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Abstract 

The Upper Ordovician Neda Formation, Midwest, USA, is composed of hematitic 

dolostone and ironstone that rest conformably on crinoid and bryozoan wackestone to packstone 

of the underlying Maquoketa Formation. Deposition occurred within the Maquoketa Sea south of 

the Transcontinental Arch between 15 and 20°S. Where not eroded, the top of the Neda 

Formation is a subaerial laterite that formed as sea-level fell during the Hirnantian Glaciation. 

This unconformity is the Ordovician-Silurian boundary and records a regression of at least 100 m 

and nearly two million years of exposure. 

Lithofacies associations indicate deposition began on a storm-dominated ramp during a 

minor transgression, that through coastal upwelling emplaced an anoxic water mass, shutting 

down carbonate production. Upwelling of ferruginous and euxinic bottom waters derived from 

the Iapetus Ocean produced depauperate, Fe-rich mudstone and granular ironstone. Mixing with 

oxygenated surface water is interpreted to have precipitated Fe-(oxyhydr)oxide in the water 

column that accumulated as Fe-rich mud on the seafloor. In shallower environments, advection 

of Fe away from the upwelling front and Fe-redox pumping beneath the sediment-water interface 

produced granular ironstone. Granular ironstone is composed of abundant coated Fe grains 

preserving both concentric, redox-aggraded cortical layers and those that are erosively truncated, 

which record periods of exhumation, reworking, and reburial beneath the seafloor into the zone 

of authigenic precipitation. 

It is becoming clear that sedimentologic and geochemical data suggest that Paleozoic 

ironstones are the product of upwelling ferruginous water masses rather than Fe derived from 

continental weathering. An increase in the equator-to-pole temperature gradient and concomitant 

reorganization of thermohaline circulation during Hirnantian Glaciation likely intensified coastal 
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upwelling and drew ferruginous seawater into the Maquoketa Sea to produce ironstone. Such 

expansion of anoxic conditions supports recent research suggesting the onset of shallow anoxia 

in other basins contributed to the second pulse of the end-Ordovician mass extinction. 

Widespread anoxia probably persisted into the early Silurian. 
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Chapter 1 

Introduction 

Ironstone is a marine biochemical sedimentary rock that contains >15 wt. % Fe (Young, 

1989; Pufahl, 2010), and is therefore a potentially important source of Fe for steel manufacture. 

Commonly compared with Precambrian iron formation, ironstone is uniquely Phanerozoic in age 

and consists of distinct mineralogical assemblages, recording different chemical environments of 

precipitation (Pufahl, 2010). In addition to Fe’s economic value, it is a bioessential element and 

often a limiting nutrient to surface ocean productivity (Martin, 1990; Smetacek et al., 2012). 

Ironstone reflects Earth system feedbacks that influence ocean-atmosphere composition, climate, 

and the trajectory of biologic evolution. 

The accumulation of ironstone is constrained to two major episodes in the Ordovician 

and Jurassic (Figure 1.1; Van Houten and Bhattacharyya, 1982). These periods generally 

coincide with major biological diversification events as well as a warm global climate (Van 

Houten and Bhattacharyya, 1982; Sturesson et al., 2000; Servais et al., 2010). 

Paleoenvironmental conditions at the time of ironstone precipitation are linked with biological 

radiation events, but the precise relationship remains unclear. Ironstone lithofacies are 

lithologically variable, and include chemical mudstone to grainstone (Van Houten and 

Bhattacharyya, 1982; Kimberley, 1983; Odin et al., 1988). Historic models for ironstone genesis 

are divided based on Fe source. Most Ordovician ironstones are thought to be the consequence of 

Fe derived from continental weathering (Van Houten and Bhattacharyya, 1982; Van Houten, 

1985; Young, 1989), however recent research indicates the importance of oceanic upwelling 
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tapping deep ferruginous water masses (Petránek, 1991; Todd et al., 2019; Dunn et al., 2019; 

Pufahl et al., 2020; Matheson and Pufahl, 2021).  

The purpose of research herein is to investigate the Late Ordovician Neda Formation, 

which was deposited in Laurentian epicontinental seas during the Hirnantian, and was 

contemporaneous with the Hirnantian Glaciation (Kluessendorf, 1991; Paull and Emerick, 1991; 

Yapp, 1993; Zhou et al., 2015). The end-Ordovician extinction, among the largest in Earth 

history, occurred during this time with the extinction of ca. 57% of all marine genera (Sepkoski, 

1984; Elewa, 2008). A primary aim of this research is to understand how the onset of the 

Hirnantian Glaciation influenced the biogeochemical cycling of Fe and the accumulation of 

ironstone. Results will also more completely frame the relationship between the Hirnantian 

Glaciation, the Hirnantian δ 13C excursion (HICE), and the end-Ordovician mass-extinction 

(Elewa, 2008; Algeo et al., 2016). 
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Figure 1.1. Temporal distribution diagram of iron formation (red), phosphorite (yellow), and ironstone 

(purple). Biodiversification events (green bars) include the first appearance of oxygenic photosynthesis 

(OP), the Ediacaran Radiation (ER) and the Great Ordovician Biodiversification Event (GOBE). 

Oxygenation events (orange bars) include the Great Oxidation Event and the Neoproterozoic Oxygenation 

Event. Dates of the latter are debated, and are defined here based on Shields-Zhou and Och (2011), Och 

and Shields-Zhou (2012), and Wallace et al. (2017). Modified from Pufahl and Hiatt (2012). 
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Chapter 2 

Background 

1.1 Ironstone 

Ironstone records an array of physiochemical, biological, and oceanographic processes 

that often coincide with major biological, climatic, and oceanographic events. However, due to 

the complex mineraologies of ironstone lithofacies, the exact nature of these processes is difficult 

to determine. Nevertheless, deducing this paragenesis is possible, which allows for the 

determination of primary environments of precipitation and subsequent alteration.  

Iron-bearing minerals in ironstone are generally Fe-silicates, Fe-(oxyhydr)oxides, and Fe-

carbonates, and mineralogical variation between different ironstone deposits is high. Ironstone 

contains low concentrations of detrital components and have been interpreted to form under 

conditions of sedimentary condensation (Pufahl, 2010; Föllmi, 2016). The variety of physical 

and chemical conditions that produce ironstone creates a range of lithofacies from chemical 

mudstone to grainstone (Trythall et al., 1987). As authigenic Fe precipitation is atypical in 

marine environments of the Phanerozoic, models of ironstone deposition must explain both the 

source of an elevated sea- and pore-water Fe concentration and suggest a method by which 

dissolved Fe is forced to precipitate. Such models invoke large-scale changes in Fe cycle flux 

magnitudes, localized chemical conditions that may act to enrich sea- or pore-water with respect 

to Fe, or some combination of both. 
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1.2 Iron Cycle 

Despite a relative abundance in the Earth’s crust, Fe exists as a trace element in modern, 

oxygenated oceans. This is due to Fe-insolubility in oxygenated environments at circumneutral 

pH (Melton et al., 2014). Flux of Fe to the oceans is controlled by five major processes: aeolian 

input, fluvial input, benthic shuttling, hydrothermal input, and glacial runoff (Figure 2.1; Taylor 

and Konhauser, 2011). As the Eh of the oceans have changed through geologic time, so too have 

the relative importance of each of these processes. Estimation of Fe flux rate proves to be 

challenging (Taylor and Konhauser, 2011; Raiswell and Canfield, 2012). Availability of Fe 

within various environments is dependent on Fe-redox conditions and has therefore varied 

significantly throughout geological history. It is suggested that hydrothermal input was the 

dominant source of Fe to anoxic Precambrian oceans, while Fe supply to oxygenated 

Phanerozoic oceans (and thus ironstone) was likely via chemical weathering and riverine inputs 

(Kendall et al., 2012). 

Iron on the Earth’s surface exists in one of two redox states: reduced ferrous Fe (Fe2+), or 

oxidized ferric Fe (Fe3+; Taylor and Konhauser, 2011; Melton et al., 2014). Therefore, in modern 

oxygenated oceans, Fe generally exists in the insoluble ferric form. Ferrous Fe, if present, is 

oxidized and precipitated as Fe-(oxyhydr)oxides, rapidly depleting Fe from the water column. 

The Fe that precipitates accumulates as sediment, but may be reduced again upon burial below 

the Fe-redox boundary within the sediment. Below the Fe-redox boundary, anoxic porewater 

conditions caused by the microbial degradation of organic matter facilitates the reduction and 

dissolution of ferric Fe within the sediment (Heggie et al., 1990; Riedel et al., 2013). Diffusion 

of dissolved Fe back into the water column is prevented by the immediate oxidation of dissolved 

Fe that rises above the sediment-hosted Fe-redox boundary (Heggie et al., 1990; Taylor and 
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Konhauser, 2011; Riedel et al., 2013). Particulate Fe from within shallow environments may 

then be shuttled under oxic conditions into deeper environments, and serves as a source of Fe to 

deep basinal and marine environments (Raiswell and Canfield, 2012). A similar anoxic shuttle 

can transport reactive Fe into deeper environments under reducing conditions, and acts to 

scavenge Fe from shelf sediments. In areas of high organic matter degradation, sulphur in 

porewater liberated by bacterial sulphate-reduction permits the precipitation of pyrite within the 

sediment, otherwise, sediment supersaturated with respect to Fe may precipitate berthierine or 

chamosite (provided an availability of Si) or Fe-(oxyhydr)oxides (Taylor and Macquaker, 2011). 

Vertical fluctuation of this redox boundary, potentially caused by a variable supply of organic 

matter to the seafloor, allows for the precipitation of a greater variety of Fe-bearing minerals, and 

permits the formation of the coated grains that are characteristic of many ironstones (Pufahl and 

Grimm, 2003). Iron-silicate minerals such as glauconite, chamosite, or berthierine contain both 

Fe(II) and Fe(III) and thus precipitate at or near the Fe-redox boundary (Glenn and Arthur, 1988; 

Pufahl and Grimm, 2003; Grenne and Slack, 2019). 

As Fe is insoluble in oxygenated seawater, the most probable source of Fe to 

Precambrian and Phanerozoic continental margins is upwelling of anoxic ferruginous water 

masses. This notion is supported by a growing number of studies linking ironstone generation to 

upwelling environments, which provide both the dissolved nutrients required, and the 

oceanographic conditions suitable for ironstone precipitation (Petránek, 1991; Todd et al., 2019; 

Dunn et al., 2019; Pufahl et al., 2020; Rudmin et al., 2020; Matheson and Pufahl, 2021).  
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Figure 2.1. Simplified Fe cycle showing sources (green), and sinks (red) in the world's oceans. Modified 

from Davison and Seed (1983), Taylor and Konhauser (2011) and Melton et al. (2014). 

  

1.3 Phosphorus 

Despite not being redox sensitive, P cycling is controlled by a variety of redox-sensitive 

processes that directly link the P-cycle with the Fe-cycle. Both the liberation of P into sea- and 

pore-water by microbial respiration, and the adsorption of P onto particulate Fe-(oxyhydr)oxides 

act to govern the movement of P through various Earth systems (Heggie et al., 1990; Ruttenberg, 

2003; Filippelli, 2008).  
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Phosphorus and authigenic phosphorite deposits serve as an important record for the 

reconstruction of global biological, oceanographic, and climatic conditions (Föllmi, 1996). An 

important nutrient element to biological productivity, P is strongly connected to biospheric 

changes and thus, acts as one of many controls on the carbon cycle and the Earth’s climate 

system (Föllmi, 1996). As with Fe, one of the major contributors to the ocean’s P concentration 

is riverine input, although much of this P is contained within detrital apatite and is never 

dissolved under marine pH and buffering conditions (Filippelli, 2008). Like Fe, P may also act as 

a limiting nutrient to biological productivity and is considered to be the ultimate limiter to ocean 

surface productivity on geological time scales (Föllmi, 1990; Tyrrell, 1999; Bjerrum and 

Canfield, 2002; Filippelli, 2008).  

