpreted to be 

derived from interaction of K-bearing pore fluids with precursor chamosite and Al-bearing 

greenalite phases, the latter not being identified in this study (Gole, 1980). Other 

possible precursor phases for stilpnomelane are volcanic and/or extrabasinal  
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siliciclastics, with rare horizons in the Biwabik hosting materials interpreted to form from 

extrabasinal material. This includes the putative glass shards in the carbonate horizon of 

the Upper Slaty composed of stilpnomelane (Figure 8C). Assuming these shards had a 

precursor volcanic glass composition, they could source the necessary Al, Fe, Mg, as 

well as minor K and Na for their current stilpnomelane composition (French, 1973). 

Abundant stilpnomelane is also found in samples from the Intermediate Slate member, 

which has an average 4.58% Al2O3, notably higher than the  ~1% average Al2O3 in 

Cherty and Slaty members (Morey 1992). The source of the Al is interpreted as a 

tuffaceous shale (Morey 1992) or from windblown and/or suspended clay and silt 

(Larson et al. 2011). In iron formations of the Transvaal Supergroup, some 

stilpnomelane-rich units attribute the input of volcanic material as the source of Al 

(Beukes and Klein 1990).  

 

5.2.4 Diagenetic carbonates 

 

Cross-cutting relationships between carbonates and other minerals suggest 

carbonates form during early to mid-diagenesis. The two most common carbonate 

textures in this study were (1) fine-grained siderite or ferroan-dolomite cements within 

banded horizons and (2) larger ~0.1 - 5 mm euhedral siderite and ankerite-dolomite 

crystals that occur in both silica-cemented and banded horizons (Table 3, Figure 19). 

Fine-grained carbonate cements are typically cross-cut by diagenetic Fe-silicate, Fe-

oxide, and larger carbonate crystals, suggesting fine-grained cements form during early 

diagenesis. Fine-grained carbonates in some Hamersley Basin iron formations are also 

thought to form during early diagenesis (Krapež et al. 2003, Tosca et al. 2019). The 

absence of fine-grained carbonate in silica-cemented horizons suggests banded 

horizons source the necessary carbon and + Fe, Mg, and Ca cations. Potential sources 

of carbon in banded horizons include precipitated carbonate oozes (Klein 2005), 

degradation of organic carbon (Köhler et al., 2013; Posth, 2013) and carbonate from 

seawater (Tosca, 2019). These three carbon sources can lead to early carbonate 

formation, with an example of the latter two illustrated in Figure 24-B2 and 24-C5 

(reactions from Posth 2013, Tosca 2019). Notably, no fine-grained carbonate phases are 

observed within granules among silica-cemented or banded horizons. However, larger 

rhombohedral carbonate crystals can be found within granules, though they typically  
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transect granule-cement contacts (Table 2) and likely form after texturally early phases 

within granules as well as early diagenetic phases (Figure 23). For example, carbonate 

rhombohedral cross-cut minnesotaite, and may form when Fe in minnesotaite reacts 

with dissolved CO2 to form siderite (Floran and Papike, 1978). This textural relationship 

and putative reaction are illustrated in Figure 24-A3.  

The Mg, Fe, and Ca composition of cross-cutting carbonate rhombohedral and 

vein-filling cements can change within the same sample (Figure 20-I), and may suggest 

changes in local pore fluid composition during carbonate formation. This includes 

rhombohedral carbonate crystals in sample MIR-17-19 that display higher Mg/Fe ratios 

in their cores relative to their rims (Figure 20F). In sample MIR-17-18, dog-tooth 

carbonate cement lining vein walls and blocky carbonate cement filling the remaining 

vein have siderite and ankerite compositions, respectively (Figure 20G). Similar ankerite 

cements are noted in veins formed by soft-sediment deformation in the Gunflint Iron 

Formation (Floran and Papike, 1975). Assuming rhombohedral carbonate crystals or 

vein-filling carbonate cements have compositions that reflect local pore fluid chemistry, 

changes in Fe-Mg-Ca composition across the same crystal or within the crystals from 

the same vein suggest changes in pore fluid chemistry during carbonate diagenesis. 

