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ABSTRACT 

Tetradiids are a group of colonial, tubular fossils that occur globally in Middle to Upper 

Ordovician strata. Tetradiids were first described as a type of tabulate coral; however, based on 

their four-fold symmetry, division, and presence of a central-sparry canal, they were recently 

reinterpreted as a florideophyte rhodophyte algae, a reinterpretation that is tested in this thesis. 

This study focused on understanding the affinity and taphonomy of this order of fossil. Research 

was conducted by stratigraphic and petrographic analyses of the Black River Group in the 

Kingston, Ontario region. Tetradiid occurrences were divided into fragment or colonial, with 

three morphologies of tetradiids described (Tetradium, Phytopsis and Paratetradium). 

Morphology is specific to depositional environment, with compact Tetradium consistently within 

ooid grainstones and open branching Phytopsis and chained Paratetradium consistently within 

mudstones. Two types of patch reefs were recognized: a Paratetradium bioherm, and a 

Paratetradium, Phytopsis, stromatolite bioherm. The presence of bioherms implies that tetradiids 

were capable of hypercalcifying. Preservation styles of tetradiids were investigated, and were 

compared to brachiopods, echinoderms, mollusks, and ooids. Tetradiids were preferentially 

preserved as molds and demonstrated complete dissolution of skeletal material. Rare specimens, 

however, demonstrated preserved horizontal partitions, central plates, and a double wall. Skeletal 

molds were filled with either calcite spar, mud or encrusted by a cryptomicrobial colony. Both 

calcitic and aragonitic ooids were discovered. The co-occurrence of aragonitic ooids, aragonitic 

crytodontids, and the evolution of aragonitic, hypercalcifying tetradiids is interpreted as 

representing the geochemical favoring of aragonite and HMC in a time of global calcite seas. The 

geochemical favoring of aragonite is interpreted to be independent to global Mg: Ca ratios, but 

was the result of increased saturation levels and temperature driven by high atmospheric pCO2. 
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Based on the presence of epitheca, tabulae, septa, and the commonality of growth forms, 

tetradiids are interpreted as an order of Cnidaria. The evolution of an aragonitic skeleton in 

tetradiids is interpreted to be the result of de novo acquisition of a skeleton from an 

unmineralized clade.  
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CHAPTER 1 
 

GENERAL INTRODUCTION 

 

1.1 OUTLINE OF PROBLEM 

The Ordovician is an important time in earth history, as it encompasses the onset of the 

Great Ordovician Biodiversification Event (GOBE). The GOBE is known for the evolution and 

radiation of heavily skeletonized invertebrates and algae (Webby et al., 2004; Munnecke et al., 

2010; Pruss et al., 2010; McKenzie et al., 2014; Saltzman et al., 2015). A rapid increase in 

taxonomic diversity and ecosystem complexity are thought to have been driven by spatiotemporal 

variations in continental arc systems, a relative increase in oceanic O2, and a relative drop in 

global temperature (Trotter et al., 2008; McKenzie et al., 2014; Saltzman et al., 2015). The 

accompanying change in marine ecosystems and biota led to the rise of tabulates, rugosans, 

stromatoporoids, receptaculitaceans, bryozoans, and established the reef-system blueprint that 

occurs throughout the rest of the Paleozoic (Webby, 2002).  

The Ordovician was also a time of ‘calcite seas’ in which the global Mg: Ca ratio of 

seawater is hypothesized to have been <2, wherein the precipitation of low-magnesium calcite 

(LMC) was geochemically favored over the precipitation of high-magnesium calcite (HMC) and 

aragonite (Stanley and Hardie, 1998; Demicco et al., 2005; Müller et al., 2013). During this time 

it has been shown that the majority of reef builders and sediment producers were calcitic (Stanley 

and Hardie, 1998; Kiessling et al., 2008; Ries, 2010). The skeletal mineralogy of any benthic 

marine organism is thought to coincide with ambient seawater chemistry at the time skeletons 

first evolved within a clade (Porter, 2007; 2010); thus, organisms associated with the GOBE are 

thought to have likely precipitated LMC skeletons and shells. Once the ability to biomineralize is 

evolved, skeletal mineralogy remains constant, and is independent to variations in Mg:Ca ratio 
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(Porter, 2007, 2010). Multiple exceptions to this model exist, however, including the evolution of 

the Middle-Late Ordovician order of aragonitic tetradiids, a group of inverxtebrates common in 

carbonate sequences worldwide (Balthasar et al., 2011).  

Tetradiids are a globally distributed group of hypercalcifying organisms that contributed 

to some of the first coral-stromatoporoid reefs of the Paleozoic (Webby et al., 2004). They were 

first described as an order of tabulate coral, and have generally been regarded as such for more 

than a century (Dana, 1846; Safford, 1856 a; 1869; Nicholson and Etheridge, 1877; Okulitch, 

1935; Bassler, 1950; Sokolov, 1955; Webby and Semeniuk, 1971; Copper and Morrison, 1978; 

Hill, 1981; Young and Elias, 1995; Elias and Young, 1998). Recently Steele-Petrovich (2009 a, 

b; 2011) interpreted tetradiids as an order of florideophycean red alga. This recent 

reinterpretation, if correct would result in the revision of Tetradium’s (type species), taxonomic 

position, and creation of replacement name Prismostylus, family Prismostylaceae and order 

Prismostylales (Table. 1.1; Steele-Petrovich, 2011).  

The purpose of this study is to determine the affinity of tetradiids, to describe external 

morphology and internal characteristics in relation to their depositional environment, and to 

describe preservation styles in relation to diagenetic environment. This study was carried out in 

the Kingston area of southeastern Ontario, focusing on tetradiids in the Black River Group 

(BRG). Results of this study will help to elucidate seawater chemistry during the Ordovician and 

the processes that control dissolution of aragonite during periods of calcite seas. 

 

1.2 LOCATION OF STUDY 

The study is focused in the area surrounding Kingston, Ontario, which is located on the 

northeastern shore of Lake Ontario at the head of the St. Lawrence River. The study area is  
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Table. 1.1. A) Tetradiid taxonomy interpreted as a type of tabulate coral. Sokolov’s  (1955) nomenclature is used in this study, 
however, is used as descriptive, non-genetic term. B) Tetradiid taxonomy interpreted as a type of florideophyte algae. Figure 
modified from Steele-Petrovich (2011). 
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approximately 200 sq.km, and is bounded to the north and east by exposed Grenville Supergroup 

metasediments (Fig.1.1 A). Grenville metasediments crop out along a NW—SE trending 

structural high known as the Frontenac Axis (Fig.1.1 A).  The study area is bounded on the south 

by Lake Ontario (Fig. 1.1 A). The western boundary is the Napanee River and is coincident with 

a normal fault juxtaposing Upper Ordovician Trenton group limestones and shales against Upper 

Ordovician Black River group (BRG) limestones (McFarlane, 1992). Pleistocene glacial 

processes eroded and scoured the lower Paleozoic succession in the Kingston region, resulting in 

sparse and poorly exposed outcrops that are confined to riverbeds, erosional escarpments and 

along lakeshores. Anthropogenic outcrops, including road cuts and quarries, are the best BRG 

exposures and provide excellent vertical sections although laterally-continuous outcrops are rare. 

Although naturally-occurring outcrops are scarce and anthropogenic outcrops are limited 

along-strike, available rock exposures have well preserved strata, comprising an almost complete 

stratigraphic section that is relatively unaffected by tectonic deformation. The region was located 

at a tropical paleolatitude during deposition, roughly 15°S to 20°S (Cocks and Torsvik, 2004; 

James et al., 2015). Deposition of Black River Group strata occurred in a shallow epeiric sea 

during the second-order eustatic sea level rise within the greater Tippecanoe mega-sequence. The 

depositional system is generally interpreted as a carbonate ramp that dipped southeastward into a 

foreland basin along the submerged margin of Laurentia (Desrochers et al., 2010; James et al., 

2015). The foreland basin developed during the Middle Ordovician concomitant with the onset of 

the Taconian orogeny along the outboard segment of the Laurentian margin (Golonka, 2002; 

Lavoie, 2008; Johnson and Harley, 2012).  

The Kingston region represents one of the better-preserved Early Paleozoic passive 

margin sequences in North America that has remained virtually undeformed by later tectonics. 

The BRG represents the preservation of an Upper Ordovician foreland basin, in which the 
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Fig. 1.1. A) Regional view of the study area focusing in the 200 sq.km2 surrounding Kingston, Ontario. The study 
area is bounded to the north and east by the Grenville Supergroup metasediments, and to the south by Lake Ontario. 
The east is bounded by the Frontenac axis, which partitioned carbonate deposition between Kingston (Appalachian 
basin) and Ottawa (St. Lawrence Lowlands) (Melchin et al., 1994; Hersi and Dix, 1999). B) Close up view of the 
surrounding Kingston area showing major highway systems, and locations of the ten stratigraphic sections analyzed. 
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surrounding area was covered by an inland epeiric sea stretching from western to eastern Canada, 

and to the southwestern United States (Holland and Patzkowsky, 1997).  The high quality of 

preservation in the BRG allows for detailed observation of an epeiric sea, an ancient depositional 

system unequivalent to any modern day oceans (Pratt and Holmden, 2008). Moreover, 

preservation of early metazoans results in the ability to understand the evolution of invertebrate 

life and the development of a sophisticated community structure.  
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CHAPTER 2 

GEOLOGICAL SETTING 

 

2.1 INTRODUCTION 

 The Ordovician represents a time of changing environmental conditions, between periods 

(Cambrian versus Ordovician) and within the epoch (Early versus Late; Webby, 2002; Munnecke 

et al., 2010). These transitions are represented by the Great Ordovician Biodiversification Event 

(GOBE) and the end-Ordovician extinction, respectively (Webby et al., 2004). The GOBE 

corresponds to a rapid increase in marine taxonomic diversity, ecosystem complexity, and 

ecospace utilization (Munnecke et al., 2010; McKenzie et al., 2014). Conversely, the end-

Ordovician extinction coincides with Late Ordovician glaciation, and associated changes in 

global temperature, sea level, and oceanic circulation (Trotter et al., 2008). 

 Increased marine biodiversity in the Lower Paleozoic, created the blueprint from which 

all later marine life evolved, making the GOBE one of the most important events since the 

Cambrian Explosion (Munnecke et al., 2010). The GOBE is hypothesized to be linked to 

spatiotemporal variations in continental arc systems and a relative drop in global temperature 

(Trotter et al., 2008; McKenzie et al., 2014). The Early- Middle Ordovician was a time of 

greenhouse conditions characterized by high temperatures, and elevated atmospheric pCO2 

(Herrmann et al., 2004). These values, however, were considerably lower when compared to 

Cambrian super greenhouse conditions (Webby, 2002; McKenzie et al., 2014). This minor 

cooling from the Cambrian to the Middle Ordovician is interpreted to have resulted from 

continual continental weathering and organic burial (McKenzie et al., 2014). The onset of global 

cooling is interpreted to have improved oceanic habitability and allowed the taxonomic and 

ecological diversification linked to the onset of the GOBE (McKenzie et al., 2014). The 
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continued decline in global temperature from the Middle to Late Ordovician represents a 

greenhouse- icehouse transition associated with the formation of a Gondwaniian continental 

glacier (Herrmann et al., 2004; Trotter et al., 2008).   

 

2.2 REGIONAL SETTING 

I) GLOBAL SETTING 

 The Early Ordovician was characterized by minimal subaerial exposure of continental 

crust in the Northern Hemisphere and a large supercontinent, Gondwana, in the Southern 

Hemisphere. Paleoreconstructions place Laurentia at low latitudes, straddling the equator (Fig. 

2.1 A, B). A subduction zone was located north of western Laurentia, with extensional tectonics 

and continued oceanic spreading occurring outboard of Laurentia’s eastern margin (Fig. 2.1 A). 

As Laurentia drifted northward and rotated counterclockwise, the continent reached low latitudes 

in the Southern Hemisphere (Golonka, 2002).  

In the Early- early Middle Ordovician, Laurentia reversed its northward drift due to 

narrowing of the Iapetus Ocean and Tornquist Sea. This change resulted in progressive collisions 

in Eastern Laurentia with the arrival of the Taconic island arc (Fig. 2.1 A; Cocks, 2001; Golonka, 

2002). Through the Middle- Late Ordovician, Laurentia was located at low and equatorial 

latitudes, with major collisional systems continuing along the Eastern margin. The Taconic 

Orogeny was an oblique (transpression) collision system (Cocks, 2001; Golonka, 2002; Johnson 

and Harley, 2012).  

 

II) LOCAL SETTING 

 Early to middle Paleozoic bedrock of southern Ontario stretches for 900 km in a broad 

zone from the Ontario-Quebec border, northwest to the Canadian Shield and southwest to Lake  
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Fig. 2.1. A) Laurentian tectonics with emphasis on the arrival of the Taconic island arc collisional system. B) 
Major circulation patterns with emphasis on the low Southern latitudes and their climate. Outline of North 
America used as a reference for modern day location. Craton and tectonics modified from Cocks (2001) and 
Golonka (2004).  
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Huron and the northwestern end of Lake Erie; this succession is composed of nearly flat-lying 

Cambrian to Devonian strata and crops out over an area of 80,000 square kilometers (Fig. 2.2 A; 

Melchin et al., 1994). Deposition of strata occurred on a weathered Precambrian craton 

characterized by irregular topography, a remnant from the Grenville orogeny and subsequent 

rifting (Read, 1980; Brown, 1997). This coastal topography of bedrock peninsulas, shoals, and 

islands in the Ordovician Sea, resulted in subsequent complex sedimentation patterns (Brookfield 

and Brett, 1988; Melchin et al., 1994).  

 During the Middle- Late Ordovician this topography was further complicated by the onset 

of foreland conditions associated with the developing Taconic orogeny. Loading of the 

accretionary wedge onto the eastern margin of Laurentia resulted in lithospheric flexure, the 

formation of a peripheral foreland basin, a westward-migrating peripheral bulge, and a tectonic 

control of Precambrian structural elements (Holland and Patzkowsky, 1997). Flexure of the 

Precambrian basement caused reactivation of deep-seated basement faults, which had a direct 

effect on the sedimentary successions, controlling subsidence rates, siliciclastic sediment influx, 

and the frequency of soft sediment deformation (Brown, 1997; Holland and Patzkowsky, 1997). 