Biologically cycled P is the most significant contributor toward the formation of 

phosphorite. Precipitation of phosphate minerals within marine environments requires the 

supersaturation of porewater with respect to P, and generally occurs as francolite (carbonate 

fluorapatite, Ca5(PO4,CO3)3(F,O). Concentration of P is largely governed by the bacterial 

degradation of organic matter and Fe-redox pumping (Pufahl and Grimm, 2003; Pufahl, 2010; 

Pufahl and Groat, 2017). As a consortia of bacteria degrade sedimentary organic matter, P is 

liberated into porewater permitting francolite precipitation (Pufahl and Groat, 2017). In addition 

to this biological P pump, particulate clay minerals and Fe-(oxyhydr)oxides with adsorbed P may 

also facilitate francolite precipitation when this P is liberated under reducing conditions. Redox 

pumping allows for continuous saturation to be maintained (Heggie et al., 1990; O’Brien et al., 

1990). Such Fe-redox pumping is especially important in non-upwelling environments (Heggie 

et al., 1990). This mechanism serves as an important link between the benthic Fe and P cycles 

and leads to the precipitation of both Fe and P minerals in shallow marine environments. 
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Phosphogenesis is limited beneath the seafloor by the availability of F supplied to porewater via 

diffusion from seawater (Jarvis, 1994; Pufahl and Groat, 2017). Once precipitated, it is difficult 

to return the P in francolite to the active P cycle. Phosphorus becomes sequestered until 

subduction eventually produces igneous P-bearing minerals, or exposure due to uplift allow for 

the carbonate fluorapatite to be weathered and returned to the ocean (Filippelli, 2008).   

 

1.4 Ocean Chemistry and the Hirnantian Glaciation 

While the Ordovician was a period of generally warm global climate, the Hirnantian 

(445.2 to 443.8 Ma) marks a period of global temperature decline, with the world entering a 

glacial period lasting until the Silurian (Wang et al., 1997; Zhou et al., 2015; Ogg et al., 2016). 

Thus, the Hirnantian Neda Formation is ideal for investigating the relationship between the end-

Ordovician glaciation, biological extinction, and ironstone accumulation. Previously thought to 

be a single glacial event, the glaciation is now generally considered to have occurred as at least 

two glacial-interglacial cycles, with some studies proposing up to five short-lived cycles 

(Melchin et al., 2013; Ghienne et al., 2014). In contrast with other Phanerozoic glacial periods, 

the Hirnantian Glaciation occurred during a period of elevated pCO2 relative to preindustrial 

atmospheric levels (PAL; Brenchley et al., 1994; Royer, 2006; Vandenbroucke et al., 2010; 

Nardin et al., 2011).  
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Figure 2.2. Palaeogeographical configuration for the Late Ordovician. Modified from Harper et al. 

(2014).  
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The Hirnantian Glaciation induced significant eustatic sea-level fall, exposing shelf 

environments to the atmosphere (Bergström et al., 2006). Although no glaciogenic rocks are 

associated with equatorial Laurentia, it is widely recorded as subaerial exposure surfaces which 

include the Ordovician-Silurian unconformity (Torsvik and Cocks, 2017). Additionally, a 

glacially-induced carbon isotope excursion is recorded within Laurentian carbonate and shale 

formations (Brenchley et al., 1994; Bergström et al., 2006; Melchin et al., 2013). The Hirnantian 

Isotope δ13C Excursion (HICE) recorded in North America (+ 4 ‰ to + 5 ‰) has been correlated 

with those of European and South American sediments (Bergström et al., 2006; LaPorte et al., 

2009).  

Glacial onset has been attributed to a variety of factors. Southward movement of 

Gondwana has been proposed as a cause of reduced south-poleward ocean heat transfer 

sufficient to initiate or amplify end Ordovician cooling (Figure 2.2; Herrmann et al., 2004). 

Additional factors include a possible Late Ordovician CO2 drawdown caused by the weathering 

of superplume-generated mid-latitude basaltic provinces (Lefebvre et al., 2010), and an 

associated increase in marine organic carbon export caused by enhanced nutrient availability in 

marine settings (Armstrong, 2007). Weathering of the continents would elevate continentally 

derived nutrient fluxes into shallow marine environments, promoting primary productivity and 

thus organic carbon sequestration and phosphogenesis within sediments. This nutrient flux into 

shallow marine environments may have direct implications for ironstone deposition in the 

Paleozoic. Not only has continentally-derived Fe been proposed as a source of Fe for ironstone 

generation (Poulton and Raiswell, 2002), but stimulation of Fe-redox cycling by increased 

organic productivity (either brought on by upwelling- or continentally-derived nutrients) in 
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shallow environments also acts to drive authigenic Fe-(oxyhydr)oxide precipitation and ironstone 

deposition (Todd et al., 2019). 

  



19 

 

Chapter 3 

General Geology 

Eastern Wisconsin is a region of lowlands bounded by the Niagara and Magnesian 

escarpments to the east and west, respectively (Martin, 1965). The lowlands are largely 

featureless, and are a product of glacial erosion during the last glacial period (Martin, 1965). 

Topographic relief in the lowlands is the result of fluvial incision, with minor topography created 

by the Galena-Black River Escarpment.  

Bedrock geology in the region is composed entirely of Paleozoic sedimentary rocks 

(Luczaj, 2013; Figure 3.1). Lowermost Paleozoic rocks of the region comprise eastward-dipping 

Upper Cambrian sandstone, overlain by the Trempealeau, Tunnel City, and Elk Mound groups. 

These groups are collectively interpreted to be in unconformable contact with the underlying 

Precambrian basement (Runkel et al., 2007; Luczaj, 2013; Figure 3.2) . Ironstone of the Neda 

Formation occurs at the stratigraphic top of a relatively conformable Ordovician carbonate and 

clastic sedimentary succession (Kluessendorf, 1991; Luczaj, 2013). However, erosion of this 

succession limits the availability of outcrop, but mining for steel production between 1849 and 

1928 has generated vertical and lateral exposures, making study the Neda Formation easier (U.S. 

Geological Survey and Wisconsin Geological and Natural History Survey, 1976; Kluessendorf, 

1991). Erratic distribution and elevated P concentrations of the ore prevented long term 

economic feasability of mining Neda Formation orebodies (U.S. Geological Survey and 

Wisconsin Geological and Natural History Survey, 1976). Phosphorus, even in low 

concentrations, may induce cold shortness (brittleness at low temperatures) in manufactured steel 
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and is thus deleterious to steel manufacture (Lu et al., 2013). 

 

Figure 3.1. Geological map of Wisconsin and northern Illinois. The Neda Formation is included as a 

member of the Maquoketa Formation. Modified from Kolata et al. (2005), Mudrey et al. (1982), and Sims 

(1992). 

 

3.1 Tectonic Setting 

The sedimentary rocks of eastern Wisconsin are part of the middle Tippecanoe megasequence 

and were deposited in an epeiric sea on flooded Laurentia during the Middle Ordovician to Early 

Devonian (Sloss et al., 1949; Catacosinos and Daniels, 1991; Witzke et al., 1996). The St. Peter 

Sandstone, which is a relatively thin, widespread quartz-rich sandstone that marks the base of the 

Ordovician sedimentary succession in eastern Wisconsin, was deposited during a transgression 

(Frazier, 1988; Kluessendorf, 1991; Witzke et al., 1996; Luczaj, 2013). Transgression and epeiric 
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sea deposition continued through the Ordovician with maximal flooding by the Hirnantian 

(Torsvik and Cocks, 2017). While Laurentia’s Iapetian margin experienced significant tectonic 

activity due to the accretion of terranes preceding the closure of the Iapetus, central Laurentia 

saw a period of tectonic stability lasting from the Floian (477.7 Ma) until the end of the 

Ordovician (443.8 Ma; Zagorevski et al., 2006; Cocks and Torsvik, 2011; Torsvik and Cocks, 

2017).  

This tectonic stability persisted, and the rocks of Laurentia remained unaltered and 

uneroded to any significant degree until the Hirnantian (Sheehan, 2001). While much of the 

shores of Laurentia (Wisconsin in particular) were below storm-wave base for most of the 

Ordovician, the Hirnantian glaciation produced a eustatic sea-level fall that produced ca. 48m of 

denudation, especially where rivers incised into previously deposited sediment (Kolata and 

Graese, 1983; Sheehan, 2001). Net sea-level fall is estimated to be in excess of 70 m (Sheehan, 

2001). Coincident with this sea-level fall is the Hirnantian extinction event, among the largest in 

the Phanerozoic, and responsible for the extinction of up to 85% and 25% of marine animal 

species and families, respectively (Elewa, 2008; Sheehan, 2001; Harper et al., 2014). Extinction 

during the first phase of the extinction disproportionately affected benthic organisms in both 

deep and shallow environments compared to those of mid-water depths, and many planktonic 

and nektonic groups were also affected (Rasmussen and Harper, 2011; Harper et al., 2014). 

The Neda Formation and associated sedimentary rocks were deposited within the 

Michigan Basin. The Michigan Basin was a major sedimentary basin of Paleozoic Laurentia, and 

covers an area including eastern Wisconsin, northeastern Illinois, northern Indiana and Ohio, 

southwestern Ontario, and Michigan (Fisher et al., 1988). The Michigan Basin contains rocks 
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from Cambrian to Carboniferous (Fisher et al., 1988). Sediments within the basin dip gently 

basinward, with the oldest stratigraphy exposed along basin margins (Fisher et al., 1988). 

 

3.2 Ordovician Stratigraphy 

Sedimentary successions of Wisconsin and Illinois contain mixed carbonate-clastic 

deposits that record environmental change as eustatic sea-level fell and rose through the 

Ordovician (Figure 3.2). The lowermost Ordovician unit is the Prairie du Chien Group, a mixed 

carbonate and siliciclastic unit that accumulated under highstand conditions and contains 

abundant ooids and stromatolites (Smith et al., 1993; Luczaj, 2013). The formation was 

subsequently eroded during a major regression, and the Prairie du Chien Group was heavily 

incised in the Middle Ordovician before deposition of subsequent units (Luczaj, 2013). The St. 