Examples of carbonate composition reflecting local pore fluid conditions include 

siliciclastic-hosted diagenetic siderites (Pe-Piper and Piper, 2020). Variation in Mg, Ca, 

and Mn concentrations within siderite are thought to reflect processes affecting pore fluid 

chemistry, including release of Mg during conversion of illite to smectite, and changes in 

basinal fluid flow sources (Pe-Piper and Piper, 2020). Similar local to basin scale 

processes may be affecting diagenetic carbonate compositions in the Biwabik. The data 

presented here provide a preliminary look at the compositional and textural data of 

carbonate phases in the Biwabik. EPMA data from carbonates in the present study is 

limited to four samples, and interpreting the diagenetic history of carbonate phases in 

the Biwabik cannot be completed because of small sample size, and is outside the 

scope of the present study.  

 
5.2.5 Diagenetic hematite and magnetite 

 

  Hematite > 5 µm and magnetite typically cross-cut all other mineral phases as 

well as granule-cement boundaries. These cross-cutting relationships and the absence  
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of minerals that cross-cut most Fe-oxides indicate they are the last minerals to form  

during paragenesis (Figure 23). Though some examples of fine-grained hematite within 

granules are interpreted as texturally early, occurrences of fine-grained hematite in veins 

that cross-cut granules (Figure 21B) and in banded horizons (Figure 24-C5) show fine-

grained hematite can form after other texturally early phases. In addition, larger 

secondary hematite lathes >5 µm typically cross-cut Fe-silicates and carbonates (Figure 

17B, Figure 19C).  

Considering Fe-silicate and Fe-carbonate phases form under anoxic conditions 

(e.g. Harder 1978, Pufahl et al. 2012), a source of oxygen is required to form hematite 

that cross-cuts these phases. Possible sources of oxygen include meteoric groundwater 

flow driven through the Biwabik during the ~1.85 Ga Penokean Orogeny (Morey, 1999). 

In this model, Morey (1999) suggests meteoric fluids infiltrated the groundwater system 

in the elevated foreland of the fold-and-thrust belt (Figure 3), and were driven northward 

into the Animikie basin due to topographic relief. Groundwater flow would have been 

confined to the Biwabik and Pokegama due to the impermeable Archean basement 

below and the less-permeable Virginia Formation above (Figure 4). This continental-

driven basinal fluid flow model is supported by Losh and Rangue (2018), who use fluid 

inclusions within quartz cement to suggest oxidation occurs at ~175 °C. Examples of 

meteoric oxidation resulting in later hematite formation are illustrated in Figure 24-B3 

and 24-C4 (equation from Shapiro and Konhauser, 2015).  

Following diagenetic hematite formation, magnetite is the last mineral phase to 

form during Biwabik paragenesis, cross-cutting all other mineral phases and commonly 

cross-cutting granule-cement contacts (Figure 17B, Figure 19, Figure 24-A5). In addition 

to mineral relationships, the overall relative abundance of magnetite increases alongside 

diagenetic phases including minnesotaite, stilpnomelane, and carbonate rhombs (Table 

2). Increased magnetite abundance is often found alongside more polygonal megaquartz 

cement thought to form from silica neomorphism during later diagenesis (Simonson 

1987). Evidence for late magnetite formation is prevalent in banded iron formations of 

the Hamersley Basin (Rasmussen and Muhling, 2018), where thermal decomposition of 

siderite is thought to fuel magnetite growth at < 200-350 °C (Milesi, 2015). An example 

of this reaction is shown in Figure 24-A4 and 24-B4 (equation from Milesi, 2015). 
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5.2.6 Paragenesis summary 

 

A paragenetic sequence was established for Fe-oxide, Fe-silicate, and carbonate 

minerals within silica-cemented and banded horizons of the Biwabik Iron Formation. The 

timing of mineral formation established in this paragenetic sequence suggests greenalite 

and some examples of hematite are the texturally earliest minerals (see section 5.2.1). 