 The major structural elements that controlled Paleozoic sedimentation in southern and 

eastern Ontario are the Findlay & Algonquin Arch, and the Frontenac axis, partitioning the 

carbonate successions in the Appalachian basin and the St. Lawrence Lowlands, respectively 

(Fig. 1.1 A; Melchin et al., 1994). The Algonquin Arch is though to have been tectonically active 

throughout the Paleozoic because of flexural subsidence. During the Ordovician, however, the 

Algonquin Arch did not noticeably influence carbonate formations in the Lake Simcoe area 

(Melchin, et al., 1994). Conversely, sedimentary thickness and lateral continuity in the Ottawa 

Embayment was affected by the Adirondack Massif or Frontenac Axis (Fig. 1.1 A; Hersis and 

Dix, 1999; Melchin et al., 1994). 
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Fig. 2.2. A) Geologic map of the surrounding area, showing the Ordovician carbonate platform in southeastern 
Ontario, and the St. Lawrence lowlands. Middle to Upper Ordovician carbonate strata is bounded to the north by 
the Grenville province. B) Close up view of the study area. Figure modified from the Ontario Geological Survey: 
Earth. Figure modified from OGSEarth (2016). 
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Correlation between basal strata west and east of the Frontenac Arch imply the presence 

of a regional barrier in the Early- early Middle Ordovician (Melchin et al., 1994; Hersi and Dix, 

1999).  Regional continuity between Ottawa and Kingston during the Upper Ordovician, 

however, implies submersion of the Frontenac Arch and a marine connection or the “Frontenac 

Seaway” between the Appalachian basin and the St. Lawrence Lowlands (Melchin et al., 1994; 

Hersi and Dix, 1999). General similarities between the Upper Ordovician sections in Ottawa, 

Montreal, Kingston, and upstate New York imply that improved oceanographic circulation was 

established between the Ottawa Embayment and the Taconic foreland basin after this 

paleotopographic barrier was breached (Clark, 1972; Hersi and Dix, 1999).   

 

2.3 STRATIGRAPHY – THE BLACK RIVER GROUP 

 The BRG is a succession of low-latitude carbonates, deposited during an Upper 

Ordovician sea level rise, that stretch from southeastern Ontario and northern New York to the 

southwest in Ohio and Kentucky. Deposition occurred in a shallow epeiric sea during the second-

order eustatic sea level rise within the greater Tippecanoe marine flooding. In the Kingston area, 

carbonates were deposited in low latitude, shallow waters near the inboard edge of a subsiding 

foreland basin associated with the Taconic orogeny (Melchin et al., 1994; Brown, 1997; James et 

al., 2015). The BRG represents a transition between shallow-water deposits of the underlying 

Chazy Group limestone (not present in study area), and deeper water shale-limestone couplets of 

the overlying Trenton Group (Lavoie, 1992; Bechtel and Mehrtens, 1995).  

 The strata in eastern Ontario and northern New York have been the subject of 

stratigraphic research for more than a century, but nomenclature and stratigraphic correlations 

have remained a source of controversy. The literature is fraught with confusion; historically, it 

was argued that both the Black River and Trenton Groups were used as lithic and time-
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stratigraphic units (Kay, 1968, 1969), as well as biostratigraphic units of faunal associations with 

the “Black River-Trenton” as a time term (Wilson, 1946). Problems arose as early workers used 

the same term to designate the lithic and time-stratigraphic units, relying on context to 

differentiate their usage (Cameron and Mangion, 1977; Melchin et al., 1994). In order to resolve 

this ambiguity, Fisher (1977), proposed the “Turinian Stage” as a replacement name for the 

“Black River Stage”.  The “Turinian Stage” corresponds to the Upper Ordovician, Sanbian stage 

of the ICS Geologic Time Scale (Bergströem et al., 2009; Gradstein et al., 2012).   

The BRG can be underlain by one of the following: 1) Precambrian rocks of the Central 

Metasedimentary Belt or Granulite Terrane of the Grenville Province, 2) Cambrian to earliest 

Ordovician Postdam Group siliciclastics, 3) Lower Ordovician Beekmantown Group dolomites 

and silliciclastics, or 4) Middle Ordovician Chazy Group carbonates and silliciclastics (Fig. 2.3 

B; McFarlane, 1992). The BRG is overlain by the Upper Ordovician Trenton Group (Kay, 1968; 

Cameron and Mangion, 1977; Brett and Brookfield, 1984; McFarlane, 1992). 

The BRG strata are known as the Simcoe Group in southern and southwestern Ontario, 

and as the BRG in New York State and the Ottawa- St. Lawrence Lowlands (Fig. 2.3; McFarlane, 

1992). The Simcoe Group can be further broken up into the Shadow Lake, Gull River, 

Bobycageon, Verulam and Lindsay Formations, with the Shadow Lake and Gull River 

Formations analogous to the BRG (Fig. 2.3; McFarlane, 1992). In southwest Quebec and the 

Ottawa Valley, nomenclature follows that of New York State with the exception of the name 

“Chaumont Formation” being replaced with the “Leray Formation” (Fig. 2.2; McFarlane, 1992).  

 Nomenclature, faunal communities, and boundary definitions for the BRG used in this 

study (Fig. 2.3) were first proposed by Cushing et al. (1910) and Kay (1929), and later modified 

by Cameron and Mangion (1977), McFarlane (1992), and Hersi and Dix (1999).  BRG  
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carbonates comprise the Pamelia, Lowville, and Chaumont Formations and are interpreted to 

represent supratidal to subtidal near shore environments (Brown, 1997; McFarlane, 1992).  The 

Lowville Formation can be further subdivided into the House Creek and Sawyer Bay Members  

(Walker, 1973; Bechtel and Mehrtens, 1995); however, this subdivision is not used in this study. 

 

 I) PAMELIA FORMATION 

 The Pamelia Formation is ~47m thick in the Kingston region and crops out in a northwest 

to southeast-trending band parallel to exposed Grenville rocks along the Frontenac Arch 

(McFarlane, 1992; Brown, 1997).  The Pamelia is a heterogeneous succession of muddy and 

grainy carbonates, mainly dolostone, with variable skeletal, allochem, and clay to silt-size detrital 

material (Brown, 1997).  Six recessive, thickly bedded (1- 7 m), buff to green colored, variably 

dolomitized and bioturbated mudstones and skeletal wackestones or dolosiltites are characteristic, 

and have been used as laterally correlatable stratigraphic markers (McFarlane, 1992; Brown, 

1997). The diverse lithofacies of the Pamelia have been interpreted as supratidal (Walker, 1972), 

subtidal (Rosenstein, 1973), and mainly supratidal with distinctive peritidal and subtidal 

components (McFarlane, 1992; Brown, 1997). The basal contact of the Pamelia nonconfomably 

overlies Precambrian basement (McFarlane, 1992; Brown, 1997; Hersi and Dix, 1999). The 

upper contact with the Lowville Formation is gradational and is defined by the topmost dolosiltite 

unit (McFarlane, 1992). 

 

 II) LOWVILLE FORMATION 

 The Lowville Formation conformably overlies the Pamelia Formation and is ~18m thick. 

The Lowville Formation is differentiated from the underlying Pamelia and overlying Chaumont 

formations by characteristic thin, recessive bedding that contains numerous different limestone 
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lithofacies (McFarlane, 1992). Unlike the underlying Pamelia Formation, the Lowville Formation 

is largely un-dolomitized and contains a low abundance of detrital quartz. 

 The Lowville is composed of various carbonate lithofacies that are separated into either 

“grainy” or “muddy” lithofacies associations, both interlaminated with localized shales. The 

basal Lowville is characterized by bioclastic and/or ooid grainstones and packstones. The upper 

Lowville is characterized by dove-grey tetradiid-rich lime mudstone to bafflestone, which is 

abruptly overlain by thickly bedded Chaumont Formation facies (Hersi and Dix, 1999). The 

upper boundary of the Lowville Formation exhibits local, minor erosional truncation surfaces or a 

rubbly texture suggestive of a period of non-deposition and erosion (Hersi and Dix, 1999).  This 

boundary has been historically placed at the final occurrence of a thick unit of tetradiid rudstone, 

below the massive bioturbated mudstone-wackestone rock types of the Chaumont. It should be 

noted, however, that tetradiids occur locally in the Chaumont Formation of the Kingston region 

(McFarlane, 1992; see Chapter 3). 

 

III) CHAUMONT FORMATION 

 The Chaumont Formation is comprised medium to very thick beds (0.5-1m) of fine- to 

medium-grained bioclastic peloidal mudstone, wackestone, and packstone limestones (Hersi and 

Dix, 1999). The thickly bedded, resistant, lumpy to discontinuous mudstones to packstones are 

interbedded with thin to medium thick wavy bedded, sparsely fossiliferous peloidal mudstone to 

packstone with local small lenses of tetradiid, ostracod, trilobite rudstone (McFarlane, 1992). The 

Chaumont is of variable thickness both locally and regionally in the Kingston and Ottawa Valley 

(Hersi and Dix, 1999). Throughout the Ottawa Valley, thin (<1 cm), discontinuous, irregular 

shaly partings are common, separating thin to medium (3-30cm thick) beds of bioturbated 

limestone (Hersi and Dix, 1999). The interference between these interlacing shaly partings and 
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bioturbated layers create a characteristic mottled, nodular appearance (McFarlane, 1992; Hersi 

and Dix, 1999). The Chaumont contains sporadic chert nodules, hypothesized to have originated 

from volcanic ash from the Eastern Taconic volcanics. Out-gassing led to the formation and 

deposition of wind-blown volcanic ash, which formed chert nodules once deposited in the 

surrounding epeiric seas. Chert nodules in the epicontinental sedimentary package are thought to 

signify the arrival of the Taconic orogeny. 

 The Chaumont is characterized by a subtidal level bottom community (Walker, 1972), 

and features a diverse, low abundance biota that differs in fossil assemblage based on the two 

rock types (thick resistant units versus thin wavy bedded, recessive units) (McFarlane, 1992; 

Brown, 1997). Resistant beds contain echinoderm ossicles, tetradiids, stromatoporoids, 

Solenopora, and brachiopods; recessive beds contain ostracods, tetradiids, trilobites, brachiopods 

and Cornulites (McFarlane, 1992; this study). Both resistant and recessive units rarely contain 

gastropods, cephalopods, and bryozoans (McFaralane, 1992; this study). 

The Chaumont-Trenton contact remains a source of controversy in much of eastern and 

southern Ontario as well as northern New York, because good exposures are lacking (Cameron 

and Mangion, 1977; McFarlane, 1992). In the Kingston area, the contact consists of a grainy-

muddy peloidal packstone omission surface overlain by a fossiliferous packstone rock type 

(McFarlane, 1992; Brown, 1997). In the study area, the lowest Trenton Group is the Selby 

Formation, which consists of bioturbated wackestones, interbedded bioclastic grainstones, and 

fine-grained micritic calcarenites (Cameron and Mangion, 1977; Brown, 1997). Selby Formation 

lithologies are similar to those of the BRG; however, main skeletal and allochem components 

(Tetradium and ooids, respectively) are absent (Brookfield, 1988; Holland and Patzkowsky, 

1997; Brown, 1997). 
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2.4 METHODS 

This study is based on the information gathered during the 2014 summer field season. 

Forty-six stratigraphic sections were investigated, and the ten that best displayed the nature of 

tetradiids were measured and described in high-resolution stratigraphic sections (Fig. 1.1 B; 

Appendix a). Previously described stratigraphic sections, and defined lithofacies of McFarlane 

(1992) and Brown (1997) are used in this study. Lithofacies of McFarlane (1992) and Brown 

(1997) were herein modified with emphasis on tetradiids. Stratigraphic analyses follow Aigner’s 

(1985) “stratinomic” approach as bed-by bed analysis allowed identification of single 

sedimentation events as well as non-depositional events (cementation, boring and encrusting) 

(Brookfield and Brett, 1988).  Rock type nomenclature follow Dunham’s (1962) and Embry and 

Klovan’s (1971) classification scheme for carbonate rocks and depositional textures; whereas, 

percentages and proportions of constituents are estimated using standard percentage diagrams 

and charts from Scholle and Ulmer-Scholle (2004). Allochems, skeletal fragments, minerals and 

sedimentary structures are classified using a volumetric abundance index of rare (1-5%), 

uncommon (6-25%), common (26-50%) and abundant (>50%). Tetradiid nomenclature followed 

that of Bassler (1950) and Sokolov (1955); whereas morphology and characteristics are described 

using descriptive, non-genetic terminology (see Chapter 4). More than 100 samples of tetradiids 

and lithologies were collected throughout the field season, of which 23 were chosen for thin 

section analysis. Petrographic analysis, both transmitted light and cathodoluminescence were 

performed using standard techniques (Götze and Kempe, 2009 ; Götze, 2012; Hiatt and Pufahl, 

2014). 
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CHAPTER 3 

BLACK RIVER GROUP LITHOFACIES 

 

3.1 INTRODUCTION 

 Stratigraphy, fossil assemblages, facies, paragenesis and cyclicity of the BRG in the 

Kingston region were described by McFarlane (1992) and Brown (1997). Facies and facies 

assemblages will follow McFarlane (1992) and Brown (1997) with minor modifications on the 

tetradiids. McFarlane (1992) divided the BRG into 9 fossil assemblages, 19 lithofacies, and five 

discrete groups termed magnafacies, following the integration of fossil assemblages and 

lithofacies.  

 The Pamelia Formation does not contain tetradiids and is not included in the present 

study. Five facies assemblages are present in the Lowville and Chaumont Formations including 

mudstones, grainstones & bindstones, bioclastic, peloidal mudstones-packstones, bafflestones & 

bindstones, and skeletal packstones (Table 3.1, p. 29). The five facies assemblages (A-E) are 

divided into thirteen facies. Facies description includes distinguishing features, bedding-

thickness, weathering character, lithology, sedimentary features, and fossil and trace fossil 

occurrence and abundance (Table. 3.2). Interpretation of paleoenvironment is given at the 

conclusion of facies description.  

The sediments produced and the environmental conditions have been generally 

interpreted as warm tropical peritidal carbonates (Lavoie, 1992; Bechtel and Mehrtens, 1995). 

Recently, however, the heterozoan components of the limestones have been interpreted to 

represent warm-temperate conditions on a low-energy ramp (Brookfield, 1988; Melchin et al., 

1994; Lavoie, 1995). To determine depositional environment, whether tropical or warm-

temperate, the dominant bio-fragments are described with a focus on their respective 
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paleoevironmental implication. 

 

3.2 BIOLOGICAL COMPONENTS 

I) ECHINODERMS 

 Echinoderms in the BRG consist mainly of crinoid and cystoid fragments (McFarlane, 

1992). Echinoderms are known to produce Mg-calcite endoskeletons (Dickson, 2001; 2004); and 

are long thought to be indicators of stenohaline conditions (Brusca et al., 2003). Stenohaline 

conditions were implied, as echinoderms lack dedicated excretory-osmoregulatory organs, and 

are thus restricted to normal marine environments (Binyon, 1966; Clarkson, 1979; Brusca and 

Brusca, 2003). Recent research, however, confirms that some echinoderms, primarily modern 

echnoids, are commonly euryhaline and are capable of withstanding salinities as low as 20% for 

prolonged periods and thrive in conditions of 23 to 30% (Boolootian, 1966; Lawrence, 2001; 

Brusca et al., 2003; Russell, 2013). Nearly all classes of echinoderms, have been reported in both 

normal marine and higher salinity level conditions; the sole exception is crinoids (Russell, 2013). 