Peter Sandstone was deposited next and consists of up to 75 m of well sorted quartz grains with 

minor shale layers. It, and the younger Glenwood Shale comprise the Ancell Group (Luczaj, 

2013). The Middle Ordovician Sinnipee Group is composed of the Platteville and Galena 

formations; two formations of shale and dolomite that record deposition from shallow to deep 

marine environments (Luczaj, 2013).  
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Figure 3.2. Generalized stratigraphic column for northeastern Wisconsin. Modified from Luczaj (2013). 
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The Maquoketa Formation is an Ordovician interbedded marine shale and carbonate unit 

occurring in Missouri, Wisconsin, Iowa, Illinois, and Indiana that is variably referred to as the 

Maquoketa Shale, the Maquoketa Group, and more often, the Maquoketa Formation. The term 

“Maquoketa Formation” will be used herein. The Maquoketa Formation ranges in thickness, and 

is thickest in Door County, Wisconsin, where it is at least 152 m thick (Luczaj, 2013). Outcrops 

are scarce due to the friable and erodible nature of the shaley layers (Luczaj, 2013). From base to 

top the Maquoketa Formation comprises the Scales, Fort Atkinson and Brainard members. The 

Scales Member is an olive-gray, laminated, poorly fossiliferous dolomitic shale containing thin 

phosphorite beds rich in mollusc (bivalve, cephalopod, and gastropod) fossils (Kolata and 

Graese, 1983; Graese, 1991). Phosphorite layers within the Scales Member have been interpreted 

to represent periods of upwelling nutrient-rich waters onto a carbonate dominated platform 

(Witzke, 1980). Eastern occurrences of the Scales Member in Illinois lack considerable 

carbonate components and consist largely of dark brown shale (Graese, 1991).  The Fort 

Atkinson Member is a crinoid-brachiopod-bryozoan limestone or dolomite packstone and 

grainstone, and locally can form bluffs with minor to moderate topographic relief in Door 

County (Kolata and Graese, 1983; Luczaj, 2013). The Fort Atkinson Member contains less 

siliciclastic material than underlying stratigraphy (Kolata and Graese, 1983). Interbedded 

crossbedded biogenic grainstones and packstones with wackestones bearing whole, unabraded 

brachiopod shells suggest deposition under storm conditions (Kolata and Graese, 1983). Capping 

the Maquoketa stratigraphy is the Brainard Member, which is composed of greenish-gray, 

unfossiliferous shale and thin phosphorite beds, grading upwards into bioturbated green-gray 

shale and dolomite mudstone (Kolata and Graese, 1983). 
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Historically considered as a member of the Maquoketa Formation (or a formation within 

the Maquoketa Group), the Neda Formation is now classified independently from the Maquoketa 

Formation (Kolata and Graese, 1983; Kluessendorf, 1991; Yapp, 1993). It is distinct from 

underlying facies and is generally logged as a facies up to 16.5 metres thick that overlies the 

Maquoketa Formation (Kluessendorf, 1983; Kluessendorf, 1991; Mikulic and Paull and Emerick, 

1991). Conformable and gradational contacts between the Maquoketa and Neda suggest a 

depositional age similar to latest Maquoketa deposition (Paull and Emerick, 1991). Basal strata 

of the Neda Formation are typically a dark reddish black hematitic and dolomitic mudstone, with 

uncommon matrix-supported goethitic coated grains (Kluessendorf, 1991). Overlying this basal 

member is a bed of grain-supported Fe-coated grains, although this occurs only where the Neda 

is reported to be thickest, potentially due to erosion limiting preservation (Kluessendorf, 1991). 

The uppermost facies of the Neda Formation is a bed ca. 30 cm thick of dense hematitic laterite, 

and is considered to be the result of the deposition of a thin layer of ferruginous silt and clay, or 

as a subaerial exposure and weathering surface (Kluessendorf, 1991; Paull and Emerick, 1991). 

The upper contact of the Neda Formation is unconformable, and marks the boundary between 

Ordovician sediments and the overlying Silurian Mayville Formation dolomite (Luczaj, 2013). 

Precise age determination for the Neda Formation is not possible, however, constraints have 

been placed on its age that restrict its formation to Late Ordovician. Historically considered to be 

correlative with the Silurian Clinton Group ironstone (Howell, 1916), it is now understood to be 

Late Ordovician, bound by underling Late Ordovician Maquoketa Formation sediments, and 

overlying Early Silurian Mayville Formation (Paull and Emerick, 1991). Although it is largely 

unfossiliferous, the Neda Formation does bear invertebrate fossils identified as Richmondian 

(Late Katian to Hirnantian) by Savage and Ross (1916; Kolata and Graese, 1983). The Neda 
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Formation has been interpreted as a lateral facies of the Noix Oolite member of the Edgewood 

Formation. This interpretation cites Neda Formation and Noix Oolite stratagraphic position and 

historic interpretations of the Neda Formation as being an alteration product of a precursor 

carbonate ooid shoal (Gray, 1972; Kolata and Graese, 1983). Separation of these units by 

hundreds of kilometers along an epeiric sea transect suggests that they are diachronous, however, 

and the ooid-replacement model for Neda Formation coated grain is not universally accepted 

(Witzke, 1980; Yapp, 1993; Witzke and Heathcote, 1997) . The youngest possible age for the 

Neda Formation is bound by the well-developed Ordovician-Silurian unconformity that erodes 

into (and may erode away entirely) the Neda Formation and upper Maquoketa Formation (Paull 

and Emerick, 1991). 
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Chapter 4 

Methods 

Fieldwork was completed over a three-week period in June of 2019. Five outcrops were 

studied in eastern Wisconsin and northern Illinois, and eight drill cores were examined at the 

Wisconsin Geological and Natural History Survey core repository in Mt. Horeb, Wisconsin and 

at University of Wisconsin–Green Bay (Figure 4.1). Outcrop of the Neda Formation are sparse 

throughout eastern Wisconsin and northern Illinois, and occurrences are generally limited (< 3 m 

of vertical exposure). Outcrop localities exist predominantly in early 20th century mines, many of 

which have been subsequently infilled and overgrown. Outcrop at Crusher Lake, north of the 

town of Neda, Wisconsin was logged in detail focusing on lithological character of facies, 

interfacies relationships (both vertical and lateral), and diagenesis. This section exposes the 

upper Neda Formation and its contact with the overlying Silurian Mayville Formation with a 

total thickness of approximately 4.5 meters. Similar exposure of the Neda Formation was logged 

and sampled at the base of the Ulmen Quarry near Green Bay, Wisconsin, but with 

approximately 2.5 meters of exposed stratigraphy. Riverbank exposures at Kankakee River State 

Park, Illinois, preserve both lower and upper contacts of the Neda Formation across 6 meters of 

stratigraphy, and is laterally continuous for tens of meters.  

Five drill cores intersect the Neda Formation, or preserve the Ordovician-Silurian 

unconformity, and were studied in conjunction with outcrop to assist with interpreting 

paleoenvironments of deposition. Use of drill core permitted the resolution of vertical changes in 

stratigraphy, which was supplemented by lateral variability seen in outcrop. Lithofacies were 

logged and sampled lithostratigraphically and placed in a sequence stratigraphic context to best 

understand oceanographic conditions at the time of deposition. This allowed facies to be 
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interpreted within a framework of relative sea-level, which is of particular importance to the 

study of sedimentary rocks deposited during a glaciation, and within a shallow epeiric sea 

environment. 

 

 

Figure 4.1. Map of Wisconsin and northern Illinois showing locations of studied outcrop and drillcore. 

 

  All laboratory analyses were performed at the Queen’s Facility for Isotope Research at 

Queen’s University. A representative suite of 80 samples from the Neda Formation, as well as 

the over- and under-lying units, were used to prepare polished sections for petrographic analysis. 
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Seventy polished sections were analyzed using transmitted- and reflected-light microscopy on a 

Nikon Eclipse LV100NPOL equipped with a Nikon Digital Sight Ri2 Ultra-high resolution 

digital camera and NIS Elements software package. Important textural relationships were 

confirmed using a MLA 650 FEG environmental scanning electron microscope (ESEM) 

equipped with a back-scattered electron detector (BSE) and energy-dispersive X-ray 

spectroscopy (EDX). The ESEM was operated using an acceleration voltage of 20 kV at a 

working distance of 12.8 mm. Samples of facies with carbonate-rich samples were analyzed 

using optical cathodoluminescent microscopy (CL) on a Nikon Eclipse E-400-POL equipped 

with a Reliotron III system, using an acceleration voltage 10kV and a beam current of 1.5 mA 

under partial vacuum between 50 and 70 mTorr. ESEM imaging and CL microscopy aided in 

understanding the paragenesis of authigenic facies by revealing textural relationships. Polished 

sections were then analyzed using 2D micro X-ray diffraction on a Malvern Panalytical 

Empyrean system to confirm mineralogies, and for the in situ determination of authigenic 

minerals. These data helped to further refine paragenetic interpretations.  

 Abundances reported in this study were estimated using the following index: rare 

(<10%), uncommon (11-40%), common (41-70%), abundant (>70%). Bioturbation is reported 

using the Droser and Bottjer (1986) bioturbation index ranging from 0 to 6 where 0 represents no 

recorded bioturbation and 6 represents homogenization of bedding by bioturbation. 
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Chapter 5 

Lithofacies 

Seven distinct lithofacies were identified from the Maquoketa and Neda formations in 

eastern Wisconsin and northern Illinois.  Collectively, lithofacies are interpreted to record 

deposition across a shoreface to offshore transect in an epeiric sea that developed along the 

paleonorthern margin of the Michigan Basin.  

 

5.1 Facies F1: Hummocky cross-stratified, hematite- and goethite-rich grainstone 

Facies F1 is a red-brown, trough- and hummocky-cross stratified grainstone composed of 

abundant well-sorted, fine- to medium-grained coated Fe-grains (Figure 5.1). Bedsets are 10 to 

20 cm thick and continue laterally for up to 1 m. Thin, 0.5-to-2-cm-thick intervals of parallel-

laminated, maroon, quartz-silt rich, hematitic and phosphatic mudstone occur between some 

bedsets. Cross-stratified beds above these packages are erosive and contain abundant mudstone 

intraclasts. Some grainstone beds are locally bioturbated with a Droser-Bottjer index of 2. 

The shapes of coated grains mimic nuclei morphology. Nuclei are either fragments of 

pre-existing coated grains, mollusc and bryozoan pieces, or mudstone intraclasts. Cortical layers 

are both concentric and discontinuous and are composed of hematite or goethite with rare 

intercalations of francolite and chert (Figure 5.1A). Rare very coarse sand- to granule-sized 

grains exhibiting oncolite-like textures are also formed of hematite and goethite, but unlike 

smaller grains discontinuous cortical layers are conspicuously microbial (Figure 5.1B, C). Grains 

are grain supported with a fine hematitic mud matrix. Although rare, thin (mm-scale) beds of 

dolomitic silt matrix were observed in drill core.  
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Interpretation: 

The occurrence of HCS suggests deposition within a middle to distal shelf environment 

between fair weather and storm wave bases. HCS forms through storm generated oscillatory-

dominant combined flow conditions in relatively shallow (<50 m) water depths (Dumas and 

Arnott, 2006). The unidirectional flow component may transport shallow-water sediment into 

deeper water, although the relative contribution of unidirectional current component in the HCS 

formation process remains uncertain (Dumas and Arnott, 2006; Yang et al., 2006; Morsilli and 

Pomar, 2012). Parallel-laminated phosphatic and hematitic mudstones are interpreted to 

represent periods of reduced hydrodynamic activity with phosphate derived from upwelling. 

Hematitic and goethitic mud filling porosity is interpreted to have precipitated authigenically. 

Subsequent reworking of sediment sorted mud into thin phosphatic and hematitic lenses and 

intraclastic basal lags at the base of bedsets within the facies. During high-energy storm events 

and as overlying sediment was removed, Fe2+ concentrated within anoxic to suboxic porewater 

was oxidized as oxygen diffused into newly exposed sediment, precipitating cortical layers 

(likely of ferrihydrite) around nuclei and existing coated grains. Hematite and goethite cortical 

layering therefore occurs as an alteration product of this primary ferrihydrite. Phosphatic 

layering within coated grains generated from P desorbed from Fe-(oxyhydr)oxides or via the 

degradation of organic matter within the sediment and concentrated within porewater to the point 

of saturation (Föllmi, 1996).   