Subsequent diagenesis forms Fe-silicates, carbonates, and Fe-oxides mineral 

assemblages under diagenetic to low-grade, sub-greenschist metamorphic conditions 

(Klein 2005). Primary greenalite and hematite indicate silica-cemented horizons initially 

contain Fe and Si, with nearby banded horizons sourcing cations including Mg, Al, and K 

during diagenesis (see section 5.2.2). Finally, > 5 µm hematite cross-cutting other 

diagenetic minerals suggests infiltration of a basinal fluid flow provided oxygen during 

diagenesis (Morey, 1999; Losh and Rangue, 2018).  

With greenalite and hematite forming the texturally earliest mineral phases, the 

geochemical conditions they form under provides insight into pore waters and/or 

seawater near the sediment-water interface. Discussed below are several putative 

formation scenarios that can result in chert granules containing primary greenalite and 

hematite.   

 
5.3 Potential formation scenarios  
 
What potential formation scenarios could result in the petrographic observations of 
primary greenalite and primary hematite?  
 

Fine-grained greenalite and hematite within silica-cemented chert granules 

display the most primary textures, and most likely represent primary mineralogy in the 

Biwabik. Similarities between primary hematite and greenalite in dusty chert granules 

suggest several depositional processes that may be occurring regardless of the primary 

mineralogy. For example, the chert-rich composition of granules containing putative 

primary hematite or greenalite suggests initial silica precipitation was a significant 

component of iron formation paragenesis regardless of the primary mineralogy (Fisher 

and Knoll, 2009; Johnson, 2018). In addition, dusty chert granules with greenalite or 

hematite typically have ovoid or irregular shapes (Figure 9A, Figure 21A). These shapes 

suggest granule formation processes are similar for granules of both mineralogies,  
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including dewatering during early diagenesis and preservation among silica cement 

(Figure 22). However, the co-precipitation of greenalite and hematite simultaneously is 

highly unlikely, considering greenalite formation requires anoxic conditions, and hematite 

requires suboxic conditions (Klein, 2005; Pufahl, 2014). Additionally, greenalite and 

hematite are generally not seen alongside each other in the samples studied here, with 

the possible exception of hematite cross-cutting greenalite in Figure 11. Based on their 

incompatible formation conditions and their disparate textural relationships within 

samples, there are three possible primary precipitation scenarios that could result in the 

formation of primary fine-grained hematite and greenalite identified in the Biwabik:  

 

(1) Scenario 1: Fine-grained hematite represents the most primary mineral phase in 

the Biwabik, forming from a precursor Fe-oxyhydroxide phase such as 

ferrihydrite. Other texturally early minerals including greenalite and chamosite 

only form following reduction of ferrihydrite or hematite during early diagenesis 

(Figure 27).  

(2) Scenario 2: Greenalite represents the most primary mineralogy, with greenalite 

particles either precipitating directly from the water column or forming shortly 

after deposition of a precursor Fe(II)-Si gel phase. Fine-grained hematite forms 

from subsequent oxidation (Figure 28).   

(3) Scenario 3: Both fine-grained hematite and greenalite are primary precipitates in 

their respective samples, and the presence of primary hematite or greenalite in a 

horizon suggests water column precipitation and/or initial conditions at the 

sediment-water interface above or below a potential redoxcline (Figure 29).  

 

These primary mineralogy scenarios are illustrated in Figures 27-29, with a more in-

depth discussion of each formation scenario below.  

In scenario one, fine-grained hematite within silica-cemented chert granules 

forms the primary mineral phase in the Biwabik Iron Formation, with all other mineral 

phases forming during diagenesis. In Figure 27, steps 1-3b illustrate possible formation 

processes resulting in primary fine-grained hematite and formation of other texturally 

early minerals during diagenesis. In this scenario, the initial precursor phase for hematite 

would be some type of Fe-oxyhydroxide, such as ferrihydrite, that would have formed  
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following biotic or abiotic oxidation of Fe(II) to insoluble Fe(III) (Bekker et al., 2014). 