Moreover, experimental work on the reaction of crinoids to temperature and osmotic challenges, 

showed a narrow range of tolerance to both stressors, with no crinoids adapted to euryhaline 

conditions (Kinne, 1971). The narrow range of tolerance for salinity and temperature in 

experimental studies, coupled with the lack of representation from hypo and hypersaline 

conditions, supports the interpretation of crinoids representing stenohaline conditions (Kinne, 

1971; Russell, 2013). The taphonomy of crinoids can also be an important paleoenvironmental 

indicator, as crinoids are held together by organic material which decays after death and leads to 

the rapid disarticulation of components (Brett and Lidwell, 1978; Lewis, 1980; Meyer and 

Meyer, 1986); partially articulated stems are thought to indicate rapid burial rates. 
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II) BRYOZOANS  

Trepostome and cryptostomes bryozoans occur in the BRG.  Cryptostomes species 

include the abundant erect and rigid ramose Pachydictya and Hallopora, and the rare–uncommon 

erect and rigid ramose Stictopora (McFarlane, 1992). Trepostomes consist of an unidentified 

erect and rigid ramose bryozoan (McFarlane, 1992). Both Trepostomata and Cyclostomata are 

part of the Stenolaemata class and are characterized by elongated tubular or conical zooids and 

tube-like zooecia.  In modern oceans, erect rigid robust branching byrozoans occur loosely 

attached to hard substrates, or send rootlets down into soft sands (Bone and James, 1993). These 

modern bryozoans commonly occur in water depths of < 100m in subaqueous dune fields and on 

hardgrounds, and are ideally suited to high-energy, current-dominated environments (James et 

al., 1992; Bone and James, 1993).  

 

III) BRACHIOPODS 

 Orthid (Dalmanella), strophomenid (Strophomena, Rafinesquina and Sowerbyella) and 

spiriferid (Zygospira) brachiopods occur in the Black River Group (McFarlane, 1992). 

Brachiopods produce low Mg-calcite skeletons (Qing and Veizer, 1994). Dalmanella is 

distinguished by its small size and little specialized shell morphology (Williams and Wright, 

1963; Jin and Bergström, 2010). Identification of true Dalmanella in North America, however, is 

problematic (Jin and Zhan, 2008), with Cincinnatian dalmanellids recognized as congeneric 

species. North American dalmanellids (Cincinnati-type) are thought to signify tropical, 

epicontinental sea settings (Jin and Bergström, 2010). Based on the controversy of Dalmanella 

identification in North America (Foerste, 1924; Jin and Bergström, 2010); no specialized 

paleoenvironmental implications are known.  

 Strophomena, Rafinesquina and Sowerbyella are distinguished by their thin-shelled, dish-
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shaped, flat concavo-convex or convexo-concave shells (Fürsich and Hurst, 1974; Thayer, 1975). 

These features are thought to be adaptations towards supporting the organism on the substrate 

surface. Strophomenid brachiopods are interpreted to have been free living, incapable of 

movement, and unattached on the seafloor (Thayer, 1975; Brunton, 1985). The concept of 

immobility for concavo-convex brachiopods, however has recently been challenged (Dattilo, 

2004; Dattilo et al., 2009). Dattilo (2004) and Dattilo et al., (2009) discovered escape traces, 

which implied quick locomotion through valve snapping. Leighton (2005) implies that 

strophomenids were capable of some locomotion, and could withstand depositional environments 

with high sedimentation rates (Dattilo, 2004).  

 Zygospira is characterized by its strongly ribbed and thick-shelled forms, and is though to 

have lived in turbulent environments (Ager, 1965; Fürsich and Hurst, 1974). Zygospira have been 

discovered attached to crinoid fragments in Upper Ordovician offshore, shale-dominated 

lithofacies (Sandy, 1996). Upper Ordovician strata were thought to be storm-influenced, and the 

growth of Zygospira upon a hard substrate (crinoid fragments) is thought to signify its ability to 

live in high-energy environments (Sandy, 1996). 

 

IV) BIVALVES 

 Cyrtodonta, of the family Cyrtodontidae, is the only known bivalve in the BRG 

(McFarlane, 1992). Shell microstructure of Cyrtodonta is not well known; however, is thought to 

have been aragonitic (Carter, 1990; Cope and Babin, 1999). Cyrtodonta is characterized by 

elongate valves, a poorly developed byssal sinus, a shortened siphon, anterior beak displacement, 

and a reduction of the anterior adductor muscle (Kauffman, 1969; Pojeta, 1971; Stanley, 1972). 

Cyrtodonta are also neither ventrally flattened nor possess a well-defined byssal gape. Due to 

these adaptations, Cyrtodonta is thought to have been an infaunal to semi-infaunal suspension- 



 23 

feeder, bysally attached to large particles in the surrounding sediment (Pojeta, 1971; Stanley, 

1972; Kriz, 1984). Fossils of Cyrtodonta consistently occur in grainier sediments, as suspension 

feeders are thought to strive in agitated, high-energy depositional environments (Stanley, 1970; 

Bottjer, 1985). 

 

V) GASTROPODS  

 Gastropods, a class of mollusk, are known to produce aragonitic skeletons (James et al., 

2005). Gastropods in the BRG in the Kingston area consist of high-spired Hormotoma, and low-

spired and robust Trochonema (McFarlane, 1992). The adaptation of a high center of gravity, 

away from the aperture, in the high-spired Hormotoma is thought to represent the slow dragging 

of its shell across substrates (Linsley, 1978; Kohn, 1985). Shell dragging is common for other 

Paleozoic Murchisoniaceans; this feature coupled with a bipectinate gill is interpreted to 

represent gastropods not well adapted for soft sediments (Knight et al., 1960; Peel, 1984). Low-

spired Trochonema, have a tangential aperture and a monopectinate gill. A tangential aperture 

implies that gastropods held their shells partially upright, which would have increased their 

frontal cross-sectional area, and suggests that they were slow moving individuals (Linsley, 1977; 

1978). A monopectinate gill is thought to be well adapted to soft sediments (Knight et al., 1960; 

Peel, 1984).  

 

VI) CEPHALOPODS 

 Actinoceratoid and orthoceratoid (michelinoceroid; McFarlane, 1992), and nannoceratoid 

(Endoceras) nautiloids are present in the BRG in the Kingston area. Actinoceratoid and 

orthoceratoid nautiloids were aragonitic (c.f. Palmer and Wilson, 2004), and are thought to have 

been restricted to maximum depths of 50-150 m, and 150-500 m, respectively (Westermann, 
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1973). Both nautiloid types possess cameral deposits between septae, and convex-shaped shells; 

these adaptations are thought to have acted as a counter weight to maintain a horizontal position 

in the water column, and a nektonic lifestyle, respectively (Holland, 1981; Ward and 

Westermann, 1985). Cephalopods are indicators of a nektonic lifestyle, water depth, and 

potentially stenohaline conditions (Sweet, 1964; Kinne, 1971). A caveat to these indicators is that 

shell chambers are filled with gas to aid in buoyancy, and thus nektonic forms are susceptible to 

post-mortem drift (Ward and Westermann, 1985). High abundance of cephalopods could be due 

to optimal environmental conditions or post-mortem drift, and implications of high abundance 

should be taken with reservation. 

 

VII) STROMATOLITES 

 Solitary, stacked hemispheroids (SH) with constant lamellar radii are the sole type of 

stromatolite present in the Lowville and Chaumont Formation of the BRG (McFarlane, 1992). 

Stromatolite definition follows that used by Aitken (1967) and modified by Kennard and James 

(1986). Stromatolites are fixed bodies of cryptomicrobial origin characterized by non-planar 

laminations and possessing definable boundaries or contacts with other stromatolites (Aitken, 

1967). Stromatolites are composed of stromatoids, which are individual mesoscopic sediment 

laminae constructed by microbial activities (Kennard and James, 1986). The basis of 

environmental interpretation of Phanerozoic stromatolites is closely tied to their associated 

sediment; in Cambrian and Ordovician times, stromatolites were associated with shallow water 

sediments and were common in peritidal environments (Sweet and Smit, 1972; Pratt and James, 

1982). Stromatolite morphology is thought to be a function of both hydraulic regime and 

variations in rate and periodicity of sedimentation (Hoffman, 1976; Pratt and James, 1982). The 

mode of formation, whether as microbially influenced sediment entrapment (biotic) or as benthic 
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precipitates (abiotic), is independent of stromatolite morphology (Grotzinger, 1990; Fairchild, 

1991). Both biotic and abiotic stromatolites should respond equally to hydraulic regime and 

variations in rate and periodicity of sedimentation. SH-type stromatolites imply a lower 

sedimentation rate between hemispheres, and suggest energetic environments where unbound 

sediment or topographically lower precipitates are winnowed away via turbulence (Hoffman, 

1976; Pratt and James, 1982). 

 

VIII) SELENOPORA  

 Solenopora is the only genus of the family of Solenoporaceae present in the Kingston area. 

Solenoporaceans typically occur as heavily calcified skeletons, internally composed of radial 

space-filling filaments or tubes, with or without partitions (Riding, 2004). Solenopora has been 

long thought of as a calcareous alga (Wray, 1977; Edwards et al., 1993); and are generally 

assumed to have given rise to the corallines: the widespread encrusting red algae that contributes 

significantly to reefs and forms rhodoliths in modern oceans (Johnson, 1961; Wray, 1977; 

Aguirre et al., 2000; James and Bone, 2011). Recently, however, the affinity of Selenopora has 

been interpreted as a chaetetid sponge (Riding, 2004). Due to the debated affinity of Selenopora, 

environmental implications should be taken with reservation; characteristics such as lack of 

mobility, epifaunal lifestyle, and living primarily within the photic zone, however, is common 

from both proposed affinities.  Chaetetids are thought to be restricted to shallow waters based on 

the proposed presence of photosynthetic symbionts (Wood, 1995). Thus, independent of affinity, 

whether chaetetid or calcareous alga, Selenopora is hypothesized to imply shallow waters within 

the photic zone. 

 

IX) CORNULITES 
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 Cornulites is a family of enigmatic extinct worm-like organisms of unknown biologic 

affinities, which commonly occur in epizoic habit on other fossils (Richards, 1974; Larsson, 

1979).  They have been interpreted as tubicular annelids based on their epizoic mode of life and 

serpulid-like traits (Fisher, 1962; Richards, 1974; Larsson, 1979). The fairly concentric shell of 

Cornulites led Lehmann et al., (1983) to place them along with the serpulids. Modern serpulids 

are confined to rigid substrates and are sessile, suggesting that they cannot tolerate high 

sedimentation rates, and require moderately energetic environments to have a consistent food 

supply (Boucot, 1981).  Serpulids are salinity tolerant and have been observed in hypersaline and 

normal marine conditions (Andrews, 1964; Kendall and Skipwith, 1969). Wilson (1948) and 

Richard (1974) described cornulitids encrusting limestone cobbles, and recognized that the 

primary control of the distribution of cornulitids was a hard substrate.  

 

X) ARTHROPODS 

 Both ostracods and trilobites occur in the BRG. Ostracods are represented by large valved 

(5 mm) robust leperditiids (Leperditia) and smaller valved (1-2 mm) aparchitiids (Aparchites).  

Trilobites are represented by epibenthic Bathyurus, Isotelus, and Ceraurus.  

Leperditiids are thought to be benthic ostracods based on their smooth and thick shells 

(Berdan, 1969; Walker and Laporte, 1970; Siveter, 1984). Ventral overlap of the valves, 

subsidiary muscle scars, and large adductor muscle scars are all thought to imply benthic 

environments and potential periodic subaerial exposure (Berdan, 1969). Aparchitiids are thought 

to be nektobenthic. Their dome-like shape, simple, unornamented valves, short hinge-line, and 

thin shells are thought to indicate a free-swimming lifestyle (Benson, 1981; Vannier, 1990). 

 Modern ostracods are very salinity tolerant (Dodd and Stanton, 1981; Neale, 1988). 

Ostracods occur sporadically in almost all aqueous environments, but appear in low-diversity, 
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high-abundance assemblages in evaporative sediments (Siveter, 1984; Dewey, 1988).  

 The presence of eyes in all three trilobite genera, Bathyurus, Isotelus, and Ceraurus, is 

thought to represent epibenthic environments. Bathyurus is interpreted to have been capable of 

burrowing based on the concave-up curved cephalic and pygidial margins (Ludvigsen, 1978). 

Bathyurus, Isotelus, and rare Ceraurus are thought to have lived in shallow, inshore, turbulent 

environments based on the presence of thick cuticles (Ludvigsen, 1978; Fortey and Wilmot, 

1991). Cuticle thickness is thought to have minimized abrasion and to have helped with periodic 

subaerial exposure and desiccation (Ludvigsen, 1978; Fortey and Wilmot, 1991). 

 

XI) TETRADIIDA 

 Descriptions of external and internal tetradiid morphology, as well as interpretations of 

affinity and paleoenvironment, are discussed in Chapter 4. The purpose of this study is to 

describe tetradiid external morphology and depositional environment, and based on these 

descriptions interpret affinity and preservation. Based on this caveat, no tetradiids were used for 

any interpretation of depositional environment. Occurrence of tetradiids, whether fragmented or 

complete, and morphology of tetradiid are noted in this chapter. Significance of tetradiid 

occurrence and paleoecology, however, is discussed in Chapters 4 and 5. 

 

3.3 FACIES ASSOCIATIONS 

 

 In this study, the Lowville and Chaumont Formations were investigated with emphasis on 

the occurrence and depositional environment of tetradiid fragments and colonies (Fig. 3.1). The 

Lowville and Chaumont Formations represent an overall transgression, from low intertidal to 

subtidal environments, respectively (Melchin et al., 1994; Bechtel and Mehrtens, 1995; Hersis 
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and Dix, 1999; Grimwood et al., 1999). Deepening is concomitant with the progressive Taconian 

accretion along the outboard segment of the Laurentian margin (Lavoie 2008; James et al., 2015). 

This simple transgression, however, is complicated by irregular bottom topography and the 

occurrence of Precambrian islands and shoals (Brookfield and Brett, 1988; Lavoie et al., 2003). 

Due to this irregular bottom topography, facies show neither the quintessential “shallowing up” 

cycles nor laterally extensive facies; this creates complex vertical and lateral facies trends that are 

correlatable and recognizable at the decameter-scale (Hersi and Dix, 1999).  

 Facies assemblages have been broken up into sabkha, intertidal flat, lagoonal, and shoal 

assemblages by Grimwood et al. (1999), and in the Kingston region into the regolith, peritidal 

carbonate mud-flat, restricted subtidal, shoal, and low energy subtidal magnafacies by McFarlane 

(1992; Table 3.1). Sabkha, regolith, and peritidal carbonate mud-flat facies assemblages are 

consistently associated with the Pamelia Formation and are not found in the Lowville or 

Chaumont Formations. In this study, mudstones, grainstones & bindstones, bioclastic, peloidal 

mudstones-packstones, bafflestones & bindstones, and skeletal packstones facies associations 

were described following McFarlane (1992), Grimwood et al. (1999), Kiernan (1999), and 

Brookfield and Brett (1984; Table 3.1). 