 Primary coated grain mineralogy is controlled by porewater redox potential, with 

minerals representing precipitation under variable porewater Eh conditions (Taylor and 

Macquaker, 2011). This shifting porewater Eh may be attributed to a variety of factors, but has a 

strong coupling to the microbial respiration of organic matter at and beneath the seafloor  
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(Pakhomova et al., 2007). Extended periods of sedimentary condensation caused by reduced 

siliciclastic input permitted the development of multiple cortical layers (Föllmi, 2016). The 

nature of the periodically agitated environment is recorded within Fe-coated grains. 

Discontinuous, or unconformity-bounded (UB) cortical layers, record periods of exhumation and 

erosion (likely caused by sediment resuspension during storm events), and periods of no cortical 

layer generation (Pufahl and Grimm, 2003). Concordant, or redox-aggraded (RA) cortical layers 

record periods of active Fe-(oxyhydr)oxide precipitation beneath the sediment-seawater interface 

during calm-water conditions (Pufahl and Grimm, 2003). Coated grains within F1 exhibit both 

layering styles, and generally occur as hybrid grains (Figure 5.1D, E; Pufahl and Grimm, 2003). 

Grains were subsequently winnowed during high energy events and sorted texturally, generating 

grain-rich beds.   
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Figure 5.1. A. Trough-cross stratification in outcrop. B., C. Photomicrograph in transmitted light of 

goethitic and phosphatic intraclasts showing microbial layering along clast boundaries. D. Reflected light 

photomicrograph of a hybrid hematite-coated grain. Grain is nucleated by an angular fragment of 

similarly hematitic cortical layering. Redox-aggraded and unconformity-bounded cortical layers are 

denoted in yellow and red, respectively. E. Francolite and goethite compound coated grain in transmitted 

light.  
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5.2 Facies F2: Hematite coated grain floatstone and intraclastic conglomerate 

Facies F2 is a thin red to blue-grey hematite coated grain floatstone, locally occurring as 

a “crust” intercalated with 20 cm thick conglomeratic beds at the top of F1 (Figure 5.2A, B). 

Grains within the facies are largely Fe-replaced skeletal fragments (Figure 5.2F) and Fe-coated 

grains similar in mineralogy and cortical layering style to those in F1 (Figure 5.2C, E). However, 

unlike coated grains in F1, grains in F2 are spalled with fracturing generally confined to the 

outermost cortical layers. Clasts within interbedded conglomeratic beds of this facies are 

texturally and mineralogically comparable to F1 (although with F2 cementation styles) and occur 

where F2 is best developed. Clast size is highly variable, and ranges from 1 to 10 cm. Clasts are 

distributed throughout the facies, but often occur as beds up to 10 cm thick. Skeletal fragments 

and coated grains are matrix supported, floating within a hematitic mudstone. Interparticle pores 

not filled with hematitic mudstone are completely occluded with botryoidal and bladed hematite 

and goethite cements. Mud-sized, zoned, subhedral crystals of hematite are observed throughout 

this facies (Figure 5.2D).  

 

Interpretation: 

F2 is interpreted to have formed by the in situ reworking of a Fe-rich parent grainstone 

(F1) and thus represents a reworked Fe-rich paleosol or laterite surface. Evidence of this 

reworking includes the spalling and fracturing of coated grains, partial dissolution of grains, and 

abundant pore-filling hematite and goethite cement. Reworking is interpreted to have occurred 

during a pronounced fall in sea-level, and was likely the result of subaerial exposure during the 

glacial-associated sea-level fall during the Hirnantian Glaciation. The term laterite includes a 

wide range of Fe-rich subaerial weathering products generated through the alteration of 
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autochthonous parent material, while ferricrete is used to describe weathering products generated 

largely through allochthonous Fe enrichment (Widdowson, 2007). As F2 contains little to no 

allochthonous material the term laterite is used (Widdowson 2007). While most laterites form by 

the Fe-enrichment of a given formation (generally mafic igneous rocks, immature clastic 

sedimentary rocks) via the removal of more mobile elements, F2 formed via pedogenic alteration 

of an Fe-rich lithofacies and thus little enrichment took place. Enrichment that may have 

occurred can be attributed to the mobilization and removal of minor mineralogical components 

such as calcite. Clasts within conglomeratic interbeds of F1-like sediment are interpreted to exist 

as “core stones” (clasts formed via weathering along structures within a three-dimensional 

network) near the base of the weathering front, and better preserve grains and textures from the 

F1 protolith material (Beukes et al., 2003; Widdowson, 2007, 2014). The zoned hematite crystals 

are interpreted to reflect numerous episodes of fluid movement and shifting porewater chemistry. 
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Figure 5.2. A., B. Outcrops of Fe-coated grain laterite showing high relief on upper and lower contacts. 

C. Relict Fe-coated grains replaced by botryoidal hematitic cement in transmitted light. D. Bladed 

goethitic and hematitic cement in transmitted light. E. Fractured and partially dissolved coated grain with 

cortical layers replaced by chert in transmitted- and cross-polarized light. F. Hematite rhombic cruciform 

structures and hematite replaced shell fragment in transmitted light.  
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5.3 Facies F3: Rippled and microbially laminated Fe-coated grain-rich siltstone 

Facies F3 is a rippled and microbially laminated yellow-brown siltstone interbedded with 

0.5 cm laminae of Fe-coated grains. Ripples within the facies are small scale (< 2 cm amplitude, 

< 10 cm wavelength) and are symmetrical. Rippled beds are interbedded on a 5 cm scale with 

beds exhibiting a crinkled microbial texture. The bioturbation index of this facies is 2 with 

Skolithos the most common trace fossil. Skolithos is often partially infilled by Fe-coated grains 

(Figure 5.3D).  Fe-coated grains also form “lags” along bedding surfaces within the facies, as 

thin as one coated grain thick. Fe-coated grains in F3 are comparable in terms of both 

mineralogy and internal textures to those of F1. Silt-sized quartz grains forming the matrix of the 

facies are angular to subangular and generally have high sphericity and are well sorted (Figure 

5.3). Grains of F3 are cemented by hematite and glauconite. Glauconite cements are restricted to 

burrows and often surround coated grains.  

 

Interpretation: 

Facies F3 is interpreted to have been deposited in a middle shoreface environment subject 

to moderate wave energies. Small-scale ripples with short wavelengths and sediment size and 

sorting support this interpretation (Clifton et al., 1971), as does Skolithos which suggests a 

shifting, unconsolidated substrate with nutrients dissolved in the water column (Droser, 1991; 

MacEachern et al., 2012). Thin rims of hematitic cements were generated by similar mechanisms 

to the cortical layers of Fe-coated grains. Sediment bypass within this environment would have 

limited the supply of continentally derived clastic sediment and permitted Fe-redox pumping to 

occur within shallow sediment, subsequently permitting the generation of thin Fe cortical layers 

on grain margins. Thin grain coatings within this facies are potentially a function of the close 
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proximity of facies deposition to the shoreline, particularly if the source of Fe to the system is 

upwelling Fe-rich water. In an upwelling system, dissolved Fe concentrations decrease 

shoreward as anoxic, ferruginous water masses become increasingly oxygenated, and further 

from the location of the upwelling front. Glauconitic cements within burrows are interpreted to 

have formed as an authigenic precipitate (Chafetz and Reid 2000). Fe-coated grains within this 

facies were likely formed both authigenically and transported to the site of F3 deposition from 

laterally-associated factories during high-energy storm events.  

 

 

Figure 5.3. A. Angular silt and hematitic cement of Facies F3 in transmitted, cross-polarized light and B.  

reflected light. C. Photomicrograph of Fe-coated grains suspended within angular quartz silt matrix in 

transmitted and reflected light. Cements are hematite (gray) and glauconite (green-brown). D. Interbedded 

Fe-coated grain grainstone and hematitic siltstone. Burrows within the siltstone are infilled with Fe-coated 

grains. 
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5.4 Facies F4: Hematitic mudstone to siltstone and skeletal wackestone 

Facies F4 consists of 30 to 50 cm thick beds of green-grey and maroon mudstone to 

siltstone interbedded with 3 to 10 cm thick beds of grey skeletal wackestone. Lower contacts of 

wackestone beds are sharp and upper contacts are gradational over 5 cm. Fine-grained beds 

within the facies are wave-rippled on a small (cm) scale, with some planar cross-bedding. Grains 

are largely dolomitic with minor silt-sized quartz and calcite grains and range from angular to 

subrounded (Figure 5.4A, B). Grains are cemented thoroughly by calcite microspar (< 20 μm). 

Small (< 150 μm) concentrically laminated hematitic and goethitic coated grains occur within 

some expressions of this facies both within Chondrites burrows and suspended in mud- or silt-

sized grains (Figure 5.4C). In contrast with F1 and F3, coated grains of the facies contain little to 

no internally discontinuous layers and are instead concentrically laminated. Locally, Fe-coated 

grains are highly deformed (Figure 5.4D). Bioturbation is moderate with Chondrites and an 

ichnofabric index of 3. Chondrites is preferentially cemented by hematite. Fossiliferous beds are 

more significantly burrowed (bioturbation index of 4) and contain abundant fragments of filter-

feeding organisms (bryozoans and brachiopods).  

 

Interpretation:  

Small, redox-aggraded coated grains within this facies suggest that this sediment was 

deposited in a calm-water environment with few high-energy storm events that would have 

otherwise generated internally discontinuities and thus unconformity-bounded grains (Pufahl and 

Grimm, 2003). Concentric layers of the grains suggest that they were never disturbed or brought 

above the sediment-seawater interface during their formation (Pufahl and Grimm, 2003). Low 

hydrodynamic energy of the system prevented the winnowing of coated grains into concentrated 
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beds on the seafloor leaving them instead in situ. Constant sedimentation (albeit at low rates) 

continuously shifted the zone of Fe-(oxyhydr)oxide precipitation upwards, limiting the residence 

time of any grain within the zone and thus restricting the size to which a given coated grain was 

able to grow. Additionally, variability in surface productivity and thus organic matter flux to the 

seafloor would have resulted in changes in biological oxygen demand at the seafloor, driving 

changes in porewater redox conditions and shifting the location of the Fe-redox boundary 

vertically within sediment (Taylor and Curtis, 1995; Taylor and Macquaker, 2011). Deformation 

within some grains is interpreted to have occurred prior to the oxidization of precursor Fe-

(oxyhydr)oxides. Fossiliferous beds within the facies are interpreted to represent infrequent 

storm events during which large grains were washed into the depositional environment. 
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Figure 5.4. A., B. Dolomitic and quartz silt with hematitic cements (black) in transmitted, cross-polarized 

light. C. Matrix-supported RA grain in transmitted and reflected light. D. Fe-coated grains in transmitted 

and reflected light showing deformed cortices. 
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5.5 Facies F5: Mudstone to brachiopod-bryozoan-crinoid wackestone 

Facies F5 is an interbedded grey mudstone and dolomitic wackestone to grainstone 

containing brachiopod, bryozoan, and crinoid fragments. Mudstone beds occur in packages from 

20-200 cm thick and wackestone beds are up to 20 cm thick. Mudstone matrix is well sorted and 

comprises equant subrounded to subangular detrital dolomite grains and fine carbonate clay, with 

uncommon laminae of angular brachiopod fragments and subrounded to subangular intraclasts 

(up to 150 μm). Bedding is parallel and horizontal to subhorizontal. Mudstone within the facies 

grades vertically into thin beds of dolomitic grainstone (grains up to 60 μm) which often contain 

large intact brachiopod shells and minor rounded bryozoan fragments (Figure 5.5). Iron 

concentrations of some mudstone beds are elevated, indicated by visible Fe-staining of dolomite 

grains and muds containing minor hematite cements. Wackestone beds contain abundant 

brachiopod fragments and shells, with rare bryozoan fragments and crinoid ossicles. Grains are 

generally in matrix support but may also form grainstones. Bioturbation of the facies is high (BI 

of 4) and primary sedimentary structures are obscured by large scale mottling. This biogenic 

mottling is in turn overprinted by a fine fenestral fabric, with fenestrae up to 1 mm cemented by 

calcite or hematite (Figure 5.6). 