 Following deposition of ferrihydrite and silica in step 1, reworking of the initial beds, 

possibly by current or storm action (Ojakangas, 2011) would generate and deposit 

ferrihydrite and silica-bearing granules in step 2. Following granule deposition, the 

interstitial pore space between granules are cemented with silica. Steps 3a and 3b show 

ferrihydrite reacting to from the initial mineral phases. In 3a, ferrihydrite reacts to form 

hematite (reaction from Posth, 2013). In 3b, however, the ferrihydrite is reduced by 

organic carbon (shown in figure as CH2O) resulting in Fe(II) (equation in the figure from 

Fischer and Knoll 2009).  

 
Figure 27. In scenario one, precursor ferrihydrite leads to primary hematite and texturally early 
Fe-silicates. Sediment thickness, water depth, and precursor sediments are not to scale.  
 

After reduction of ferrihydrite, Fe(II) can react with silica to form greenalite, and 

chamosite can form if granules are proximal to a source of Al (Harder 1978). This 

reduction of an initial Fe-oxyhydroxide precursor by organic carbon has been proposed 

for texturally early Fe-silicate genesis in other iron formations (Fischer and Knoll, 2009, 

Robbins 2019). While no textural relationships of hematite that document replacement 

by chamosite or greenalite were found in this study, a few samples from the Upper Slaty  
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were noted as having organic carbon in the form of bitumen in the pore space between 

Fe-silicate granules. Similar bitumen distribution has been noted in granular samples of 

the Gunflint Iron Formation and is interpreted as solidified oil that was moving through 

the rock prior to hematite formation (Rasmussen and Muhling 2019). However, most 

occurrences of greenalite and chamosite contain no bitumen or traces of organic carbon, 

similar to most iron formations (Klein 2005, Dodd et al., 2019). To summarize, the 

scenario one ferrihydrite precursor phase suggests all fine-grained hematite within chert 

granules are primary, and samples with texturally-early Fe-silicates within chert granules 

(or granules composed entirely of Fe-silicates) form from reduction of the initially 

oxidized ferrihydrite or hematite phase. In this scenario, all greenalite identified in this 

study would have to completely replace precursor hematite/ferrihydrite, since no 

samples display concrete signs of residual hematite being replaced by fine-grained Fe-

silicates.   

In scenario two, greenalite represents the primary mineral phase in the Biwabik 

IF, with steps 1-4 in Figure 28 showing a putative formation pathway where precipitation 

of a greenalite precursor can form into fine-grained greenalite and hematite-bearing 

chert granules. In step one, upwelling Fe(II) and Si form a Fe(II)-Si greenalite precursor 

gel that precipitates from the water column. Alternatively, greenalite particles or 

floccules, rather than a precursor gel phase, may potentially form and precipitate directly 

from seawater (Rasmussen et al., 2019). Following granule formation and subsequent 

silica cementation in step 2, dehydration and organization of the precursor Fe(II)-Si gel 

results in greenalite formation in step 3 (equation from Tosca, 2016). In step 4, 

oxygenated groundwater can cause greenalite or the precursor gel to oxidize (equation 

from Shapiro and Konhauser (2015)), resulting in texturally early fine-grained hematite 

within chert granules (Rasmussen et al., 2016). Textural examples of secondary fine-

grained hematite formation in step 4 can be seen in several samples. For example, 

Figure 24-C5 displays fine-grained hematite that has partially formed in the banded 

horizons surrounding a chamosite granule, resembling hematite mobility in samples from 

Hammersley Group iron formations (Rasmussen, 2016). In addition, coats of fine-

grained hematite surrounding Fe-silicate granules or in veins (Figure 21B, C) suggests 

oxygenated water could form fine-grained hematite after precipitation of initial Fe-silicate 

bearing granules. Similar fine-grained hematite rims surrounding Fe-silicate granules are 

present in the Gunflint Iron Formation (Rasmussen and Muhling, 2020). However, there 
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are a few samples containing chert granules with fine-grained hematite and no visible 

fine-grained Fe-silicates from the base of the Lower Cherty and Upper Cherty (Table 3, 

Figure 21), suggesting hematite, if secondary, would have had to have completely 

replace all Fe-silicates present and leave no residual or partial Fe-silicate phases.  