Facies assemblages defined in this study and analogous assemblages previously defined 

for the BRG are described in Table 3.1. Facies defined in this study are described in Table 3.2. 

Fragmented tetradiids occur in the mudstone, grainstone & bindstone, bioclastic, peloidal 

mudstone-packstone and bafflestone & bindstone facies associations, whereas colonial tetradiids 

occur in the grainstone & bindstone (Tetradium) and bafflestone & bindstone (Phytopsis, Para-
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Facies 
Association 

Facies Tetradiid 
occurrence & 
morphology 

Depositional 
Environment 

Analogous units  

F.A. A 
Mudstones 

F. A1, 
F. A2, 
F. A3 

Rare tetradiid 
fragments 

Lagoon Lagoon & Lagoon-margin 
sands (Kiernan, 1999). 
Intertidal flat association 
(Grimwood et al., 1999). 
Restricted subtidal 
(McFarlane, 1992). 
 

F.A. B 
Grainstones & 
bindstones 

F. B1, 
F. B2 

Rare- uncommon 
tetradiid 
fragments. 
Tetradium 
colonies 

Shallow 
subtidal ooid 
shoal 

Shoal facies (Brett and 
Brookfield, 1984).  Barrier-
top & Shoreface (Kiernan, 
1999). Shoal association 
(Grimwood et al., 1999). 
Shoal (McFarlane, 1992). 
 

F.A. C 
Bioclastic, 
peloidal 
mudstones-
packstones 

F. C1, 
F. C2, 
F. C3, 
F. C4, 
F. C5 

Abundant tetradiid 
fragments. Rare 
Tetradium 
colonies 

Protected 
shallow 
subtidal 

Intershoal or deep shoal 
facies (Brett and Brookfield, 
1984). Lagoonal association 
(Grimwood et al., 1999). Low 
energy subtidal (McFarlane, 
1992). 
 

F.A. D 
Bafflestones 
& bindstones 

F. D1, 
F. D2 

Abundant 
Phytopsis and 
Paratetradium. 
Abundant – 
common tetradiid 
fragments 

Shallow 
subtidal patch 
reefs 

Low energy subtidal 
(McFarlane, 1992). 
 

F.A. E 
Skeletal 
packstones  

F. E1, 
F. E2 

No tetradiid 
fragments or 
colonies 

Offshore 
subtidal storm 
deposits 

Shallow to deep margin and 
basinal facies (Brett and 
Brookfield, 1984). 
 

Table 3.1. Summary of Facies associations, correlative facies, tetradiid occurrences and 
morphology, and analogous units. 
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Fig. 3.1. Lateral and vertical correlation of stratigraphic sections investigated in this study. Stratigraphic sections are displayed in Fig. 
1.1. Stratigraphic analysis was dominantly within the Lowville and Chaumont Formations. 
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tetradium) facies associations (Table 3.1). Paleoecology and implication of colonial morphology 

in relation to depositional environment are discussed in Chapter 4. 

 

3.4 FACIES 

I) FACIES ASSOCIATION A: MUDSTONES 

 

  F. A 1 Laminated lime mudstone 

Description 

 This facies is characterized by resistant beds of mudstone, dominated by centimeter to 

millimeter-scale, internally and externally continuous, smooth and flat laminae (Fig. 3.2. A). 

Individual beds are 5-15cm thick, and weather either light grey or tan. Local units are 

interbedded with thin (< 5cm) layers of intraclastic and skeletal wackestone-packstone associated 

with very fine sand, silt-sized peloids, and rounded to subrounded quartz grains (Fig. 3.2. A). 

Units are commonly unfossiliferous, but locally contain rare ostracod, bivalve, and trilobite 

fragments. Deposits are locally bioturbated with rare-uncommon horizontal burrows. Sporadic 

wave-ripples, desiccation cracks, diastasis cracks, gypsum molds, and tepee structures occur 

locally in units. 

 

Interpretation 

 Based on the high mud content, presence of continuous laminae, and occurrence of local 

desiccation cracks and wave ripples, this facies is interpreted to represent deposition in a high 

intertidal environment (c f. Read, 1980). The occurrence of subaerial exposure surfaces and low- 

diversity fossils are interpreted to represent shallow water depths and restricted, stressed 

environmental conditions, respectively. This facies is similar to the rhythmically interbedded 
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Facies Lithology and paleontology Non-
calcareous 

Bioturbation Sedimentary 
Structures 

Environment 

F. A 1 
Laminated lime 
mudstone 

Laminated m.s interbedded with 
rare-uncommon w.s to p.s layers. 
Non-fossilliferous. Rare 
ostracods, Crytodonta & 
trilobites. 

 Locally 
bioturbated. 
Rare-
uncommon 
horizontal 
burrows 

Sporadic storm 
bands, wave-
ripples, 
desiccation 
cracks, disastasis 
cracks, gypsum 
molds & tepee 
structures 

High intertidal. 
Shallow water. 
Restricted 
circulation. 
Stressed 
conditions. 
Elevated 
salinities. 
 

F. A 2 
Homogenous 
lime mudstone 

Homogenous m.s interbedded 
with rare w.s to p.s bands. Rare 
dolomite & clay- to silt-sized 
silliciclastic particles. Rare 
brachiopods, Crytodonta, 
ostracods & trilobites. 

<20% clay 
to silt 

Pervasive 
bioturbation. 
Horizontal 
burrows 

Rare-uncommon 
intraclasts (rip up 
clasts), storm 
bands, fenestrae, 
desiccation 
cracks, gypsum 
molds, wave-
ripples, & 
discontinuous 
external laminae 

Low intertidal - 
uppermost 
shallow 
subtidal. Low 
energy. Restricted 
circulation. 

F. A 3 Wavy-
bedded lime 
mudstone 

Wavy-bedded m.s with 
uncommon ultra-thin argillaceous 
seams of m.s in between laminae. 
Rare trilobites, brachiopods & 
tetradiids. 

<20% clay 
to silt 

Locally 
bioturbated, 
Rare-
uncommon 
horizontal 
burrows. 
Chondrites 

Abundant wave-
ripples, & rare 
syneresis cracks, 
HCS  

Low energy. 
Subtidal. 
Restricted 
circulation. 
Lagoonal 

F. B 1 Oollite G.s to local p.s composed of 
small, f.g-m.g sand, & large, m.g 
– c.g sand sized ooids. Common 
Crytodonta, colonial tetradiids 
(Tetradium), ostracods, 
gastropods, bryozoans, & 
echinoderms (ossicles & semi-
articulated stems). 

<10% chert 
(?) nodules 

 Rare homogenous 
bedding, wave 
ripples, gypsum 
molds, PTCB, 
HCS, and HBCB 

High energy 
shallow subtidal. 
Warm tropical 
waters. Shoal. 
Situated above 
FWWB.  
 

F. B 2 
Stromatolitic 
bindstone 

Stromatolitic b.s flanked & 
capped by oolitic g.s & 
Crytodonta f.s with g.s matrix. 
Abundant stromatolites. Non- 
fossilliferous. Rare Cornulites 
colonies. 

   Shallow subtidal. 
Hypersaline. 
Turbulent, high 
energy. Photic 
zone. 
 

F. C 1 Shale Laminated silliciclastic m.s. Non-
fossiliferous. Rare ostracods, 
bryozoans & echinoderms 

90 % very 
fine silt & 
mud 

  Open marine. 
Subtidal  

F. C 2 
Intraclastic 
wackestone 

W.s to g.s unit composed of 
intraclasts, fossils, peloids, ooids, 
silt & f.g sand. Non-fossiliferous. 
Rare Crytodonta & gastropods. 

<20% silt to 
fine-grained 
sand  

 Rare graded 
bedding, planar 
laminations, 
trough cross 
bedding, & wave-
rippled bedding 

Shallow subtidal. 
Storm deposit. 

F. C 3 Tetradiid 
fragment 
floatstone 

High diversity, skeletal fragment 
f.s in m.s to w.s matrix. Local 
units grade upwards from a basal 
f.s to a homogenous  m.s. 
Abundant tetradiid fragments. 
Rare in situ Tetradium colonies. 
Common-abundant bryozoans, 
cephalopods, Selenopora, 
echinoderms (ossicles and stems) 
and rare, Crytodonta, 
brachiopods, trilobites. 

 Pervasive 
bioturbation. 
Thalassinoide
s, Planolites, 
Palaeophycus, 
& Chondrites 

Rare normal 
bedding, wave 
ripples, tabular 
planar laminations 
& HCS 

Shallow subtidal. 
Open marine. 
Low-energy. 
Protected. 
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F. C 4 Skeletal 
peloid 
wackestone- 
packstone 

Dominantly mud- rich, w.s but 
locally displays p.s to g.s 
lithologies. Facies composed of v. 
f.g to f.g sand sized peloids & 
rare f.g sand sized radial ooids. 
Common echinoderms, 
Crytodonta, tetradiid fragments, 
bryozoans, cephalopods & 
brachiopods. Rare in situ 
Tetradium colonies. 

 Locally 
pervasive. 
Chondrites, 
Thalassinoide
s, Planolites, 
& 
Palaeophycus 

Mud-rich units: 
homogenous. 
Rare wave ripples 
& gypsum molds. 
Grain-rich units: 
rare wave ripples, 
HCS, SCS, PTCB 

Low energy. Open 
marine. Shallow 
subtidal 

F. C 5 
Stylonodular 
Packstone 

P.s to local g.s composed of c.g 
sand to gravel sized intraclasts, 
sand sized peloids, & radial ooids. 
Typically non-fossiliferous. Rare 
bryozoans, brachiopods, 
Cornulites, ostracods, trilobites, 
gastropods, echinoderms, 
cephalopods & tetradiid 
fragments. Rare in situ Phytopsis 
colonies 

  Rare wave-rippled 
bedding surfaces, 
& mud flasers 

Shallow subtidal. 

F. D 1 
Paratetradium 
bioherm 

Colonial Paratetradium f.s to b.s 
with m.s matrix. Abundant 
colonial tetradiids, & common 
Crytodonta, gastropods, 
bryozoans & tetradiid fragments. 

   Shallow subtidal. 
Low energy. Open 
marine. 

F. D 2 
Phytopsis- 
Paratetradium- 
Stromatolite 
bioherm 

Composed of two parts: lower 
colonial tetradiids (Phytopsis & 
Paratetradium) fr.s to ba.s & an 
upper stromatolitic b.s. Oriented 
on a bryozoan r.s. Flanked and 
capped by F. 8. Abundant 
bryozoans, echinoderms, 
Crytodonta, common tetradiid 
fragments, cephalopods, 
Selenopora, gastropods, 
Crytodonta, & Cornulites. 

   Shallow subtidal. 
Open marine. 
Situated below 
FWWB & above 
SWB. Photic zone 

F. E 1 
Echinoderm, 
trilobite 
grainstone 

Local p.s to g.s composed of f.g 
to m.g sand sized peloids, c.g 
sand to gravel sized intraclasts & 
rare silt to very f.g sand. 
Interbedded with rare-uncommon 
f.s-r.s lenses. Abundant- 
common: echinoderms, trilobites, 
brachiopods, Crytodonta, & 
gastropods. 

<10% silt to 
very fine 
sand 

 Abundant wave 
ripples, HCS, 
SCS, & planar 
laminations 

Subtidal storm 
deposit. Situated 
below 
FWWB & above 
SWB. 

F. E 2 
Bioturbated 
peloidal 
wackestone- 
packstone 

W.s to local p.s units composed 
of peloids, skeletal fragments & 
sporadic interlaminations of silt & 
f.g to c.g sand. Rare to 
uncommon trilobites, 
cephalopods, echinoderms, 
gastropods and brachiopods. 

<20% silt & 
fine to 
coarse sized 
sand 

Pervasive 
bioturbation. 
Both 
horizontal & 
vertical 
burrows: 
Paleophycus, 
Planolites, 
Cruiziana, 
Skolithos, & 
Diplochritero
n 

 Subtidal. Situated 
below FWWB,  
above SWB.  
Low energy, 
punctuated by 
high-energy storm 
events 
 

Table 3.2. Summary of facies attributes and their interpretations. m.s: mudstone; w.s: wackestone; p.s: packstone; g.s: grainstone; 
f.s: floatstone; r.s: rudstone; b.s: bindstone; fr.s: framestone; ba.s: bafflestone; v.f.g: very fine grained; f.g: fine grained; m.g: 
medium grained; c.g: coarse grained; HCS: hummocky cross stratification; PTCB: planar tabular cross bedding; HBCB: herring 
bone cross bedding; SCS: swaley cross stratification; FWWB: fair weather wave base; SWB: storm wave base. 
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 limestone-argillite facies described from the Upper Ordovician in Virginia (Read, 1980), and 

from the Mississippian of Wyoming and Montana (Elrick and Read, 1991). Osburn et al., (2014) 

describe similar planar-laminated mudstones in an Ediacaran ramp in Oman, and interpreted 

deposition due to quiet water suspension; this interpretation is supported in the BRG.  

 

F. A 2 Homogenous lime mudstone 

Description 

 Texturally homogenous weathered surfaces, high mud content, and the presence of 

resistant, medium-banded (5-40cm thick) units characterize this facies (Fig. 3.2. B). Individual 

units, depending on the amount of dolomite and clay- to silt-sized siliciclastic particles, weather 

either tan (dolomitic and silt-rich) or light grey (non-dolomitic and clay-rich).  

 This facies is dominantly homogenous, containing no sedimentary structures (Fig. 3.2. B). 

Local units, however, display rare-uncommon intraclasts, skeletal packstone-wackestone bands 

(2cm thick), fenestrae (laminar to irregular), desiccation cracks, externally discontinuous 

centimeter-scale laminae, and wave-rippled bedding surfaces. Sporadic gypsum molds and large 

(5-15cm), blocky calcite-filled nodules are present in some units. Localized low-diversity and 

high-abundance fossil assemblages of brachiopods, bivalves (Cyrtodonta), ostracods, and 

trilobites are present in some units. Units consistently display horizontal burrows and are 

pervasively bioturbated (McFarlane, 1992). 

 

Interpretation  
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Fig. 3.2. A) Laminated mudstone (L.M.s) facies composed of millimeter-scale, continuous laminae. Local units 
are interbedded with skeletal, wackestone-packstone bands (S. W.s-P.s B.). Section 1: Perth Road. B) 
Homogenous mudstone (H.M.s) facies. Units are resistant, medium bedded, contain no fossils or sedimentary 
structures, and are separated by thin argillaceous seams (A.S.). Section 7: Taylor Kidd East. C) Wavy bedded 
mudstone (W.B.M.s.). Units contain abundant large-scale wave ripples, double mud drapes, and rare skeletal 
wackestone-packstone bands (S. W.s-P.s B.). Section 1: Perth Road. 
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 This facies is a low energy deposit, which is hypothesized to have formed in a low 

intertidal to uppermost shallow subtidal environment subject to restricted water circulation (Dix 

et al., 2013). This hypothesis is based on the abundance of carbonate mud, pervasive 

bioturbation, the presence of fossils, and the rare occurrences of desiccation cracks, fenestrae, 

evaporate rosettes, and calcite-filled nodules (Read, 1980). Calcite-filled nodules are interpreted 

as gypsum molds (McFarlane, 1992). Localized intra-unit, intraclast wackestone-packstone bands 

are interpreted as episodic storm events (Hardie and Ginsburg, 1977).  