 

Interpretation: 

F5 is interpreted to have been deposited between storm- and fair-weather wave bases 

under oxygenated conditions. The abundance of mud and presence of thin horizontal beds 

suggest deposition beneath fair-weather wave base. The fracturing of interbedded wackestone 

grains, as well as sorting and distribution of these beds, suggests the occurrence of periodic high-

energy storm events which act to transport and winnow fossils into “event” beds. Grainstone 
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beds lacking mud are interpreted to be the result of more complete storm-winnowing which acted 

to flush mud from interstices and the depositional environment (Specht and Brenner, 1979). 

Mudstone within this facies represents periods of low-energy hydrodynamic conditions. Some 

unbioturbated beds preserving parallel laminae suggest that sedimentation occurred through a 

constant rain of carbonate muds and silts in an offshore environment (Reineck and Singh, 1972). 

Presence of abundant filter-feeding heterozoan organisms suggest the availability of bioessential 

nutrients to the environment required to ensure a large standing stock of phytoplankton to sustain 

filter feeding. Fenestral porosity formed due to the release of carbon dioxide and/or methane 

during the microbial degradation of organic matter within the sediment (Canter et al., 2016; Katz 

and Arango, 2018). Elevated organic matter concentrations within the sediment, as well as 

oxygenation of shallow sediment, is supported by high degrees of bioturbation within the facies, 

as infaunal organisms disturbed bedding during feeding. 
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Figure 5.5: Drill core of facies F5. Fossiliferous lags denoted by yellow dashed lines. 

 

 

Figure 5.6: Core sample of Facies F5. Mottling (yellow, green) overprinted by fenestral porosity (grey-

brown, white.) 
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5.6 Facies F6: Organic matter- and pyrite-rich siltstone and intraclastic conglomerate 

Facies F6 is an interbedded green-grey, organic-rich, phosphatic and pyritiferous siltstone 

and conglomerate. Beds of this facies are graded, with thickness ranging from 5-20 cm, and are 

laterally continuous over at least 10 m (Figure 5.7). Bases of beds are sharp and horizontal, and 

are often marked by layers of intraclasts up to 1 cm in length. Intraclasts are formed of francolite 

and organic-rich mudstone up to 1 cm along the long axis, with grains typically concentrated as 

lags along the base of beds within the facies (Figure 5.8A, B). Intraclasts may preserve coated 

grains. Intraclasts are commonly replaced partially or wholly by euhedral pyrite (Figure 5.8C, 

D). Hematite and francolite coated grains make up the majority of remaining grains within the 

facies, although are often replaced by pyrite, and are in matrix support within a dolomite silt 

matrix. Grains are cemented by pyrite. Although the facies is largely unfossiliferous, brachiopod 

fragments and sponge spicules are preserved within some phosphatic intraclasts.  

 

Figure 5.7: Quarried exposure of F6 at Ulmen Quarry near Green Bay, Wisconsin. 
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Figure 5.8: A. Intraclasts containing Fe-coated grains and molded and cast sponge spicules. B. Elongate 

Fe-coated grain in dolomite matrix. C., D. Pyrite-replaced Fe-coated grains.  

 

Interpretation: 

Facies F6 records deposition in a storm-dominated, lower-shoreface environment and it 

preserves evidence of both high-energy storm events and waning energy conditions. Intraclasts 

are interpreted to have been generated during storm conditions. These rip-ups were deposited as 

conglomeratic tempestite beds along storm-scoured surfaces, and grade into finer sediment as 

storm energy subsided (Myrow et al., 2004). Coated grains are interpreted to be allochthonous 

and were transported laterally to the site of deposition of this facies. Elevated organic matter 

within the sediment is considered to be the result of elevated nutrient concentrations and surface 

productivity, which in turn acted as a reductant enabling the precipitation of significant amounts 

1000 μm 500 μm 
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of pyrite within sediment (Berner et al., 1985; Smith and Bustin, 1998). Organic matter 

degradation would have also affected pore-water redox conditions, permitting the concentration 

of P and precipitation of francolite within the sediment (Taylor and Curtis, 1995; Taylor and 

Macquaker, 2011). Pyrite recrystalized preferentially along the overlying Ordovician-Silurian 

unconformity, and was likely generated by means of hydrostratigraphic mineralization, 

stimulated by fluid flow along the unconformity (Hiatt and Kyser, 2007). 
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Chapter 6 

Stratigraphy 

Sequence stratigraphy provides a system through which stratal stacking patterns are 

related to varying accommodation and sediment supply through time (Catuneanu, 2006; 

Catuneanu et al., 2011). This framework permits the identification of key stratigraphic surfaces, 

and allows for these surfaces to be provided with genetic context across both space and time 

(Catuneanu, 2018). Thus, a stratigraphic sequence is a cycle of stratal stacking bound by the 

appearance and reappearance of a given type of stratigraphic surface within the rock record 

(Catuneanu, 2018). The application of a sequence stratigraphic framework to the Neda 

Formation and associated sedimentary rocks provide the foundation for interpretation of 

oceanographic and depositional conditions within the Late Ordovician Michigan Basin.  

Although easily erodible, outcrops of both the upper Maquoketa and Neda formations 

occur in areas of historic surface mine workings and are exposed by riverine incision. Erosion 

associated with Late Ordovician eustatic sea-level fall limits vertical stratigraphic context, 

however, and sequence stratigraphic interpretation is thus truncated at the Ordovician-Silurian 

unconformity. Incision of up to 48 m is recorded within Maquoketa Formation sediments, and 

sedimentation within the Michigan Basin would not resume until the Early Silurian (Kolata and 

Graese, 1983). 

Despite limitations presented by erosion, Middle to Late Ordovician sediments bearing 

the Neda Formation are interpreted to record a minor transgression, and successions are 

terminated by the maximum flooding surface (MFS). Upper Maquoketa Formation sediments 

(F5) record shallow epeiric sea deposition under normal marine conditions. The Neda Formation 

ironstone is interpreted as part of the transgressive systems tract (TST). While no major 
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deepening is observed across Maquoketa and Neda formation deposition, a reduction of relative 

abundance of storm beds (as evidenced by HCS) suggests Neda Formation deposition occurred 

within deeper water, and closer to storm-wave base.  This deepening is terminated by the 

overlying siltstone and intraclastic conglomerate (F6) which is interpreted as part of the 

highstand systems tract. Facies F6 records a period of sedimentary condensation, beneath storm-

wave base, and with no significant siliciclastic input. As the uppermost preserved facies of the 

Neda Formation, facies F6 is very rarely preserved, and is interpreted to be a result of subaerial 

erosion at the Ordovician-Silurian boundary. The Ordovician-Silurian boundary and 

unconformity marks a major low-order sequence boundary within the study area. 

Stratigraphic sections across the study area have been correlated and have been hung in a 

cross-sectional diagram on what is considered to be the base of the Neda Formation (Figure 6.1).  
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Figure 6.1. Cross-section incorporating logged stratigraphic sections across the study area. Where possible, sections are hung on the base of what is 

considered to be part of the Neda Formation. 
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The Brainard Member of the Maquoketa Formation occurs at all Neda Formation 

outcrops which exhibit the lower Neda contact, and in all studied core. Maximum recorded 

Brainard Member thickness is 24 m from Fond du Lac County, Wisconsin, although a thickness 

of 58 m has been reported in Dubuque County, Iowa (Brown and Whitlow, 1949). The upper 

contact of the Brainard Member is conformable and records a gradual transition from carbonate 

deposition between storm- and fair-weather wave base (F5), to the deposition of ferruginous 

sediment under slightly deeper sea-level conditions (F4). Historically, this hematitic carbonate 

mudstone to siltstone has been considered as part of the Brainard Member (Graese, 1991; Kolata 

and Graese, 1983), although this bed is herein interpreted to represent a transition from normal-

marine to ferruginous water column conditions, and is considered to be the lowermost facies of 

the Neda Formation. Both Fe concentration and Fe-coated grain abundance increases up-section 

into an Fe-coated grain grainstone (F1), which bears both lenses and intraclasts of the underlying 

Fe-rich mudstone. Thickness of the transitional facies (F4) ranges from less than 0.05 m to 1 

meter. While each facies represents sedimentation under varying oceanographic conditions, all 

record a comparable suite of sedimentary structures suggesting that this variation was controlled 

largely by changing chemical conditions (decrease of oxygenation towards anoxia, and increase 

in dissolved Fe to the point of ferrugineity) within the water column within a water column of 

similar depth and hydrodynamic activity (between fair-weather and storm-wave bases).  

Facies F1 varies greatly in thickness across the study area, from 0 m in core from 

Manitowoc County, Wisconsin (MN-502), to approximately 6 m in Fond du Lac County, 

Wisconsin (FL-931), and occurrences tend to occur where the underlying Maquoketa Formation 

is thickest (Kluessendorf, 1991). Lateral variability in terms of thickness causes Neda Formation 

deposits to occur as large lenses, which may reflect deposition in paleotopographic lows, or may 
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be the product of later Ordovician-Silurian erosion and incision. F1 deposition likely records 

TST deposition, and marks a transition from a carbonate- to Fe-producing system driven both by 

a slight transgression and upwelling of a ferruginous water mass onto shallow epeiric sea 

environments. The upper contact of F1 with the overlying organic-rich siltstone and intraclastic 

conglomerate (F6) is sharp but conformable, although this facies is generally not preserved due 

either to subsequent erosion or a having not been initially deposited. This facies is interpreted to 

represent deposition at the MFS and exhibits characteristics diagnostic of condensed surfaces. 

Evidence for siliciclastic sediment starvation, an abundance of authigenic precipitates as nodules, 

and evidence of extended reworking suggest deposition within conditions of sedimentary 

condensation (Föllmi, 2016).  

Remaining identified facies are generated subsequent to Ordovician-Silurian erosion. 

Facies F2 is interpreted as a weathering product of Facies F1, and bears interclasts of Facies F1. 

Facies F2 varies in thickness, and is thickest at the Crusher Lake exposure where it ranges from 

20 to 80 cm thick, with up to 50 cm of relief along the facies contact (Figure 6.2). Presumed 

friability of the unit limits its expression within drill core, although scouring related to 

Ordovician-Silurian exposure may also limit its distribution. Facies F2 therefore forms the base 

of the Ordovician-Silurian unconformity within the region. Overlying Silurian sediments, 

comprising dolomitic skeletal grainstone and stromatoporoid floatstone, contacts F2 

unconformably with relief up to 1 m, and records a return to normal marine conditions in the 

early Silurian.   
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Figure 6.2: Contact of Facies F1 (red-brown) and F2 (red-grey, buff) from Crusher Lake near Neda, 

Wisconsin. 
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Chapter 7 

Paragenesis 

Petrographic analysis of lithofacies forming the Upper Maquoketa and Neda formations 

suggests a complex history that includes detrital sedimentation, seafloor authigenesis, burial 

diagenesis, hydrothermal alteration, and supergene enrichment (Figure 7.1). Petrographic 

relationships between mineral phases assist with constraining bottom- and pore-water chemistry 

and the relative timing of mineral precipitation. 