 
Figure 28. Scenario where precursor Fe(II)-Si gel leads to primary greenalite and texturally early 
hematite. Sediment thickness, water depth, and precursor sediments are not to scale. Description 
of steps 1-4 in text. GW=groundwater. 
 

Primary greenalite and hematite are rarely found within the same horizons. A 

third explanation for this disparate relationship is that both minerals are forming as 

primary precipitates and that no replacement has occurred in these samples. Deposition 

of primary mineral phases above and below a potential redoxcline could result in 

precipitation of both suboxic and anoxic primary minerals in the same iron formation 

within separate horizons (Figure 28).  
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Figure 29. Assuming fine-grained greenalite and hematite in Biwabik are the primary mineral 
phases from respective  Fe(II)-Si hydrous gel and ferrihydrite precursor phases, then it suggest 
both phases are primary in their locations among stratigraphy due to the the presence of a 
redoxcline during deposition. Initial sediments, granules, seafloor slope, and water depth are not 
to scale.  Figure adapted from Tosca (2016).  
 
With a redoxcline in place, sufficient oxygen would be available to oxidize upwelling iron 

and precipitate ferrihydrite. At the same time, anoxic conditions maintained below a 

redoxcline would facilitate greenalite-gel precipitation from the same upwelling Fe and 

Si. Following deposition, the diagenetic formation of other texturally early phases could 

still take place, i.e. fine-grained hematite could still form following oxidation of greenalite 

(Figure 27). The presence of a redoxcline controlling primary mineralogy has been 

proposed for other Paleoproterozoic iron formations (Beukes and Klein, 1990; Pufahl 

and Fralick, 2004; Akin, 2013), with oxygen produced from photosynthetic organisms 

sufficient to create “oxygen oases” in shallow water, resulting in primary Fe-

oxyhydroxide precipitation (Klein, 2005; Pufahl, 2014). Alternatively, ferrihydrite can 

precipitate in these shallow-water scenarios with iron-oxidizing photosynthesizers 

(Planavsky et al., 2009). A similar correlation has been proposed in the Biwabik, where 

the presence of microbial sedimentary structures at the base of the Upper Cherty and 

Lower Cherty correlates with primary hematite observed in samples from these specific 

intervals (Severson, 2009). Microbial communities in these samples have been 

interpreted to help mediate Fe-oxidation and precipitation (Planavsky, 2009). Samples 

from these same Upper and Lower Cherty horizons were found to contain primary 

hematite. (Table 2). Primary greenalite was found to be distributed in Upper and Lower 

Cherty samples lacking primary hematite, and in samples from Upper and Lower Slaty 

members (Table 2).  
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5.3.1 Summary of potential formation scenarios  
 

Petrographic observations of greenalite and hematite pair most closely with 

primary mineralogy scenario two, suggesting greenalite makes up the most primary 

mineral phase and is sometimes replaced by secondary fine-grained hematite. However, 

there are a couple instances where petrographic and electron microscopy cannot 

ascertain whether fine-grained hematite has replaced an early Fe-silicate, suggesting 

hematite could be primary as well, as shown in Figure 29. Support for scenario two 

largely comes from samples showing secondary fine-grained hematite forming outside of 

granules and after Fe-silicate formation. In addition, there was no compelling evidence of 

greenalite replacement of hematite, unless greenalite was able to totally replace 

hematite in these samples. If so, greenalite would likely form outside of granules and 

cross-cutting granule-cement contacts, similar to secondary hematite or magnetite 

(Figure 21B). Most situations where hematite is fine-grained also contain evidence for 

hematite mobility, such as being present in veins, or secondary formation, such as 

forming rims around Fe-silicate granules (Figure 21C). However, the lack of replacement 

textures for monomineralic hematite in specific habits and from specific intervals, such 

as hematite-coated chert granules in 17-01 and in 19-15 from the base of the Upper 

Cherty (Table 3) suggest some fine-grained hematite could be primary. The remaining 

discussion focuses on geochemical conditions required for greenalite formation, to give 

an insight into deposition of these phases in the context of the Biwabik Iron Formation. 