 

F. A 3 Wavy-bedded lime mudstone 

Description 

 Mud-rich composition, wavy-bedding, and infrequent occurrence of fossils characterizes 

this facies (Fig. 3.2. C). Facies weathers dark grey, is slightly recessive and thinly bedded (5-

20cm thick), and can locally form units up to 1m thick (Fig. 3.2. C). Bedding thickness is 

undulatory (Fig. 3.2. C). Abundant scouring is present between laminae, represented by sharp 

bedding contacts separated by an ultra-thin, argillaceous seam of platey mudstone. Sedimentary 

structures include abundant large-scale wave rippled bedding surfaces, double mud drapes, rare 

diastasis cracks, and rare small-scale hummocky cross-stratification (HCS). Fossils are rare and 

consist of trilobite, brachiopod and tetradiid fragments. Circular nodules, 1cm wide and 5cm 

long, filled with blocky calcite are hypothesized to be Planolites burrows; burrows are localized 

and sporadic. 

 

Interpretation 

 This facies is interpreted as a low energy, subtidal deposit, which formed under restricted 

marine conditions.  It is hypothesized that units were deposited in protected, shallow waters 
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restricted from open marine circulation, typical of a lagoon on the landward side of an island or 

barrier bar (McFarlane, 1992). The lack of pervasive bioturbation and rarity of macrofossils is 

interpreted to represent elevated salinity levels, and the abundance of carbonate mud is 

interpreted to represent low energy conditions. Laminated mudstones are interpreted to represent 

a waning current, weak enough to allow deposition of mud- and silt-sized detritus (Bridge and 

Gabel, 1992; Köykkä and Lamminen, 2011). Sharp-based bedding contacts and abundant 

scouring suggests relatively sudden events superimposed on ambient constant sedimentation of 

fine-grained detritus (Köykkä and Lamminen, 2011). Based on the occurrence of double mud 

drapes, water depth is hypothesized to have been shallow subtidal, above fair weather wave base 

(FWWB; Sultan and Plink- Björklund, 2006). Localized HCS is interpreted as storm surges or an 

increase in depth (McLaughlin et al., 2004).  

 

II) FACIES ASSOCIATION B: GRAINSTONES & BINDSTONES 

 

F. B 1 Oolite 

Description 

 This facies forms 20-50cm thick beds of grainstone and local packstone, which are slightly 

recessive and weather dark to light grey (Fig. 3.3. A). Local units are dolomitic and weather a tan 

colour. Units are composed of approximately 40-80% ooids, that are normally packed, single, 

spherical, complete particles that are multiple-coated and range from unmicritized to partially 

micritized to completely micritzed. Sedimentary structures include rare homogenous bedding, 

wave ripples, planar tabular cross bedding, HCS, and herringbone cross-stratification. Local units 

contain uncommon sand- to cobble-sized intraclasts, discoidal gypsum molds, vuggy  



 38 

Fig. 3.3. A) Ooid grainstone (O.G.s) facies. Units are medium bedded, slightly recessive, and weather a light grey. 
Section 2: Division & 401. B) Bioclastic ooid grainstone with a low-diversity assemblage of Cyrtodonta (C.) 
bivalves. Bivalves consistently occur in a concave-down orientation. Section 10: Millhaven & Bath. C) Bioclastic 
ooid grainstone with a low-diversity assemblage of Cyrtodonta (C.) bivalves. Bivalves are consistently preserved as a 
spar-filled mold. Section 7: Taylor Kidd East.  Key is 5.3cm in length. Coin is 2.65cm in diameter. 
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porosity, and rare dolomitic or calcareous mudstone lenses. Oolitic facies are commonly 

bioclastic and contain a low-diversity, low-abundance fossil assemblage of bivalves 

(Cyrtodonta), colonial tetradiids (Tetradium), ostracods, gastropods, bryozoans, disarticulated 

echinoderm ossicles, and/or articulated, semi-complete echinoderm stems (Fig. 3.3. B, C). 

Bivalves consistently occur in a concave-down orientation, and localized Tetradium colonies are 

overturned (Fig. 3.3. B). McFarlane (1992) described pervasive bioturbation, but neither 

horizontal nor vertical burrows were observed in this study. 

 

Interpretation  

 Oolite in the BRG is interpreted to have formed in a high energy, subtidal environment in 

shallow, warm, tropical waters situated above FWWB (Loreau and Purser, 1973; Milliman and 

Barretto, 1975; Reeder and Rankey, 2008).  The lack of carbonate mud, abundance of grainstone 

and packstone depositional textures, and presence of localized cross bedding suggests turbulent 

conditions (Pratt et al., 2012). The dominance of a low-abundance, low-diversity fossil 

assemblage suggests stressed environmental conditions, and was interpreted by McFarlane 

(1992) as indicative of hypersalinity. The presence of stenohaline fossils such as echinoderms 

(crinoids; Kinne, 1971; Russell, 2013), however, suggests that conditions were at times normal 

marine. The presence of concave-down bivalves, articulated echinoderm stems, and overturned 

tetradiid colonies suggests that turbulence and high sedimentation rates were limiting factors (c.f 

Davies et al., 1989; Prado et al., 2015).  

 Oolitic grainstones in the BRG lack lateral correlativity and are commonly interbedded 

with peritidal mudstones or bioclastic limestone. The patch-work arrangement of small, thin, 

bioclastic and ooid shoals separated by shallow, muddy intershoal regions is interpreted as short 

intervals of carbonate production in an otherwise muddy, low-energy ramp (Milliman, 2000; 
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Sharma and Dix, 2004). Short-term changes in accommodation space, turbidity, and/or saturation 

state, as well as a source of nuclei and a means of agitation, would be necessary for the 

occurrence of ooids (Deelman, 1978; Davies et al., 1978). Kindler and Hearty (1996) interpret a 

change from biotic to ooid dominated grainstones as indicating an increase in circulation and area 

of submergence; in the BRG, a relative change in sea level would have changed a muddy, low-

energy ramp into a site of higher energy, peritidal carbonate formation. Ooids are interpreted to 

have formed shallow subtidal shoals (Read, 1985; Ward et al., 1985; Burchette and Wright, 

1992). 

 

F. B 2 Stromatolitic boundstone 

Description 

 Domal stromatolites exhibiting spongiostrome texture and approximately constant lamellar 

radii characterize this facies (Fig. 3.4. A, B). Domal stromatolites rarely exceed 30cm in 

diameter, and are approximately 1-5m apart in beds (Fig. 3.4. B). Stromatolitic textures range 

from well laminated to wavy laminated and crinkled, or clotted to nodular (Fig. 3.4. C, D). Each 

stromatolite is composed of fine-grained peloids with a spongiostrome texture, with variations in 

the density of this texture generating individual stromatoids (c.f. Pratt and James, 1982). Oolite 

grainstone and Cyrtodonta-rich floatstone are consistently interbedded with stromatolites, but 

neither ooids nor bivalves occur in the stromatoids (Fig. 3.4. B; McFarlane, 1992). Stromatolites 

are dominantly unfossiliferous, but contain local internal Cornulites tubes. Boundaries within 

stromatoids are locally enhanced by sutured and non-sutures stylolites (Fig. 3.4. D). 

 

Interpretation 

 This facies is interpreted to have formed via in situ cryptomicrobial sediment binding and  
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Fig. 3.4. A) Stromatolite bindstone facies. Stacked hemispherical stromatolites (S.H.) flanked by an ooid grainstone facies 
(O.G.s), and overlain by the Shale facies (Sh.). B) Domal stromatolites are approximately 30cm in diameter and 20cm in 
height. C) Stromatolite textures range from well laminated and crinkled to clotted and nodular. Stromatolite is capped by the 
tetradiid fragment floatstone (T.F.F.s). D) Stromatoid margins are locally enhanced by sutured and non-sutured stylolites. Key 
is 5.3cm in length. The meter stick is divided into 5cm intervals. All images are taken from section 7: Taylor Kidd East. 
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direct precipitation of calcite cement. Ubiquitous spongiostrome microtextures in individual 

stromatoids are indicative of direct synsedimentary precipitation (Pratt and James, 1982; Kennard 

and James, 1986; Riding, 2011). Discrete centimeter-scale synoptic relief on individual laminae 

implies partial lithification, with stromatolites forming small positive features on the seafloor 

(Nehza and Dix, 2012). However, as synoptic relief is less than 20 cm, stromatolites did not form 

a significant obstruction and would have done little to attenuate storm and wave energy 

(Zentmyer et al., 2014). This facies is interpreted to have formed in turbulent shallow subtidal 

environments, based on the absence of bioturbation and all skeletal metazoans, and the presence 

of high-energy, Cyrtodonta-rich oolite interbeds (Riding et al., 1991; Browne et al., 2000; Nehza 

and Dix, 2012). Nehza and Dix (2012) discovered similar subtidal stromatolitic biostromes in the 

Ottawa Embayment, with the occurrence of stromatolites associated with a relative transgression 

across a once-exposed platform or nutrient-rich coastal margin. This transgression established 

brief conditions of nutrient-rich, shallow, water conductive to microbial productivity. 

 

III) FACIES ASSOCIATION C: BIOCLASTIC, PELOIDAL MUDSTONES-PACKSTONES 

 

F. C 1 Shale 

Description  

Grey-black, laminated, commonly anastomosing, 5-10cm thick units interbedded with 

limestone beds characterize the shale facies (Fig. 3.5. A). Shale units are commonly compressed 

and compacted resulting in undulations. Beds are friable, recessive, and weather either black or 

locally rusty brown (Fig. 3.5. A). Shale units are unbioturbated and dominantly non-fossiliferous, 

but contain rare ostracods, bryozoans, and echinoderms. Interbedded limestone units are grainy, 

fossiliferous floatstones or skeletal peloid packstones, and contain rare-common echinoderm,  
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Fig.3.5. A) Dark black anastamosing shale (Sh.) interbedded with grainstone (G.s) units. Shale facies are recessive and friable; 
whereas contacts with interbedded limestone are sharp. Shale is capped by the homogenous mudstone facies (H.M.s). Section 7: 
Taylor Kidd East. B) Intraclastic wackestone facies (I.W.s). Units have a heterogenous composition and are composed of granulae 
sized intraclasts (I.). Facies contain rare skeletal wackestone-packstone bands (S.W.s-P.s B.). Section 1: Perth road. C) Tetradiid 
fragment floatstone (T.F.F.s). Units are composed of abundant tetradiid fragments (T.F.) in a mudstone matrix (M.s Mtx). Section 
3: HWY 38 & 401. D) Tetradiid fragment floatstone with common echinoderm (E.) and gastropod (G.) fragments. Gastropods and 
tetradiids are preserved as spar-filled molds. Section 9: Clogg’s road. Nikon lens cap is 6.7cm in diameter; coin is 2.65cm in 
diameter. 
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brachiopod, and bryozoan fragments. Upper and lower contacts between shale and limestone 

units are sharp (Fig. 3.5. A). 

Interpretation 

 The presence of stenohaline echinoderms, bryozoans, and ostracods (Kinne, 1971; Russell, 

2013), as well as the interbedded fossiliferous floatstones or skeletal peloid packstones suggests 

that this is an open-marine, subtidal deposit. The deposition of shale is interpreted to represent a 

relative period of quiescence (Dix et al., 2013). The influx of terrigenous mud is hypothesized to 

be craton derived from the west, as the Taconic arc is inferred to have been east of the Laurentian 

margin during BRG deposition (Golonka, 2002; Cocks and Torsvik, 2004). These black shale 

units have sometimes been construed as deep-water facies, but their association with other 

shallow water, low energy facies does not support this interpretation (McLaughlin et al., 2004).  

 

F. C 2 Intraclastic wackestone 

Description 

 Heterogeneous depositional texture (wackestone to grainstone) and grain composition 

(intraclasts, fossils, peloids, ooids, silt, and fine-grained sand) characterize this facies (Fig. 3.5. 

B). This unit is medium bedded (5-50cm thick) and weathers either resistant and light grey, or 

slightly recessive and tan coloured.  Non-sutured stylolites are locally pervasive, whereas sutured 

stylolites are rare and confined to resistant, grey weathering units. Approximately 30% of the unit 

is composed of ubiquitous granule- to cobble-sized, rounded to sub-angular intraclasts (Fig. 3.5. 

B). Intraclasts are micritic and locally dolomitic (Fig. 3.5. B).  

 Local sedimentary features include rare planar laminations, small-scale trough cross 

bedding, and wave-rippled bedding-surfaces. Planar laminations are consistently concentrated in 

the upper portion of units. A diverse suite of framework grains consisting of rare, fine sand- to 
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very coarse sand-sized radial ooids, rare evaporate molds, very fine sand-sized peloids, and 

coarse silt- to very fine sand-sized subhedral dolomite rhombs occur in thin section (McFarlane, 

1992).   

 Units are dominantly unfossiliferous, yet locally contain Cyrtodonta and gastropod 

fragments. No bioturbation is observed in this unit, however, pervasive bioturbation consisting of 

horizontal Planolites, Palaeophycus, Teichichnus, Thalassinoides, and vertical Skolithos burrows 

are described by McFarlane (1992). Lower contacts are consistently sharp, flat to irregular, and 

erosive. Upper contacts are either sharp, undulatory, erosive and scoured, or gradational and 

locally “red-stained”.  

 

Interpretation: 

 This facies is interpreted as a shallow subtidal storm deposit.  Intraclastic limestones have 

been recorded from a wide range of depositional environments, but consistently represent 

conditions of low–moderate currents, and locally elevated salinities (Hardie, 1977; Brandley and 

Krause, 1997). The abundance of mud, coupled with the rarity of fossils and burrows, is 

hypothesized to imply ambient low energy, hypersaline conditions. The abundance of angular 

intraclasts and heterogeneous allochems (ooids, peloids, silt, and sand) is hypothesized to imply 

storm rip-up clasts and allochthonous material, respectively, both transported due to a punctuated 

period of high energy. The presence of rip-up clasts (intraclasts) suggests violent and almost 

instantaneous erosion of an already partially lithified sediment, and sedimentation under very 

rapid aggradation rates (Perkins and Enos, 1968; Hardie and Ginsburg, 1977; Meireles et al., 

2013). The formation of intraclasts is common during hurricanes and annual winter storms, 

which would have occurred in the paleolatitudes of the BRG (Jin et al., 2013). 
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F. C 3 Tetradiid Fragment Floatstone 

Description 

 Ubiquitous skeletal fragments characterize this facies (Fig. 3.5. C, D). Units form 10-80cm 

thick beds, which are slightly recessive, locally nodular to rubbly weathering, and are either dark 

grey or tan coloured. Skeletal fragments are consistently floating in a mud-rich matrix, which is 

locally dolomitized and iron stained (Fig. 3.5. C, D). Fossils are either a loosely packed 

consortium (Fig. 3.5. D) or discrete, densely packed tetradiid “mats” (c.f. Walker, 1972) in which 

linear elements are crudely aligned parallel to bedding (Fig. 3.5. C). Some units grade upwards 

from a basal floatstone into a homogenous mudstone. Units are consistently homogenous, and 

display no sedimentary structures. Rare normal bedding, wave-rippled bedding surfaces, tabular 

planar laminations, and HCS are present locally. 