 

Figure 7.1. Paragenesis of the Upper Maquoketa and Neda formations. 
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7.1 Terrigenous clastic components 

Detrital minerals occur as matrix components within nearly all facies and rarely as nuclei 

of Fe-coated grains within Neda Formation facies. Despite no major proximal source of 

siliciclastic sediments, ubiquity of these grains throughout stratigraphic sections suggest that 

whatever sediment source supplied sediment to the system, it was long-lived. As quartz grains 

both nucleate Fe-coated grains and form minor matrix between grains, deposition of terrigenous 

clastic components occurred both prior to, and during, ferruginization of the water column. This 

is supported by thin rims of Fe-(oxyhydr)oxides on most quartz grains.  

 

7.2 Authigenic and water column Fe, Si, and P precipitation 

Authigenic Fe precipitation occurred in situ within accumulating sediment (likely as 

ferrihydrite) which would later become hematite, goethite, and chamosite cements, Fe-coated 

grain cortices, and hematitic muds. Ferrihydrite is a hydrous ferric oxyhydroxide and is largely 

poorly- to nano-crystalline (Chukhov et al., 1974; Michel et al., 2007; Jiang et al., 2018). 

Precipitation would have probably occurred rapidly as ferruginous water masses (either in pore 

spaces or within the water column) mixed with more oxygenated water masses (Raiswell, 2011; 

Matheson and Pufahl, 2021). Ferrihydrite as the specific primary mineral phase that would alter 

to subsequent mineral phases is debated (James, 1966; Matheson and Pufahl, 2021). Primary 

phases may also include lepidocrocite or chamosite (Chowns, 2002; Fan et al., 2008; Chowns et 

al., 2011). Precipitation of these minerals is controlled largely by porewater redox conditions, 

which in turn is controlled by surface productivity and sedimentary organic matter degradation 

and benthic organic activity, both of which would have also concentrated P within porewater 

(Aller, 1994; Jilbert et al., 2011). Regardless of specific precursor mineralogy, some precursor 
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Fe-(oxyhydr)oxide precipitated both authigenically and within the water column under oxic to 

suboxic conditions. Precipitation occured as water within sediment pore space and the lower 

water column became oxygenated to the point of oxidizing ferrous Fe. These mineral phases 

acted to cement existing sediment, and gradually formed the cortices of coated grains and 

cemented rims on Fe-rich intraclasts. Maturation of precursor mineral(s) to goethite and hematite 

prohibit reliable identification of precursor minerals, but likely occurred within a very short 

timeframe (minutes to months; Posth et al., 2014). Hematite dehydration may occur as a direct 

transformational end member of precursor ferrihydrite, or alternatively, as a dehydration product 

of goethite (Jiang et al., 2018).  

Chamosite is the Fe2+ end member of the chlorite group, and is common to most 

Phanerozoic ironstones and forms under low temperature and pressure conditions (Van Houten 

and Bhattacharyya, 1982; Inoue et al., 2009; Deer et al., 2013). While most chamosite occurs as 

low temperature hydrothermal and metamorphic alteration products of igneous rock-forming 

minerals, chamosite may also form authigenically in warm, shallow sedimentary environments 

(Porrenga, 1967; Curtis et al., 1983; Deer et al., 2013; Inoue et al., 2009). Authigenic chamosite 

occurs within some Neda ironstone facies, and acts as a cement, particularly within southern 

exposures (Figure 7.2). Presence of authigenic chamosite also indicates precipitation at or near 

the Fe-redox boundary, as it contains both ferric and ferrous Fe (Pufahl, 2010). Alternatively, 

chamosite may occur as an early low temperature (~70°C) diagenetic alteration product of a 

precursor primary berthierine (an aluminous Fe-silicate), which may form authigenically under 

normal marine temperatures (25–45 °C; Tang et al., 2017). Due to requiring a supply of Fe2+ to 

form, both berthierine and chamosite may be used as indicators of ferruginous bottom- and pore-

water conditions to permit their formation (Tang et al., 2017).  
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Figure 7.2. A. Fe-coated grain in chamosite and francolite cement in transmitted and reflected light. B.  

Corresponding 2D micro X-ray diffractogram of the spot shown by the yellow circle. 

 

Francolite occurs within cortical layers of Fe coated grains, cements in Fe-coated grain 

grainstones, and phosphatized intraclasts bearing fossil fragments and Fe-coated grains, (Figure 

7.3). Francolite is an authigenic precipitate that forms through phosphogenesis. Phosphogenesis 
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is predominantly a microbially-mediated process influenced by bottom-water redox potential, 

acidity, sedimentation rate, and chemical gradients that generally occurs beneath the sediment-

seawater interface (Pufahl, 2010). While not required, most phosphogenesis occurs in areas of 

active coastal upwelling, which supplies phosphate to the system and permits the precipitation of 

P-bearing minerals (Föllmi, 1996). In areas of elevated surface productivity, microbial 

degradation of sedimentary organic matter at the seafloor acts to liberate phosphate into 

porewater. These concentrations may be further increased by means of cyclical Fe-

(oxyhydr)oxide precipitation and dissolution, which may act to concentrate P within porewaters 

and beneath the Fe-redox boundary (Krajewski et al., 1994; Föllmi, 1996; Pufahl, 2010). Sponge 

spicules are preserved within phosphatic intraclasts, which sheltered them from corrosion at the 

sea floor. Phosphogenesis, occurring as a rapid process at the sea floor, preserved sponge 

spicules that would otherwise be quickly dissolved within pore- and bottom-water undersaturated 

with respect to silica (Benitez-Nelson, 2000; Crosby and Bailey, 2012). Unlike Precambrian 

oceans, silica secreting organisms (diatoms) of the Phanerozoic shifted the global silica balance, 

and acted as a significant flux removing silica (Siever, 1992). Authigenic silica (opal-A/opal-CT) 

occurred as sponge spicules formed in the shallow marine environment. All preserved spicules 

are monaxial, with molds of higher-order symmetry spicules found in phosphatic intraclasts. 

Dissolution of spicules is interpreted to have occurred during burial diagenesis. While evidence 

of sponge spicules is preserved only within phosphatic nodules, it can be assumed that a 

substantial amount more had been dissolved prior to cementation. 

Pyrite occurs as stratiform laminae of subhedral grains and lenses within F6, and while 

no primary framboidal pyrite is preserved, distribution and mineralogical associations 

(particularly, an association with elevated concentrations of organic matter) within the facies 
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suggest a potential authigenic origin before subsequent recrystallization. Thus, intercalated pyrite 

layers are interpreted as evidence of pyrite precipitation and suspension rain in a euxinic water 

column (Figure 7.3; Schenau et al., 2002). Permineralization of fossils within pyrite-bearing 

facies also supports authigenic pyrite precipitation (Figure 7.4; Schopf, 1975). Sulphate, reduced 

to sulphide in the presence of reduced Fe (and perhaps assisted by bacterial sulphate reduction)  

replaces aragonitic shells, and may form internal molds of chambered shells (Fisher et al., 1985). 

 

Figure 7.3. Disseminated pyrite occurring as recrystalized bedding-parallel laminae. Reflected light. 

200 μm 
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Figure 7.4. A. Pyrite-replaced intraclasts margin in transmitted and reflected light. B. Pyrite-replaced 

gastropod shell in replacive subhedral pyrite cement in reflected light. 

 

1000 μm 

200 μm 
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7.3 Supergene alteration 

In places where not eroded, the top of the Neda Formation (F2) is interpreted to be a 

laterite formed from Fe-rich protolith (F1; Synowiec, 1981). Enrichment of Fe occurred via the 

removal of more mobile elements. Lateritization is interpreted to have occurred during exposure 

at the Ordovician-Silurian unconformity. Often used interchangeably with laterite, “ferricrete” 

describes a ferruginized subaerial weathering product generated via an allochthonous source of 

Fe (Widdowson, 2014). As the enrichment responsible for the formation of F2 is interpreted to 

be autochthonous, the term laterite is preferred over ferricrete (after Aleva, 1994). Lateritic 

supergene alteration is interpreted to have generated the bladed microplaty hematite cement 

common to the uppermost facies of the Neda Formation, and partially (or fully) dissolved Fe-

coated grains (Morris, 2012). Hematitic cements are void-filling, and often infill spalled and 

fractured coated grains (Figure 7.5). The lower contact of this facies shows a gradational 

transition from weathered material to unweathered Neda Formation over a depth of < 1 m. This 

transition bears unweathered “core stones”, common among other reported lateritic surfaces 

(Widdowson, 2014).  

Such laterites are best developed under humid and tropical climates, which is supported 

by Laurentia’s paleolatitude between 20°N and 30°S during the Late Ordovician (Widdowson, 

2007; Torsvik and Cocks, 2013). This tropical climate, in combination with increased 

atmospheric pCO2 during the Late Ordovician, would have created meteoric waters with 

conditions suitable to dissolve the Fe-rich protolith (Kump et al., 1999). Elevated pCO2 would 

have increased CO2 concentrations of rainwater, generating carbonic acid and stimulating the 

dissolution of goethite and hematite (Widdowson, 2014). Released ferrous Fe would rapidly 

oxidize in such an environment and generate the observed Fe-(oxyhydr)oxide cements, 
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concentrated within the oxygenated meteoric zone. Healing of spalled grains restrict this phase to 

post burial diagenesis, as spalling of grains occurred at depth and due to overburden pressure. 

Similar textures have been identified in the study of iron formation, and may be used as 

indicators of meteoric diagenesis (McLellan et al., 2003). 

 

Figure 7.5. Bladed microplaty hematite cement (light grey) in and around a spalled goethitic coated grain 

(dark grey) imaged via secondary electron (A) and backscattered electron (B).  
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7.4 Burial diagenesis 

Burial diagenesis includes all modification of sediment following its removal from the 

influence of surficial processes, and isolated from surface waters (Moore, 1989). Goethite is 

interpreted to have formed as the first alteration product of precursor authigenic Fe-

(oxyhydr)oxides. Goethite transformation likely occurred early in the burial history, as many Fe-

coated grains show brittle deformational features (spalling and grain fractures) that would be 

expected had Fe-coated grains remained nanocrystalline (Figure 7.7A; Goss, 1987). Goethite 

cortical layers retain their primary structure and therefore goethite must have formed prior to 

significant compaction. Goethite is observed both in Fe-coated grain cortices, and as a cement, 

although is often replaced by later-stage hematite in cements. These observations are 

corroborated by Yapp (1993) who found that differences in δ18O values in Neda Formation 

goethite and hematite suggest different times and environmental conditions during precipitation. 

This, in turn, is corroborated by results of Kean (1981), which found a paleomagnetic pole 

position similar to that of “late Mississippian to early Permian” and suggests that hematite within 

the Neda Formation is younger than its precursor goethite and formed as a result of late 

Mississippian uplift and subsequent dehydration of goethite.  