 
5.4 Implications of primary greenalite for the Biwabik iron formation  
 
What geochemical parameters can greenalite form under? What would primary 
greenalite mean for the Biwabik, and for other Paleoproterozoic iron formations? 
 

 With greenalite forming the texturally earliest phase in the Biwabik, there are 

several potential geochemical implications for Biwabik seawater chemistry, whether 

greenalite forms in the water column (e.g. Rasmussen, 2019) and/or near the 

sediment/water interface (Tosca, 2016). The focus here will be on anoxic formation of 

greenalite from a Fe(II)-Si gel precursor, as found by experimental greenalite formation 

(Tosca 2016), and suggested by previous anoxic mineral assemblages containing  

greenalite that suggest a primarily Fe(II)-bearing precursor phase (French, 1973; Floran  
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and Papike, 1975; Rasmussen, 2015; Johnson, 2020; Muhling and Rasmussen, 2020). 

It is worth noting a number of other proposed greenalite precursor phases have mixed 

Fe(II,III) composition, including a ferrous-ferric hydroxy salt known as green rust (Halevy 

et al., 2017; Johnson, 2018), or as ferrihydrite (Robbins, 2019). If green rust or a similar 

mixed Fe(II,III) formed the precursor phases, it would suggest some degree of Fe(II) 

oxidation would be a requisite for primary greenalite formation (Johnson, 2018). 

However, experimental precipitation and the low Fe(III) redox state of greenalite and 

common minerals such as minnesotaite and siderite suggest primarily anoxic processes 

controlled deposition and/or early diagenesis of greenalite (Tosca et al., 2019).   

Constraints on seawater chemistry during deposition of the Biwabik Iron 

Formation may be drawn from experimental formation of greenalite. In Tosca (2016), 

greenalite nucleation occurs at a pH of ~7.7 to 8.3 with sufficient iron and silica 

concentrations in anoxic water at 25 °C. With greenalite precipitating below amorphous 

silica saturation at 10–2.71 M (Rimstidt and Barnes, 1980), Fe concentrations and pH were 

likely the limiting factors for greenalite precipitation in the Biwabik, considering silica was 

already precipitating alongside greenalite in the form of chert comprising granules as 

well as early-diagenetic silica cement. In addition, elevated silica concentrations around 

60 ppm have been suggested for Precambrian seawater (Siever, 1992). Estimates for 

Fe concentrations are more difficult to ascertain for the Precambrian (e.g. Konhauser, 

2005), but have been previously estimated using siderite saturation at ~10–120 µmol/kg 

(Canfield, 2005; Raiswell et al., 2011). At these Fe and Si concentrations, a couple 

unique models describing mixing between alkaline and reduced waters could result in 

the ~7.7 - 8.3 pH required for greenalite nucleation (Johnson, 2018). Tosca (2016) 

suggests upwelling alkaline hydrothermal waters would have interacted with more acidic 

surface waters, whereas Rasmussen et al. (2017) suggests upwelling of acidic 

hydrothermal waters would interact with more alkaline seawater, in each case 

precipitating greenalite. If seawater pH is already within the ~7.7-8.3 range, falling within 

reasonable estimates for the pH of Proterozoic seawater (Halevy and Bachan, 2017) 

then upwelling hydrothermal fluids may instead supply Fe and/or Si necessary for 

greenalite saturation. All of these models rely on mixing between a hydrothermal plume 

or upwelling currents on a continental shelf-like environment where Biwabik deposition 

occurred (Ojakangas, 1983, 2011). While upwelling models for the Biwabik and other 
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Paleoproterozoic granular iron formations are already considered to be the primary 

source of Fe (Isley and Abbot, 1999), the precipitation of greenalite indicates anoxic 

conditions contrary to oxidation-driven precipitation of hematite previously interpreted in 

this shallow-water environment (Poulton et al., 2010). The presence of some putative 

primary hematite in a couple samples suggests oxygenated water was still present (as 

shown in Figure 29) but that anoxic, greenalite-favoring conditions were present on this 

shelf to some degree.   