 The matrix is either a mudstone or wackestone, and consists of ubiquitous micrite, local 

coarse sand-sized skeletal debris, and rare fine to coarse sand-sized peloids. Patchy, crystalline 

euhedral to subhedral dolomite occurs in colour-mottled units, and is associated with non-sutured 

stylolites. Inter- and intra-skeletal porosity, which is not infilled with matrix, contains two 

generations of calcite cements; 1) an early, poorly developed isopachous rind of scalenohedral 

calcite cement, and 2) a late euhedral blocky calcite cement. 

A high-diversity, tetradiid fragment fossil assemblage is present in this lithofacies. The 

tetradiid fragment assemblage is composed of broken, ex situ, stick-like fragments of individual 

tubes (approximately 0.5 cm wide by 1-2 cm long), or of multiple fused tubes (approximately 4 

cm wide by 5 cm long) (Fig. 3.5. C, D). Fragments are neither highly fragmented nor abraded. 

Rare colonial tetradiids (Tetradium) are preserved in situ in local units. Common to abundant 

bryozoans, gastropods, cephalopods, Selenopora, echinoderm ossicles and stems, together with 

rare bivalves, brachiopods, and trilobites are associated with this fossil assemblage. Tetradiid 
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fragments and colonies, gastropods, cephalopods, and bivalves consistently occur as micrite 

envelopes and spar-filled molds. Infaunal burrows are ubiquitous in units and include 

Thalassinoides, Planolites, Palaeophycus, and Chondrites. The tetradiid fragment floatstone 

facies consistently overlies the stromatolitic boundstone facies. 

  

Interpretation  

This facies is interpreted as a shallow subtidal deposit, formed under open-marine 

conditions in low energy areas protected from prevailing currents or waves. The high carbonate 

mud-content, the lack of pervasive sedimentary structures and the lack of abraded fragments 

implies ambient low energy conditions. A diverse macrofossil assemblage, coupled with a 

multilevel, tiered trophic structure composed of infaunal burrows, semi-infaunal bivalves, low 

and high level epifaunal echinoderms, Selenopora, bryozoans, gastropods, and nektic 

cephalopods implies open-ocean conditions (c.f. Valentine, 1970; Lukasik et al., 2000). Sporadic 

beds containing aligned tetradiid fragments and rare HCS suggests periodic high-energy storm 

surge (Dott and Bourgeois, 1982; Aigner, 1985; Baas, et al., 2016). The presence of tetradiid 

fragments probably represents autochthonous clasts formed through fragmentation of fragile 

branching colonial Tetradium colonies (McFarlane, 1992). This fragmentation is thought to be 

the result of punctuated high-energy storms, common in the tropical latitudes during Ordovician 

BRG during deposition (Jin et al., 2013). This hypothesis is strengthened by the occurrence of 

semi-articulated echinoderm stems, known to represent high sedimentation events (Meyer and 

Meyer, 1986; Kidwell and Bosence, 1991; Gorzelak and Salamon, 2013). 

 

F. C 4 Skeletal peloid wackestone-packstone 

Description 
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 Abundant fossil fragments, fine grain size, sandy texture, and light grey colour on 

weathered surfaces, characterize this facies (Fig. 3.6. A). Units are 2-5cm thick, thinly bedded, 

and slightly recessive (Fig. 3.6. A). Deposits are dominantly mud-rich but locally display 

packstone and grainstone depositional textures. Mud-rich units are homogenous or wavy bedded. 

Packstone and grainstone units are consistently wavy-bedded and locally contain poorly 

developed HCS and SCS, large-scale (20 - 30cm) planar-tabular cross-stratification, and wave-

rippled surfaces. Very thin (1-5mm) mud flasers, rosettes of gypsum molds, and rounded-

ellipsoid intraclasts occur locally. 

 In thin section, units contain ubiquitous rounded very fine-to-fine sand-sized peloids and 

local fine sand-sized radial ooids. Intraparticle voids are filled by silt-sized micrite, poorly 

developed early isopachous scalenohedral calcite cement, and later blocky calcite cement. Fossils 

are either evenly distributed throughout a bed, or associated with rare fossiliferous floatstone/ 

rudstone lenses. Fossils in order of decreasing abundance include: echinoderms, Cyrtodonta, 

tetradiid fragments and rare in situ colonies (Tetradium), bryozoans, cephalopods, and 

brachiopods. Disarticulated Cyrtodonta consistently occur in a concave-down orientation. All 

bivalves, gastropods, and tetradiid fragments occur as micrite envelopes and spar-filled molds. 

Chondrites, Thalassinoides, Planolites, and Palaeophycus burrows occur in mud-rich units and 

bioturbation is locally pervasive (Fig. 3.6. A). 

 

Interpretation 

 This lithofacies is interpreted as a generally low energy, open-marine shallow subtidal 

deposit. This interpretation is based on the local presence of stenohaline fossils (Kinne, 1971; 

Russell, 2013), local pervasive bioturbation, and generally high mud-content of the matrix.  
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Fig. 3.6. A) Graded skeletal peloid wackestone-packstone (S. P.Ws-P.s) facies. Units are thinly bedded, slightly 
recessive, weather a light grey, display a sandy texture, and contain rare intraclasts (Int.). Section 8: Taylor Kidd 
Central. B) Stylonodular packstone (S.P.s) facies is composed of abundant, semi-round nodules (N.) and 
pervasive non-sutured stylolites. Unit is overlain by a grainstone facies (G.s). Upper contact is marked by a 
sharp, flat, hardground. Section 2: Division & 401. Key is 5.3cm in length. 
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Bivalve-rich sediments are postulated to have been generated and redeposited under stressed 

conditions, interpreted to represent increased hydraulic energy suggested by local concave-down 

shell orientation (Davies et al., 1989; Prado et al., 2015). Local HCS, and SCS, and lenses of 

fossiliferous floatstone are interpreted to represent episodic storm surge (Dott and Bourgeois, 

1982; Duke et al., 1991); the abundance of mud in comparison implies periods of relative 

quiescence (Pratt et al., 2012). The peloidal nature of the framework grains suggests deposition 

under gentle turbulence, potentially as sand flats and/or low-relief banks (Enos, 1974; Rankey 

and Reeder, 2010). A similar depositional environment is proposed herein. 

 

F. C 5 Stylonodular packstone 

Description 

 This facies forms thin (5.0 - 30.0 cm thick), recessive packstone and local grainstone beds, 

which demonstrate rubbly weathering and are characteristically red-stained (Fig. 3.6. B). 

Anastamosing fractures and non-sutured stylolites are ubiquitous and locally pervasive (Fig. 3.6. 

B). Framework grains are identical to the underlying lithology and are either 1) coarse sand- to 

gravel-sized subrounded micrite intraclasts, 2) coarse sand-sized rounded intraclasts infilled with 

calcite cement, 3) sand-sized peloids, or 4) partially to completely micritized radial ooids. 

Framework grains are consistently red-stained. Rounded intraclasts filled with calcite cement are 

consistently compacted displaying localized broken margins and fabrics (Fig. 3.6. B). Geopetal 

sediment is locally developed overtop closely spaced grains. Inter-granular voids are filled by 

ubiquitous, non-ferroan blocky calcite cement. Red staining locally increases towards the upper 

contacts of individual units, and local intraclasts are imbricated. 

 Units are typically non-fossiliferous, but can display sporadic, high-diversity and low-

abundance fragment assemblage consisting of bryozoans, brachiopods, Cornulites, ostracods, 
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trilobites, gastropods, crinoids, cephalopods, and tetradiids. Rare units display in situ Phytopsis 

colonies. Rare wave-rippled bedding surfaces, mud flasers (1-3 cm), and ellipsoid nodules (2-5 

cm) filled with calcite cement are locally found in units. 

 

Interpretation 

 Environmental interpretation of this facies is difficult, as diagenetic processes have altered 

sediments to such an extent that original features have been severely overprinted and obscured. 

This overprinting is shown by the abundance of anastamosing fractures, non-sutured horizontal 

stylolites, and localized fragmented and compacted intraclasts. The pre-cursor lithology is 

hypothesized to have been a heterogeneous unit of wackestone-grainstone lithology, with non-

sutured stylolites preferentially forming within mud-rich intervals or sites of grain-grain contacts 

(Dewers and Ortoleva, 1990; Aharonov and Katsman, 2009). Micritic subrounded and rounded 

intraclasts are thought to have been partially lithified sediment and horizontal burrows, 

respectively, hypothesized to have formed robust aggregates that resisted disintegration during 

later reworking and burial (Röhl et al., 2001; Schmid-Röhl et al., 2002). 

 

IV) FACIES ASSOCIATION D: BAFFLESTONES & BINDSTONES 

 

F. D 1 Paratetradium bioherm 

Description 

 Large, chained colonial tetradiids (Paratetradium), abundance of mud, and presence of  
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Fig. 3.7. A) Paratetradium Bioherm (Para. B.). Bioherm is approximately 1m high and 10m long, and is 
distinguished by thickly bedded, slightly recessive, light grey beds. Bioherms are flanked by a high diversity 
tetradiid fragment floatstone (T.F.F.s). Section 4: Sydenham & Kepler. B) Individual Paratetradium colony 
(Para.), composed of outwards branching chains of tubes (C. of Tubes; Tubes) separated by lacunae (La.) of 
variable sizes. Lacunae and tubes are filled with mud. Section 4: Sydenham & Kepler. Rock hammer is 33cm in 
length. 
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high-diversity, high-abundance fossil fragments characterize this lithofacies (Fig. 3.7. A, B). The 

thickly bedded bioherm is approximately 1m high and 10m long, and is distinguished by slightly 

recessive, light grey beds (Fig. 3.7. A). No sedimentary structures occur in this facies. Non-

sutured stylolites are abundant and locally pervasive (Fig. 3.7. A). Both lower and upper contacts 

are sharp, and locally erosive. This facies occurs in one type locality, in the Sydenham and 

Kepler section, and has not been previously described in the BRG. 

 A closed network of the halysitoid- to tollinoid-chained tubes diagnostic of 

Paratetradium (see Chapter 4) characterizes colonial tetradiids. Colonies are in situ or 

overturned, and are approximately 40cm wide and 70cm high (Fig. 3.7. B). Colonial tetradiids 

are flanked by a high abundance fossiliferous floatstone composed of common Cyrtodonta, 

gastropods, Hallopora, and tetradiid fragments. Fossil fragments float in mud matrix.  

   

Interpretation 

 This bioherm is interpreted to have formed in a low energy, subtidal environment. This is 

based on the abundance of carbonate mud and the presence of stenohaline, open marine fossil 

fragments (c.f. Lukasik et al., 2000). Significance, paleoecology, and implications of the 

Paratetradium bioherm are discussed in Chapter 4. 

 

F. D 2 Paratetradium, Phytopsis, Stromatolite bioherm 

Description 

This lithofacies occurs in one locality in the Taylor Kidd Central section, and is 

characterized by large chained (Paratetradium) to branching (Phytopsis) colonial tetradiids, SH 

stromatolites, and an abundance of carbonate mud (Fig. 3.8. A, B, C). Bioherms are arranged as 

20m long, 1-1.5m high structures, and cap a bryozoan rudstone (Fig. 3.8. B, C). Underlying  
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rudstone units contain sporadic echinoderm, trilobite, Cyrtodonta, and gastropod fragments. The 

bioherm is divisible into a lower tetradiid bafflestone and an upper zone of stromatolites (Fig. 

3.8. A, B, C).  

The lower bafflestone consists of abundant colonial tetradiids and common Solenopora, 

together with crinoid, and bryozoan fragments. Some tetradiid colonies are overturned. 

McFarlane (1992) describes sporadic bulbous Stromatocerium, which was not found in this 

study. Two morphologies of colonial tetradiid occur: a digitate colony (40cm wide by 10cm high; 

Phytopsis), and a halysitoid- to tollonoid-chained colony (40cm wide by 40cm high; 

Paratetradium; Fig. 3.8. A, C).  

 The upper portion of the bioherm consists of pervasive SH-type stromatolites. Stromatolites 

envelope in situ and rare overturned colonial tetradiids, and are cored with a Cornulites 

bafflestone (Fig. 3.8. A, B). Synoptic relief on the stromatoids does not exceed 30cm, and joins at 

the top of adjacent stromatolites. Inter-stromatolite areas contain a fine-grained, Cyrtodonta-rich, 

peloid packstone to grainstone, which is locally cross-bedded and contains local stromatoids. 

Thrombatolitic to stromatolitic internal textures are wavy-laminated to clotted to nodular. 

Bioherm is flanked and capped by the tetradiid fragment floatstone facies. Floatstone units are 

composed of abundant tetradiid fragments, uncommon Hallopora, Cyrtodonta, and Cornulites. 

Bedding thickness in the bioherm pinches and swells. Upper and lower contacts are consistently 

scoured and erosive. A highly lithified, dolomitized, grainy crust locally distinguishes upper 

contact; grainy crust is composed of common echinoderm ossicles and stems, and rare 

cephalopods, gastropods and Selenopora. The lower contact is locally truncated by bioherm 

facies. 

 

Interpretation 



 56 

 The presence of an underlying unit of crinoid-bryozoan rudstone suggests that bioherm 

growth was initiated in a subtidal, open-marine environment (Bone and James, 1993; Brusca et 

al., 2003; Russell, 2013). The two units, which make up this bioherm, represent modified 

examples of the Paratetradium bioherm facies and stromatolitic boundstone facies, both of which 

are interpreted as shallow subtidal deposits. The abundance of macrofossils, the multilevel, tiered 

trophic structure (Valentine, 1970; c.f. FB association of Lukasik et al., 2000), and the presence 

of stenohaline stromatoporoids (Stromatocerium ; McFarlane, 1992; not described in this study), 

suggests that bioherms formed under open-marine, subtidal conditions ( c.f. Riding et al., 1991). 

 

V) FACIES ASSOCIATION E: SKELETAL PACKSTONES 

 

F. E 1 Echinoderm, Trilobite Grainstone 

Description 

 Sandy texture, rhythmic pattern of sedimentary structures, and localized fossil fragments 

characterize this facies (Fig. 3.9. A). Units are slightly recessive, medium-bedded (5-30cm thick), 

and weather a light grey, tan, or light brown colour (Fig. 3.9. A). Units grade from local 

packstones to grainstones with grains consisting of fine to medium sand-sized peloids, coarse 

sand to gravel intraclasts, with rare silt to very fine sand. Units commonly pinch and swell in 

thickness laterally, and display consistently sharp and locally scoured upper and lower contacts.  