Pore occluding blocky low-Mg calcite formed through the dissolution of mollusc and 

bivalve shells, and overprints precursor sedimentary structures. It often infills voids of dissolved 

brachiopod and bivalve fragments, and rarely fills casts of dissolved sponge spicules. Dolomite 

is interpreted as a shallow burial diagenesis alteration product of precursor carbonate minerals 

(Figure 7.6). This is supported by multiple thin overgrowths of dolomite visible under CL that 

act to cement grains, although may also represent hydrothermal dolomitization (Luczaj, 2006).  
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Chert observed as a rare cement in some facies formed first as biogenic silica (sponge 

spicules, opal A) that reprecipitated within available pore spaces (Figure 7.7). Subsequent 

alteration of precursor opal A to opal CT/opal C would have occurred as burial depth increased 

(Behl, 2011). This surplus of dissolved silica would allow for the formation of chert within pore 

spaces in the burial realm (Coniglio, 1987). 
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Figure 7.6. Dolomite of the upper Neda Formation (F6) under PPL (A) and CL (B). 
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Figure 7.7. A. Francolite layers in cortex of Fe coated grain in reflected, cross-

polarized light. Note infrequency of phosphatic layers across grains within the field of 

view. B. Phosphatic intraclasts bearing Fe coated grains and monaxonal sponge 

spicules in transmitted light.  
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7.5 Hydrothermal Processes 

The location of the study area on the flank of the Michigan Basin places, and lithological 

character of the succession (dominantly carbonate rocks) make it a genetically suitable location 

to generate Mississippi Valley-type (MVT) deposits (Leach et al., 2010). Similarly, dolomite 

may form under similar conditions, and elevated brine temperatures and hydrothermal 

dolomitization within the Paleozoic Michigan Basin is supported by fluid inclusion and stable 

isotope data, indicating Na-Ca-Mg-Cl brine compositions at temperatures between 60 and 

120°C, (Luczaj, 2006).  

While authigenic pyrite may have precipitated during the formation of F6, remnant pyrite  

within this facies exists as subhedral mosaics, and generally occurs as discontinuous layers in 

organic-rich facies that parallel bedding planes, or as infilled vugs, particularly within the 

Silurian Mayville Formation. These beds often cement or coat euhedral dolomite rhombs, and 

therefore must postdate dolomitization (Figure 7.8). Occurring along facies in contact with the 

Ordovician-Silurian unconformity, pyrite is interpreted to be largely hydrostratigraphically-

controlled, and precipitated as fluid flowed along the plane of weakness in the burial realm 

(Luczaj et al., 2016). Hydrothermal pyrite may form from solution at temperatures as low as 

80°C in MVT systems by way of a precursor FeS phase (Schoonen and Barnes, 1991; Luczaj et 

al., 2016). To note is that these hydrothermal processes are genetically unrelated to the deep-

marine hydrothermal vent processes responsible for the generation of the ferruginous water mass 

that resulted in authigenic precipitation of Fe-(oxyhydr)oxides. 
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Figure 7.8. Subhedral to euhedral pyrite cementing dolomite rhombs in reflected light. 
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Chapter 8 

Discussion 

8.1 Depositional model 

The Neda Formation ironstone is interpreted to have accumulated within an epeiric sea 

that inundated the Late Ordovician Michigan Basin, and records a major change in 

environmental conditions. Although precise paleogeographic reconstruction of the basin proves 

difficult, geochemical and sedimentological data from the Maquoketa Formation suggest Middle 

to Late Ordovician deposition occurred in a well mixed and oxygenated water column (Guthrie 

and Pratt, 1994). Deep and shallow environments alike bore elevated nutrient concentrations, 

likely as a result of upwelling of nutrient rich water masses. Changes in the nature of upwelling 

of nutrient-rich water masses and the interactions between biological productivity, and Fe- and 

P-cycles, are herein interpreted to have generated conditions suitable for the precipitation of 

authigenic Fe and P minerals, and for the development of thick beds of Fe-coated grains.  

Many Fe sources for the Neda Formation have been suggested, including continentally 

derived (fluvial and occurring as an extension of the Queenston Delta; Kean, 1981) or 

diagenetically and pedogenically concentrated iron (Paull and Emerick, 1991; Witzke and 

Heathcote, 1997). Facies association and lithological characteristics of the Neda Formation add 

to the growing body of evidence suggesting that the accumulation of Paleozoic ironstone was 

driven by the delivery of upwelling-derived Fe (Petránek, 1991; Todd et al., 2019; Dunn, 2020; 

Pufahl et al., 2020; Matheson and Pufahl, 2021). However, in contrast with many such ironstone 

formations, the Neda Formation was deposited within an epeiric sea environment, 100s to 1000s 

of kilometers from the shelf-edge, and shares broad similarity in terms of both basinal setting and 
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lithological character with ironstone facies of the Silurian Clinton Group of the Appalachian 

Foreland Basin (Matheson and Pufahl, 2021). 

Clastic sediment within studied facies was likely derived from three potential sources. 

The Kankakee Arch, a paleogeographic feature, formed during the Early Ordovician, which may 

have produced relief significant enough to act as a source of siliciclastic sediment to Michigan 

Basin. However, its extent and geometry are poorly defined due to subtlety in dip angle (Frankie, 

1998). Similarly, the Taconic highlands along the Laurentian margin produced significant 

amounts of clastic sediment that accumulated in the Queenston Delta. The Queenston Delta thins 

toward central Laurentia, pinching out near the western margin of the Michigan Basin, and 

adjacent to the majority of Neda deposition (Figure 8.1; Cohee, 1948; Dennison, 1976; Witzke, 

1980). The Transcontinental Arch is also interpreted to have acted as a source of clastic sediment 

across Ordovician Laurentia, and may have contributed minor siliciclastic sediment to ironstone 

facies (Carlson, 1999). Although not a major component of the Neda Formation, the clastic 

sediment present is dominated by subangular, fine sand to silt-sized grains and supports a clastic 

sedimentary provenance far from the depositional environment as grains were weathered and 

fragmented during transport. As siliciclastic sediment within ironstone facies is most prevalent in 

southern exposures, particularly where it exists as matrix material, it is possible that the 

Kankakee Arch provided the most significant contribution of clastic sediment to the system. The 

silt-size and angularity of nearly all observed clastic sediment makes an aeolian sediment source 

likely.  
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Figure 8.1. Distribution of Neda Formation and Queenston Delta thickness. Modified from Witzke 

(1980) with Queenston thickness from Dennison (1976) and Cohee (1948). Approximated position of the 

axis of the Kankakee Arch (KA) is from Ekblaw (1938). 
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Interpreted palaeoceanographic circulation paired with distribution of cherty carbonate, 

phosphorite, and graptolitic shale on southern and western Laurentian margins suggest the 

presence of a substantial upwelling front (Pope and Steffen, 2003). Occurrences and abundance 

of upwelling-associated facies both on continental Laurentia and along the western Laurentian 

margin from Middle Ordovician to Early Silurian suggest that upwelling was driven by glacially 

intensified thermohaline circulation, and corresponded with global cooling and Gondwanan 

glaciation during the Ordovician (Kidder and Erwin, 2001; Pope and Steffen, 2003). While the 

locus of upwelling was concentrated along the continental margin, paleogeographic features 

(Sebree Trough) permitted funneling of cool nutrient-rich waters into the interior of Laurentia 

(Kolata et al., 2001; Pope and Steffen, 2003).  

The Sebree Trough is a narrow troughlike structure that extends for several hundreds of 

kilometers through the Middle to Late Ordovician American midcontinent, and is identified by 

dark graptolitic shales that are correlative with bryozoan-brachiopod-echinoderm-rich limestones 

on its margins (Bergstroem and Mitchell, 1987; Kolata et al., 2001). This tectonically produced 

depression is thought to be associated with the Precambrian-Early Cambrian Reelfoot Rift. The 

Sebree Trough has been proposed as a means that deeper, anoxic water was upwelled onto the 

midcontinent and into the Michigan Basin. This is proposed to have created conditions that led to 

the precipitation of Neda Formation ironstone. Similarly, this structure likely provided the 

Maquoketa Formation with the upwelled nutrients required to generate its minor phosphorite 

beds (Witzke, 1980; Kolata et al., 2001).  

A similar model has been proposed for the generation of Pennsylvanian, MFS-associated, 

phosphorites of the North American midcontinent. (Heckel, 1977). A well-stratified water 

column prevented the replenishment of oxygen to the sea floor, as wind-driven circulation cells 
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were limited to warm, less dense water masses at shallow depths. As in the Pennsylvanian 

model, this epeiric sea environment would produce large areas of bottom waters within a shallow 

(<50 meters) oxygen minimum zone, that was subsequently enriched in phosphorus via organic 

matter degradation (Heckel, 1977). These epeiric sea systems were fed nutrient-rich upwelled 

intermediate to deep water along the distal continental shelves (Heckel, 1977).  

Paleogeographic reconstructions for both the Middle-Late Ordovician and the Middle-

Late Pennsylvanian suggest that the continental distribution was favourable to upwelling in the 

midcontinent (Figure 8.2; Heckel, 1977; Berry and Wilde, 1978). Ordovician reconstruction and 

climatic modelling suggests that southern Laurentia was the location of a subtropical 

convergence zone, with strong easterly trade winds (Wilde, 1991; Kolata et al., 2001). In such a 

system, upwelling would have been occurring along the subtropical western margin of Laurentia, 

supplying nutrient-rich water to the continent, which was distributed via complex circulatory 

systems (Pope and Steffen, 2003; Servais et al., 2014; Wilde, 1991). Lithofacies associations 

within the Maquoketa and Neda formations support such an upwelling model.  
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Figure 8.2: Paleogeographic reconstruction showing the Michigan Basin and Sebree Trough during the 

Late Ordovician. Interpreted paleobathymetry is indicated by water colour, with darker shades of blue 

indicating increasing depth. Intepreted migration pathway for ferruginous seawater that generated the 

Neda Formation is indicated by the gray arrow. Sebree Trough from Kolata et al. (2001). Paleogeography 

modified from Blakey (2013). Inset modified from Torsvik and Cocks (2013).  
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Facies F5 records normal, well-ventilated marine conditions within the epeiric sea prior 

to any impingement of ferruginous or euxinic water masses into the shallow marine environment. 

Abundance of heterotrophic organisms support elevated nutrient supply to the environment, and 

lends credence to an upwelling model (Kolata and Graese, 1983). Organic matter, fenestral 

porosity, and extensive infaunal colonization provide evidence for an oxygenated water column, 

with oxygenation extending into shallow sediment (Canter et al., 2016). Fossiliferous lags are 

considered to be storm-beds within this facies, and relative proportions of interpreted low-energy 

sediment versus storm deposits suggest generally calm-water conditions within the environment. 

Presence of small Fe-coated grains that increase in abundance nearing the upper contact, and 

reddening of the facies (interpreted as in increase in Fe content) records ferruginization of 

porewater likely as a reflection of strengthened upwelling and impingement of deeper anoxic 

water through the aforementioned Sebree Trough (Bergstroem and Mitchell, 1987; Kolata et al., 

2001). This impingement has been tracked within sediment from continental margin to inner-

continent by means of positive carbon isotope excursions across a transect, recording enhanced 

carbon export and bottom water anoxia, and matching global signals of Late Ordovician global 

anoxia (Delabroye and Vecoli, 2010; McLaughlin et al., 2011; Zhou et al., 2015). 