 
6.0 Conclusion  
 

 Primary and diagenetic mineral phases were identified among silica-cemented 

horizons with a combination of petrography and electron microscopy. These techniques 

were used to document cross-cutting relationships and obtain compositional data from 

identified mineral phases, informing a paragenetic sequence for the Biwabik Iron 

Formation. Texturally early minerals in this iron formation include greenalite, <5 µm 

hematite, chamosite, siderite, and quartz. Diagenetic minerals include minnesotaite, 

stilpnomelane, ankerite-dolomite, >5 µm hematite, and magnetite. Some of the key 

findings from mineral paragenesis within silica-cemented horizons are as follows:  

 
(1) Silica cementation preserves granule shapes and internal granules textures not 

present among banded horizons. Granules likely develop ovoid and irregular 

shapes before and/or during early diagenesis. Silica-cementation helps granular  

horizons resist burial compaction relative to non-silica-cemented horizons, 

preserving ovoid and irregular-shapes. In addition, internal textures including 

dewatering fractures and dustiness are not present in elongate granules among 

banded horizons (section 5.1) 

 

(2) Greenalite and/or <5 µm hematite are the texturally earliest minerals preserved in 

silica-cemented chert granules (section 5.2.1). Primary hematite and greenalite 

may have formed from an oxidized hematite precursor, a Fe(II)-Si greenalite gel 

precursor, or possibly both of these phases (section 5.3). 

 

(3) Diagenetic mineral compositions are influenced by their relative spatial 

distribution among or adjacent to silica-cemented versus banded horizons. 
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(4) Chamosite and stilpnomelane formation are limited to areas proximal to banded 

horizons, which provides a source of Al. Most minerals have higher Mg content in 

in proximity to banded horizons, indicating Mg is sourced directly from bands. 

Carbonate minerals are mostly diagenetic, with cations and a source of carbon 

supplied from banded horizons. (Section 5.2.2) 

 

(5) Precipitation of primary greenalite, or a greenalite-like gel precursor phase, 

suggests that seawater near the sediment-water interface was at times anoxic, 

had high concentrations of Fe and Si, and a pH of ~7.7-8.3. These geochemical 

conditions could be achieved when additional Fe and Si were delivered by 

upwelling seawater plumes or currents onto a continental shelf-like setting.  
 

In conclusion, geochemical conditions favoring greenalite precipitation were present 

near the sediment-water interface during the late Paleoproterozoic. Future research 

should continue to search for primary mineralogy within silica-cemented horizons in 

other late Paleoproterozoic granular iron formations. Minerals preserved in these 

horizons will further constrain the geochemical conditions of seawater during this 

enigmatic time.  
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Appendix 
 Spot analyses numbers from Figures A1-A11 correspond with point numbers 

listed in EPMA data tables.  

EPMA spot analysis sample areas  

 
Figure A1. Sample MIR-17-13 

 

 
 
 
 
 

82 



 
Figure A2. Sample MIR-17-15 

 

 
Figure A3. Sample MIR-17-16 
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Figure A4. Sample MIR-17-18 
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Figure A5. Sample MIR-L-07 
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Figure A6. Sample MIR-U-08.  
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Figure A7. MIR-U-10 
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Figure A8. Sample MIR-19-3.5 
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Figure A9. Sample MIR-19-05 
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Figure A10. Sample MIR-19-12 
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Figure A11. Sample MIR-19-15  
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Figure A12. Sample MIR-17-18 EDS maps.   
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Table A1. EPMA point analyses.  
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