 Sedimentary structures display a consistent cyclic pattern, grading upwards from wave-

rippled surfaces to lenses of hummocky and swaley cross-stratifications (HCS and SCS) to planar 

laminations (Fig.3.9. A). Planar laminations typically truncate underlying HCS and SCS, locally, 

however, HCS and SCS overly planar laminations. Subrounded intraclasts infilled with calcite 

spar, ellipsoid intraclasts infilled with a dark blue-green mineral or stain, diastasis cracks, teepee-  
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Fig. 3.9. A) Echinoderm (E.), trilobite grainstone (E.T.G.s). Units consistently display swaley cross stratification (SCS). Section 5: 
Yarker. Coin is 2.65cm in diameter. B) Bioturbated peloidal wackestone-packstone (B.P. W.s-P.s). Units are resistant, weather a light 
grey and are thoroughly bioturbated. Burrows grade upwards from horizontal (H.B) to vertical (V.B) bioturbation. Horizontal burrows 
are consistently within mudstones (M.s); whereas vertical burrows are consistently within grainstones (G.s). Section 2: Division & 401. 
Key is 5.3cm in length. 
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like structures, and dissolution features occur locally condensed towards the upper portion of 

units. Dissolution features are characterized by irregular dissolved limestone depressions on 

laterally continuous dolomitized planes, which crosscut sedimentary structures and stylolites. 

Low-abundance, high-diversity fossil assemblages are consistently found within units, and are 

oriented within 2cm thick, floatstone-rudstone lenses. Fossil assemblages consist of echinoderm, 

trilobite, brachiopod, Cyrtodonta, and gastropod fragments. 

 

Interpretation 

 This lithofacies is interpreted as a subtidal storm deposit situated below FWWB and above 

storm wave base (SWB; c.f. Lukasik et al., 2000). This interpretation is based on the absence of 

carbonate mud, the abundance of packstone-grainstone depositional textures, and the abundance 

of HCS and SCS (Dott and Bourgeois, 1982; Aigner, 1985; Duke et al., 1991; Osburn et al., 

2014). HCS and SCS have been related to storm events as they transport sediment under the 

influence of wave oscillations and/or combined wave oscillations and unidirectional flows 

(Myrow, 2005; Dumas and Arnott, 2006; Meireles et al., 2013). Occurrence of echinoderm, 

trilobite, brachiopod, and Cyrtodonta fossils implies turbulent, high-energy depositional 

environments (Stanley, 1970; Ludvigsen, 1978; Bottjer, 1985; Fortey and Wilmot, 1991). 

Orientation of fossil fragments within floatstone lenses are typical of storm deposits (Baas, et al., 

2016).  

 Ellipsoid intraclasts filled with a dark blue-green mineral or stain are glauconite. The 

association of glauconite-filled intraclasts, diastasis cracks, and teepee-like structures occur 

solely in upper portions of units and are interpreted to represent marine hardgrounds or omission 

surfaces (James et al., 2014; James et al., 2015). Buckled upper surfaces of already lithified 

sediment commonly form teepee-like structures (Kendall and Warren, 1987; Brett and 
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Brookfield, 1984), and are common from marine hardgrounds. The apparent absence of 

encrusting taxa and borings, however, are indicative of relatively short omission phases and high-

energy conditions in the formation of hardgrounds (Brett and Brookfield, 1984). 

 

F. E 2 Bioturbated peloidal wackestone-packstone 

Description 

 Facies form 0.5-3m thick, resistant and light-grey coloured beds, which are thoroughly 

bioturbated (Fig. 3.9. B). Individual burrows weather out as positive features, and are surrounded 

by a recessive, white weathering halo (Fig. 3.9. B). Wackestone to local packstone beds contain 

ubiquitous peloids, rare, skeletal fragments in a micrite matrix, and sporadic interlaminations of 

silt and fine-to-coarse-sized sand (Fig. 3.9. B). Blocky calcite cement fills remnant void-space. 

Local intraclasts and chert nodules occur in units. Sutured and non-sutured stylolites are 

pervasive in lithofacies. 

 Despite the pervasive bioturbation, several centimeter-spaced omission surfaces, which 

truncate fabrics but not grains, are developed in lithofacies. Surfaces are characteristically flat, 

but contain rare 10-20cm scour channels associated with linear ridges, up to 5cm in height, and 

extensive burrows. Rare burrows occur in flat areas of the omission surfaces; burrows are 

identical to those found in lithofacies. 

 Bioturbation consists of both horizontal and vertical burrows grading upwards from 

Palaeophycus, Planolites, and Cruziana to Skolithos and Diplocraterion (Fig. 3.9. B). The 

bioturbation index ranges from 3 to 5 (MacEachern et al., 2010). Horizontal burrows make up 

approximately 30% of the unit, and are restricted to mud-rich layers (Fig. 3.9. B). Vertical 

burrows make up approximately 20% of the unit, are more prominent towards upper contacts, 

and are associated with both muddy and grainy lithologies (Fig. 3.9. B). All vertical burrows are 
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filled by light brown mudstone-siltstone. This unit is associated with rare-uncommon skeletal 

fragments composed of trilobites, cephalopods, echinoderms, gastropods, and brachiopods 

increasing in concentration towards upper contact. 

 

Interpretation  

 This lithofacies is interpreted as a subtidal deposit formed in quiet waters, where biogenic 

reworking exceeded physical reworking. This interpretation is based on the lack of current 

generated structures or stratification, a diverse and stenohaline fauna, pervasive bioturbation, and 

high carbonate mud content. The deposition of this lithofacies is interpreted to be in shallow 

waters, below FWWB but above SWB, based on the thin bedded, well-sorted silt and sand, the 

interbedded discrete mud layers, and episodic storm bands associated with rare mud intraclasts 

and skeletal fragments (MacEachern, et al., 2010; Baas et al., 2016).  

An overall low energy depositional environment punctuated by rare high-energy storm 

surges characterizes this lithofacies (McIlroy and Garton, 2004; McIlroy, 2004: Desjardins et al., 

2010). This variation in energy levels is shown by the transition from horizontal (Palaeophycus, 

Planolites, Cruizina) to vertical (Skolithos, Diplocraterion) burrows, representing fair-weather or 

ambient suites and episodic storm surges, respectively. Cruiziana represent quieter conditions 

offshore in muddy, moderate to low energy settings; Skolithos represents moderate to high-

energy conditions associated with shifting sediments subject to abrupt erosion or deposition (Frey 

et al., 1990). This transition point is indicative of a change from feeding, foraging, and grazing 

structures to suspension and deposit feeders, representing changes in nutrient availability in the 

water column and bottom sediment (Pemberton and Frey, 1984; McIlroy and Garton, 2004; 

McIlroy, 2004; MacEachern, et al., 2010).  
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CHAPTER 4 

TETRADIIDS IN THE BLACK RIVER GROUP 

 

4.1 INTRODUCTION: 

 Tetradiida (Okulitch, 1936) are fossils of Middle to Late Ordovician age, and occur in 

Darriwilian to Hirnantian strata worldwide (Fig. 4.1; Klaamann, 1966; Liberty, 1969; Webby and 

Semeniuk, 1971; Desrochers and James, 1989; Kobluk and Noor, 1990; Webby et al., 2004). 

Fossil occurrences are common in North America, moderate in Asia and Australia, and sporadic 

throughout Europe (Fig. 4.2; Webby and Semeniuk, 1971; Webby et al., 2004); 

paleogeographical distribution, however, is entirely tropical with occurrences solely in low-

latitudes of 30°N- 30°S (Fig. 4.2). Tetradiida are interpreted as stationary epifaunal suspension 

feeders common in shallow subtidal environments within the photic zone (Yang, 1989; Webby et 

al., 2004; Kwon, et al., 2012; Sun, et al, 2014). Due to their ability to hypercalcify and form large 

skeletons, tetradiids were capable of forming reefs and bioherms (Kwon, et al., 2012; Sun, et al., 

2014; Lee et al., 2014). Tetradiida are characterized by various forms of colonial morphology, 

four prominent septa (four central plates), division by quadripartite longitudinal fission, and rarity 

of tabulae (horizontal partitions) (Webby and Semeniuk, 1971; Steele-Petrovich, 2009 a). 

Classification, however, is based primarily on colonial morphology (Bassler, 1950; Sokolov, 

1955). 

 The order Tetradiida is divided into the family Tetradiidae, Nicholson 1879, with four 

genera: Paratetradium, Sokolov 1955; Phytopsis, Hall 1847; Rhabdotetradium, Sokolov 1955; 

Tetradium, Dana 1846 (Table. 1.1. A). For more than a century, the order Tetradiida has been 

considered part of the subclass Tabulata of the class Anthozoa of the Phylum Cnidaria (Table 1.1. 

A; Safford, 1856 b; 1869; Nicholson and Etheridge, 1877; Okulitch, 1935; Bassler, 1950;  
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Sokolov, 1955; Webby and Semeniuk, 1971; Copper and Morrison, 1978; Hill, 1981; Young and 

Elias, 1995; Elias and Young, 1998). Ancestor, stem species, and related taxa of tetradiids, 

however, are currently unknown. Recently, Tetradiida were reinterpreted as a calcareous, 

filamentous, florideophycean rhodophyte alga, which if verified requires the revision of 

Tetradiida’s taxonomic position, and the creation of a replacement name order Prismostylales, 

family, Prismostylaceae and type species, Prismostylus (Table 1.1. B; Steele-Petrovich, 2009 a, 

b, 2011). This interpretation is based on the typical lack of tabulae, the presence of a central 

sparry rod, and the lack of four-fold symmetry and quadripartite division as present in cnidarians 

(Steele-Petrovich, 2009 a, b). Neither the traditional interpretation of the tetradiids as tabulate 

corals nor the alternative interpretation as florideophyte algae has been tested since the 

publication of the papers by Steele-Petrovich (2009 a, b).   

 To avoid confusion and misunderstanding, traditional nomenclature will be used when 

describing the fossils; for example, instead of Prismostylus, the formally defined term, tetradiids, 

will be used. Traditional nomenclature will be used in an informal sense and does not imply a 

tabulate affinity. When describing internal and external morphology, descriptive, non-genetic, 

terminology will be used (Fig. 4.3).  Full discussion of the affinity of tetradiids, based on 

evidence from the Kingston area, can be found in Chapter 5. 

 

I) PREVIOUS TAXONOMIC STUDIES:  

 Tetradiids were first described by Dana in 1846, and were later amended by Safford (1856 

a, 1869), Nicholson and Etheridge (1877), Okulitch (1935), Bassler (1950) and Sokolov (1995). 

Bassler (1950) divided Tetradiidae into four species: Tetradium syringoporoides, Tetradium 

cellulosum, Tetradium halysitoides, and Tetradium fibratum (Table. 1.1. A). The four species 

defined by Bassler (1950) were elevated to generic status by Sokolov (1955) and assigned the  



 64 

Fig. 4.2. Paleogeographical distribution and occurrence of Tetradiida in the Ordovician. Tetradiid occurrence are common in North 
America, moderate in Asia and Australia, and sporadic throughout Europe. Distribution, however, is entirely tropical with occurrences 
solely in low-latitudes of 30°N- 30°S. Figure modified from Golonka (2004), and Fossilworks (www.fossilworks.org/bridge.pl; 
January 7th 2016). 
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names Rhabdotetradium, Phytopsis, Paratetradium and Tetradium respectively (Table. 1.1. A; 

Yang, 1989).  Webby and Semeniuk (1971) and Copper and Morrison (1978) considered the 

genera Paratetradium, Phytopsis and Rhabdotetradium to be synonyms of Tetradium 

representing immature corallite growth stages, but this is not universally accepted (Hill, 1981; 

Kwon et al., 2012).  

 Taxonomy of tetradiids is mainly based on external morphologies, as tetradiids vary from 

single tubes, bundles of tubes, to hemispherical colonies with or without interstitial voids (Fig. 

4.3. A; Yang, 1989; Webby et al., 2004). Tubes are typically round to square in cross section, and 

are supported by four central plates and rare horizontal partitions (Fig. 4.3. B, C; Yang and 

Stearn, 1990). Central plates are plano-conical and are located at right angles to walls, extending 

perpendicular to its surface towards the center of the tube (Fig. 4.3. C; Yang, 1989; Webby et al., 

2004). Central plates did not form simultaneously in all tubes, do not coincide in adjacent tubes, 

and can be weakly developed (Yang, 1989). Horizontal internal partitions, in contrast, are 

oriented perpendicular to tube axis, extending from tube wall to tube wall (Fig. 4.3. B). 

Horizontal partitions did not form simultaneously in all tubes, and can be weakly developed 

(Yang, 1989). Tube walls are dense, thin and absent of any connective structure. Rare double 

walls (Fig. 4.3. B) are present in specimens of tetradiids, specifically Phytopsis and 

Paratetradium (Copper and Morisson, 1978; Yang, 1989). Division and development of new 

tubes follows a form of longitudinal fission, termed quadripartite septal budding (Yang, 1989; 

Known et al., 2012). Quadriparite septal budding refers to the axial ends of each central plate 

joining at the center of tubes, dividing it into four parts and allowing for the origin of four new 

offsets (Yang, 1989; Kwon et al., 2012).  

 

4.2 TETRADIIDS IN THE KINGSTON REGION  
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Fig. 4.3. Descriptive, non-genetic terminology of internal and external characteristics of tetradiids, A) Cross-section (C.S) 
view of a Tetrradiid colony. Colonies are composed of a network of tubes, which can be singular, bundled or chained. 
Colonies are consistently hemispherical, and can be with or without interstitial voids. B) Longitudinal section (L.S) of 
tetradiid tubes. Tubes are round to square. Rare sub-horizontal partitions and double wall are present in specimens of 
tetradiids. C). Map View (M.V) of a bundle of tubes (Phytopsis); showing fused tubes displaying shared tube walls, and the 
occurrence of the four central plates. Central plates extend from tube walls towards the center of the tube.  
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Tetradiid occurrences in North America range from the Upper “Chazyan” (Cooper and Prouty, 

1943; Cooper and Cooper, 1946; Bassler, 1950; Webby and Semeniuk, 1971) to the “Trentonian” 

(Upper Darwillian to the Middle Katian; Fig. 2.1; Fig. 4.1; Webby and Semeniuk, 1971). They 

are abundant in rocks of the eastern paleomargin of Laurentia but are rare west of the 

Transcontinental Arch (Yang and Stearn, 1990; Young, 1995). There is a decrease in tetradiid 

occurrences in the Upper Ordovician (Hirnantian) in North America (Sokolov, 1962; Sokolov 

and Tesakov, 1963; Webby and Semeniuk, 1971), with the greatest abundance and diversity of 

species in Upper Ordovician Black River faunas (Bassler, 1950; Webby and Semeniuk, 1971; 

Webby, 2004).  