The transition (F4) into the ironstone factory is interpreted to represent a marked 

transition in environmental conditions, likely controlled by cooling and atmospheric invigoration 

during the onset of the Hirnantian Glaciation. Facies F1 and F3 represent condensed beds 

interpreted to have been generated under ferruginous bottom waters, with most chemical 

precipitation occurring beneath the sediment-seawater interface. Differences between facies is 

attributed to the proximity to siliciclastic sources such as the Kankakee or Transcontinental arch 

(with F3 representing deposition nearer to a source of clastic sediment; F1 more distal to a source 
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of clastic sediment). Variation in siliciclastic sediment abundance may also reflect variable 

atmospheric circulation and changing wind patterns. Lower Fe concentrations within F3 (in 

terms of both Fe-(oxyhydr)oxide cements and Fe-coated grain density and size) is theorized to 

have been caused by clastic input to the system acting to dilute overall Fe and P concentrations, 

with more rapid sedimentation limiting the period of reworking and winnowing that would have 

occurred in F1 (Föllmi, 2016). This would have limited the length of time that Fe-coated grains 

remained in this zone of ferruginization, and moved the Fe-redox front up and away from 

shallowly buried grains.  

As global cooling induced a reorganization of thermohaline circulation, and intensified 

upwelling, patches of anoxic bottom water in the deep ocean could have been overturned onto 

the continental shelves (Bartlett et al., 2018). While likely not a true global anoxic event, records 

of anoxic sediments are preserved globally as this phenomenon occurred worldwide, at varying 

paleolatitudes and water depths (Melchin et al., 2013). Upwelling would subsequently stimulate 

primary productivity, increasing biological oxygen demand at the seafloor, and expanding 

oxygen minimum zones (OMZs) within shallow environments (Bartlett et al., 2018). This 

expanded area of oxygen minimum zone would allow for the delivery of ferruginous water 

masses far onto epicontinental Laurentia, and concentrated Fe along the margins of the Michigan 

Basin. Similar expansion of OMZs via eutrophication and primary productivity and driven by 

glaciation has been attributed to the anoxification of shallow environments during the Late 

Devonian, and, like the Hirnantian, coincided with a major extinction of benthic and 

nektobenthic communities (Hangenberg Bio-event; Caplan and Bustin, 1999). 

Facies F6 represents a transition out of conditions suitable for the precipitation of 

authigenic Fe-(oxyhydr)oxides and may record a shift in water chemistry from ferruginous to 
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euxinic. This shift is attributed to a landward migration in location of the upwelling front, and is 

likely associated with a transgression during one of the many phases of the Hirnantian 

Glaciation. Nutrient-rich deep water was tapped by upwelling and stimulated primary 

productivity and the export of sedimentary organic matter to the seafloor. Phosphogenesis was 

stimulated as P was released into pore waters by organic matter degradation. Organic matter is 

preserved as bitumen in thin beds and also replaces some coated grains, and reworking of muds 

produced pebble-sized intraclasts typical of late TST and MFS deposits of condensed sediment 

(Föllmi, 2016). Following the highstand, glacially-driven regression would have subaerially 

exposed Neda Formation sediments allowing weathering and erosion. 

The laterite of F2 is interpreted to have formed during the latest Ordovician and was 

likely formed during a cycle of the Hirnantian Glaciation and the associated global eustatic sea-

level fall. This subaerial exposure, and a Late Ordovician atmosphere that was significantly 

elevated in terms of CO2 concentration compared to preindustrial atmospheric levels (Royer, 

2006; Vandenbroucke et al., 2010; Nardin et al., 2011), would provide conditions suitable for the 

development of a significant lateritic surface, namely tropical equatorial temperatures and 

acidification of rainwater (Widdowson, 2007). Subaerial incision of up to 48 meters recorded 

within the Maquoketa Formation provide a minimum eustatic sea-level fall in excess of 48 

meters (accounting for water depth) within midcontinental Laurentia (Kolata and Graese, 1983). 

Globally, other records indicate incision in excess of 100 meters (Bartlett et al., 2018). 

In summary, the proposed depositional model of ironstone generation incorporates the 

concentration of iron in seawater, by some combination of initial concentration of ferrous Fe in 

seawater via marine hydrothermal activity, and subsequent concentration of Fe via scavenging 

from shelf and continental sediments under anoxic conditions (Figure 8.3; Severmann et al., 
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2010; Dale et al., 2015). A distal hydrothermal source of Fe is supported by elevated Fe (and 

subsequently S as in F6) within ironstone facies, and no evidence of marine Fe-enrichment via 

continental-detrital (riverine or aeolian) or proximal volcanogenic activity due to craton stability 

(Cocks and Torsvik, 2011). Long transport of dissolved (as nano-particulate Fe(III)-

oxyhydroxides) and particulate Fe(III)-oxyhydroxides has been recorded within modern (well-

ventilated) seawater in the Pacific Ocean (Fitzsimmons et al., 2017). It is therefore hypothesized 

that similar distant-transport of Fe occurred to the margins of southern Laurentia, at which point 

the aforementioned upwelling processes transported a ferruginous water mass to the site of 

deposition. As the Ordovician saw the closure of the majority of the Iapetus Ocean, it is proposed 

that subduction- and accretion-associated marine volcanism contributed to the Fe budget of the 

Late Ordovician peri-Laurentian ocean (Cocks and Torsvik, 2011; Torsvik and Cocks, 2013).  
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Figure 8.3: Block model diagram of interpreted Neda Formation generation. 
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8.2 Hirnantian Glaciation and Extinction Event 

Despite the Late Ordovician having upwards of 16 times present atmospheric CO2 

concentrations, it includes one of the major glacial periods in Earth history, and records what is 

among the largest extinction events in Earth history (LaPorte et al., 2009; Yapp and Poths, 

1992). Theorized to have occurred as between two and five pulses, the Hirnantian Glaciation 

(and extinction event) occurred on southern Gondwana, and caused substantial eustatic sea-level 

fall that is recorded globally (Ghienne et al., 2014; Melchin et al., 2013).  

While a range of causes have been suggested for glaciation-associated extinction, among 

the prevailing theories explaining the first pulse produces a dramatically steepened pole-to-

equator temperature gradient (Harper et al., 2014). In such a model, cool polar waters on the 

margins of Gondwana caused increased ocean turnover compared to the preceding sluggish 

oceanic circulation, and intensification of atmospheric circulation would have strengthened 

upwelling of anoxic and euxinic water masses onto continents (Bartlett et al., 2018; Harper et al., 

2014). This is interpreted to have combined with the onset of sea-level fall, expanding anoxic 

and euxinic conditions within shallow marine environments, which were shrinking in extent, 

particularly on continental Laurentia (Hammarlund et al., 2012; Harper et al., 2014). Metals in 

seawater associated with this expanded anoxia may have also acted to poison benthic 

communities by way of metal toxicity (Vandenbroucke et al., 2015; Todd et al., 2019; Pufahl et 

al., 2020). This expansion is interpreted to have generated the conditions required for the 

generation of generally fossil-poor ironstone facies, and caused the transition from carbonate- to 

ironstone-factory conditions. Stratification of the shallow water column, combined with an 

already oxygen-poor Ordovician atmosphere, and with factors such as subsequent loss of habitat 
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during sea-level fall, likely contributed to the first and second pulses of the Hirnantian extinction 

(Hammarlund et al., 2012).  

Cooling of marine environments may have acted as another mechanism contributing to 

Hirnantian extinction particularly the first pulse, with a shift in ocean temperature causing the 

death of greenhouse-adapted organisms (Sheehan, 2001; Finnegan et al., 2012). This would have 

been particularly important to communities occupying warm, cratonic seaway environments as 

sea-level fall and cooling forced them into cooler open-shelf environments for which they are 

maladapted (Stanley, 1988; Finnegan et al., 2012). A cooling trigger for the first extinction pulse 

is contested, as the first pulse of extinction has also been linked with early melting, with the 

largest δ13C excursion occurring during deglaciation (Ghienne et al., 2014).  

The proposed model for ironstone generation invoking Late Ordovician impingement of 

ferruginous and euxinic water masses into continental marine environments supports existing 

models of Hirnantian extinction mechanisms, and is in line with previous studies citing such a 

water mass as a means to cause marine extinction events (Sheehan, 2001; Harper et al., 2014; 

Vandenbroucke et al., 2015; Todd et al., 2019; Pufahl et al., 2020). As hydrothermally-derived 

metal-bearing anoxic water masses shifted into shallow environments, redox sensitive elements 

were liberated from the seafloor before subsequent reprecipitation during cyclical oxygenation 

(Vandenbroucke et al., 2015). Metal toxicity caused by elevated Mo, Pb, Mn, and As is theorized 

to have been a major contributor to a variety of Paleozoic extinction events. Similar enrichment 

of toxic metals have been noted in sediments correlative to the Ireviken event (Emsbo et al., 

2010; Matheson and Pufahl, 2021) and to minor extinction pulses during the Great Ordovician 

Biodiversification Event (GOBE, Pufahl et al., 2020). 
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There is growing support for a short-lived encroachment of sulphidic and ferruginous 

water masses onto continental shelves during the Hirnantian with temporal links to both pulses of 

the Hirnantian extinction, and phases of the Hirnantian Glaciation (Hammarlund et al., 2012; 

Zhou et al., 2015; Zou et al., 2018). Records of continental shelf euxinia occur as early as the 

Katian-Hirnantian boundary, where weakly or intermittent euxinic conditions contributed toward 

benthic fauna extinction on the Yangtze shelf (Zou et al., 2018). Euxinic and anoxic conditions 

recorded within shallow environments of the Late Ordovician oceans persisted into the Silurian, 

spanning the entirety of the Rhuddanian, and is comparable in duration and extent to those of the 

Cambrian and Devonian (Dahl et al., 2014; White et al., 2018; Stockey et al., 2020).  

 

Figure 8.4. Diagram with Phanerozoic marine invertebrate familial diversity (Servais et al., 2008; 

Sepkoski, 1984) and ironstone histogram (Van Houten and Bhattacharyya, 1982), and Middle to Late 

Ordovician δ13C (Gao et al., 1996; Kump and Arthur, 1999; Saltzman, 2005; Saltzman and Young, 2005), 

Laurentian sea-level (Ross and Ross, 1995), and glacial deposit frequency (Frakes et al., 1992). 

Approximate age of the Neda Formation is highlighted in yellow. 
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Chapter 9 

Conclusions 

1. Neda Formation ironstone formed via the upwelling and advection of ferruginous water 

masses into an epicontinental sea environment, and records deposition during the late 

TST to the MFS.  

2. Lithofacies associations suggest a transition from normal, oxygenated marine conditions, 

to anoxic and ferruginous conditions suitable for the deposition of ironstone. The source 

of nutrients to both members of the Maquoketa Formation, and the Neda Formation is 

interpreted to have been the Sebree Trough, which provided the geometry suitable for the 

long-distance advection of ocean derived nutrients far into the epicontinental sea system. 

3. The shift in sea- and pore-water chemistry to allow for the deposition of ferruginous 

sediments corresponds with an invigorated pole-to-equator temperature gradient, due to 

the strengthening of the Hirnantian Glaciation. This gradient increased atmospheric 

circulation intensity, which caused an overturning of water masses on continental 

Laurentia.  

4. The Late Ordovician ocean system was not wholly ventilated, and instead contained 

patches of anoxic to ferruginous water masses. 

5. Ironstone deposition corresponds with one of the largest extinction events in Earth 

history, and a globally anoxic and euxinic signature and increase in metal concentrations 

within shallow marine environments contributed to both deposition and extinction. This 

research adds to a growing body of literature supporting euxinia as a contributor to faunal 

disappearances during the Late Ordovician.  
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