 Tetradiids in the Kingston area occur only in the Upper Ordovician (Sandbian) limestones 

of the BRG (BRG; Fig. 4.1; McFarlane, 1992; Brown, 1997). Rare to common occurrences have 

been noted in the Upper Ordovician (Katian) Simcoe Group of Manitoulin Island (Copper and 

Morrison, 1978; Yang and Stearn, 1990) and from the Upper Ordovician (Katian) Pont Gravé 

Formation of Quebec (Yang and Stearn, 1990). The lack of tetradiids in the Upper Ordovician 

(Katian) Trenton Group, in the Kingston region, reflects an environmental constraint and does 

not represent the total age range of tetradiids (Webby et al., 2004). Tetradiid occurrences in the 

BRG are seen in the Lowville and Chaumont formations, with greatest abundance and diversity 

in the Lowville (McFarland, 1992; Brown, 1997).  

 

4.3 MORPHOLOGIES 

  Tetradiids occur in the Lowville and Chaumont Formations as either fragments or 

complete colonies (McFarlane, 1992; this study).  Fragmented tetradiids correspond to ex situ 

broken pieces approximately 0.1cm to <5cm in length. Complete tetradiids correspond to an in 

situ network of tubes, resulting in multiple external morphologies ranging in size from 10cm to 
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40cm in width, and 5 to 40cm in length.   

 During the course of this study, three external morphologies were consistently recognized 

and were differentiated based on size, shape and organization. These three morphologies closely 

correspond to Bassler’s (1950) species: T. fibratum, T. cellulosum, T. halysitoides, which form 

the basis for Sokolov’s (1955) genera Tetradium, Phytopsis, Paratetradium, respectively (Fig. 

4.4. A, B, C, D, E, F). The taxonomic distinction based on external morphology, however, is 

controversial, as it has been postulated that colonial morphologies are instead related to 

environmental plasticity (Webby and Semeniuk, 1971; Steele-Petrvich, 2009 a). As there is no 

fundamental difference in the internal features of separate genera and no clear way of allocating 

fragments to these separate genera, the identification of genera based on external growth form is 

not thought to be useful (Webby and Semeniuk, 1971).  This coupled with the occurrence of 

intermediate growth forms leads to further confusion regarding the biological validity of the four 

separate genera model (Webby and Semeniuk, 1971). For these reasons, the names Tetradium, 

Phytopsis, and Paratetradium (Sokolov, 1955) will be used consistently throughout this thesis as 

informal, descriptive morphotypes. These morphologies are extremely useful in a descriptive 

sense, as they are easily recognizable both in the local section and worldwide. Futher study 

worldwide, however, is needed to confirm whether these “taxa” are valid biological entities or 

represent ecophenotypic variants. 

 

I) TETRADIUM 

 This morphology is distinguished by a small size, 15cm wide and 10cm high, and compact 

to dense nature (Fig. 4.5. A, B, C, D). Colonies are flattened to hemispherical, and are composed 

of dense, radiating branching tubes (Fig. 4.5. B, C; Bassler, 1950; Webby and Semeniuk, 1971; 

Yang, 1989). Branches are composed of ceroid to ceroid fasciculate individual tubes,  
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Fig. 4.4. A) Figure modified from Bassler (1950). Tetradium (Tr) colony in thin section. B) Comparison of Tetradium morphology to that 
of Bassler (1950). Longitudinal section showing geopetal sediment filling sites of original material, and calcite spar within skeletal molds. 
C) Figure modified from Bassler (1950). Phytopsis colony in thin section, in longitudinal section and in cross section (7). D) Comparison 
of Phytopsis morphology to that of Bassler (1950). Phytopsis is characterized by a bundle of fused tubes separated by lacunae of variable 
size. E) Figure modified from Bassler (1950). Paratetradium is characterized by chained tubes separating lacunae of variable size. F) 
Comparison of Paratetradium to that of Bassler (1950). Paratetradium is characterized by chained tubes separating lacunae of variable 
size. Geopetal sediment is present in sites of original organic material within skeletal chains.  
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Fig. 4.5. Tetradium colonies in outcrop. A) Densely packed, hemispherical, colony of Tetradium (Te.) composed of individual 
tubes (Tubes). Tetradium is consistently associated with grainstones (G.s). Section 1: Perth road. B) Tubes are ceroid to ceroid 
fasciculate, whereas colonies are flattened to hemispherical. Section 5: Yarker. C) Flattened Tetradium colony within 
packstone (P.s) lithofacies. Section 6: Napanee. D) Tetradium colony demonstrating proximity of adjacent tubes, and compact 
nature of Tetradium colony. Section 7: Taylor Kidd East. Key is 5.3cm in length; coin is 2.65cm in diameter. 
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approximately 0.5cm to 1cm in width (Fig. 4.5. A). Proximity of adjacent tubes are  ≤1cm (Fig. 

4.5 D). Tube walls are non-fused, straight to crenulated, doubled and separated by a dividing 

plate where visible (Yang. 1989). No double wall or dividing plate is present in Tetradium 

specimens in the BRG.  

 Tetradium occurs in two prominent units of the Lowville Formation and does not occur in 

the Chaumont Formation (Fig. 4.6). Tetradium occurs sporadically in the BRG, with local 

volumetric abundances consisting of 25-40% tetradiid colonies.  This morphology occurs solely 

in the grainstone & bindstone facies association (Table 3.1), and is consistently within oolitic 

grainstones and peloid packstones.  Colonies occur in an upwards-branching position, with rare 

overturned and abraded specimens. Taxa associated with Tetradium consists of tetradiid 

fragments, Cyrtodonta, echinoderms, gastropods, trilobites, bryozoans, and rare Phytopsis 

colonies. 

 

II) PHYTOPSIS  

 Phytopsis is distinguished by open radiating to digitate colonies composed of upwards 

branching clusters of tubes (Fig. 4.7 A, B, C).  Colonies are flattened to hemispherical and are 

approximately 40cm wide and 15cm high (Fig. 4.7 B). Tubes are clustered in rounded, divergent 

bundles, with each bundle consisting of 4-16 fused tubes (Fig.4.7 A, C; Bassler, 1950; Webby 

and Semeniuk, 1971; Yang, 1989). Bundles of tubes are approximately 5cm wide and 15cm high, 

and are separated by lacunae of approximately 2-5cm in width, typically composed of lime mud 

and skeletal fragments (Fig.4.7 B, C). 

 Phytopsis occurs in five prominent units, four of which are in the Lowville Formation and 

one of which is in the lower Chaumont (Fig. 4.6). Each unit volumetrically consists of 10-15% 

tetradiids. Colonies consistently occur in an upwards-branching position, and are commonly co-  
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Fig. 4.6. Distribution of tetradiids, in relation to tetradiids morphology (fragmented, Tetradium, Phytopsis, 
and Paratetradium) within the Lowville and Chaumont Formation. Distribution and morphology of tetradiids 
are associated to lithofacies. 
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Fig. 4.7. A) Phytopsis (Phy.) colonies consist of a bundle of tubes (B. of Tubes), clustered in rounded, divergent 
bundles, separated by mud-filled lacunae (La.). Phytopsis is consistently within mudstones (M.s) or wackestones 
(W.s). Section 3: HWY 38 & 401. B) Phytopsis colonies are consistently open branching, flattened and 
hemispherical. Colonies are approximately 15cm high and 20cm (up to 40) wide.  Section 7: Taylor Kidd East. C) 
Bundles of tubes consists of fused individual tubes. Section 2: Division & 401. Key is 5.3cm in length.  
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associated with Paratetradium. Phytopsis is present in bafflestone & bindstone, and the 

bioclastic, peloidal mudstone-packstone facies associations (Table 3.1). Taxa associated with 

Phytopsis include Paratetradium, rare Tetradium, brachiopods, gastropods, Cyrtodonta, 

trilobites, echinoderms, Selenopora, and bryozoans. Phytopsis in association with Paratetradium 

constitute the lower portion of the Paratetradium, Phytopsis, stromatolite bioherm (Fig. 3.8. B, 

C). 

 

III) PARATETRADIUM  

 Paratetradium is distinguished by its large size, approximately 40cm wide and 40cm high, 

and upwards- to prostrate-radiating branches of tubes (Fig. 4.8. A; Webby and Semeniuk, 1971). 

Branches radiate from a central attachment center at the base of the colony, with multiple 

branches of approximately 10- 20cm in length stacked on top of each other (Fig. 4.8. B; Fig. 4.9. 

A). Branches are approximately 5- 10cm wide, have fused or shared walls, and are characterized 

by a closed network of chained tubes (Fig. 4.9. B; Bassler, 1950; Yang, 1989). Chained tubes are 

of halysitoid to tollinoid, and surround lacunae of variable size (Fig. 4.8. A, B; Fig. 4.9. B; 

Bassler, 1950; Yang, 1989). Lacunae are consistently filled with homogenous lime mud. Chains 

consist of single-, double- or multiple-parallel rows of tubes that branch outwards from a central 

axis (Bassler, 1950; Yang, 1989). In cross-section, each colony appears to be “honey-combed” 

and contain a poorly preserved double wall (Fig. 4.9 A; Webby and Semeniuk, 1971; Copper and 

Morrisson, 1978). This double wall is shown by a differentiation between two types of 

homogenous mud in lacunae, creating two zones running parallel to the polygonal chained tubes 

(Fig. 4.9. B). This secondary wall is hypothesized to be a result of thickening along the outside 

margins of the tube chains (Sokolov; 1955; Copper and Morrison 1978). 

 Paratetradium is present in four prominent units, commonly in the lower Lowville and  
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Fig. 4.8. A) Paratetradium (Para.) colony. Colonies are approximately 40cm wide and 40cm high, and are characterized by 
upwards- to prostrate-radiating chains of tubes (C. of Tubes). Chains are separated by lacunae (La.) of variable size. Section 3: 
HWY 38 & 401. B) Paratetradium colonies consist of a network of chained tubes approximately 2-5cm wide, and 10cm in length. 
Branches radiate from a central location, with branches stacked on top of each other. Section 3: HWY 38 & 401. Coin is 2.65cm in 
diameter. 
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Fig. 4.9. A) Longitudinal section of Paratetradium (Para.) colony. Colony is composed of chains of tubes (C. of 
Tubes.) radiating from a central location. Tubes are separated by mud-filled lacunae (La.). Chains of tubes are 
filled with lime mud (M.s) and calcite spar. Two generation of mud, one within lacunae and one within tubes are 
separated by a sharp contact. Section 4: Sydenham & Kepler. Coin is 2.65cm in diameter. B) Cross-section view 
of chained tubes of a Paratetradium colony. Tubes are filled with calcite spar. Tubes look “honey combed” in 
cross section. Colonies are consistently within mudstones (M.s) –wackestone (W.s). Section 2: Division & HWY 
401. 
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rarely in the lower Chaumont (Fig. 4.6). Paratetradium occur in an upwards-branching position, 

and is commonly co-associated with Phytopsis. Volumetric abundance in units consisting solely 

of Paratetradium is approximately 25-40%. Where Paratetradium is associated with Phytopsis, 

abundance is reduced to 15-20%, and vertical size is reduced to 20cm. Colonies occur in the 

bafflestone & bindstone facies association in the Paratetradium bioherm, and the Paratetradium, 

Phytopsis, stromatolite bioherm (Table 3.1; Fig. 3.7 A, B; Fig. 3.8. A). Paratetradium is 

associated with Phytopsis, Hallopora, Cyrtodonta, and tetradiid fragments.  

 

IV) FRAGMENTS 

 Fragmented tetradiids are distinguished by individual tubes or clusters of multiple fused 

tubes, approximately <1cm- 5cm long, and ≤1-2cm wide (Fig. 4.10. A, B).  Individual tubes are 

elongate and ceroid (Fig. 4.10. A), whereas clusters of tubes are rounded (Fig. 4.10. B); 

fragments appear un-abraded (Fig. 4.10, A, B). In cross section, the four prominent central plates 

create the characteristic “four leaf clover” shape of the tetradiids.  

 Fragments are the most common type of tetradiid occurrence and display a progressive 

decrease in abundance from the Lowville to the Chaumont Formation (Fig. 4.6). Tetradiid 

fragments are abundant in bafflestone & bindstone facies associations; common in mudstone and 

bioclastic, peloidal mudstone-packstone facies associations; and rare in the grainstone & 

bindstone facies association (Table 3.1). Volumetric abundance varies and is either rare to 

uncommon, 5-15% (Fig. 4.10. A), randomized fragments, or as defined, laterally continuous units 

of 20-40% (Fig. 4.10. B).  These units of high concentration were first described as tetradiid 

“thickets” or “mats” by Walker (1972) and later by McFarlane (1992). Oriented, high-abundance, 

fragments occur in the lower Lowville, and are associated with an upward progression into 

Phytopsis and Paratetradium bafflestones. Tetradiid fragments are associated  
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Fig. 4.10. A) Low abundance tetradiid (Tr.) fragments (F.), randomly oriented within wackestone to packstone (W.s-
P.s) matrix. Section 6: Napanee B) High abundance tetradiids fragments oriented parallel to bedding. Tetradiids are 
within mudstone to wackestone (M.s-W.s) matrix. Section 2: Division & 401. Key is 5.3cm in length. 
 



 79 

with Tetradium, gastropods, trilobites, bryozoans, ostracods, brachiopods, Selonopora, 

echinoderms, and infaunal burrows.  

 

4.4 PALEOECOLOGY 

I) INTRODUCTION 

 Tetradiid paleoenvironments have previously been interpreted as tropical, shallow waters 

ranging from intertidal, muddy lagoons, to subtidal ooid shoals, to shallow subtidal, to open-

marine, reefs, banks, biostromes, microatolls and shelves (Yang, 1989; Yang and Stearn, 1990; 

Young, 1995; Steele-Petrovich, 2009 a; Kwon et al., 2012). Specific genera, which may merely 

represent phenotypic plasticity (Webby and Semeniuk, 1971), have been associated with different 

depositional environments: Tetradium in shallow waters of moderate to high-energy levels and 

normal salinities, Phytopsis in calm waters of normal-marine salinities, and Paratetradium in 

shallow subtidal environments forming biostromes (Copper and Morrison, 1978; Yang, 1989).   

  

II) FRAGMENTS 

 There are two conflicting theories regarding the origin of tetradiid fragments. Walker 

(1972) proposed that tetradiid fragments are debris sourced from a separate but proximal, in situ  

Tetradium colony assemblage, and McFarlane (1992) proposed that tetradiid fragments formed in 

situ via the disarticulation of loosely constructed tetradiid colonies by physical processes. 

Fragmented tetradiids, in this study, occur in two environments in low-energy, floatstones and 

mudstones, and in high-energy grainstones and packstones. Low energy environments are 

correlated to a high (20-40%) volumetric abundance of fragments, analogous to “thickets” or 

“mats” (Walker, 1972; McFarlane, 1992), whereas high-energy environments are correlated to a 

low (5-15%) volumetric abundance of fragments. Moreover, fragments are vertically co-
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associated with Phytopsis and Paratetradium in low energy environments, and laterally co-

associated with Tetradium colonies in high-energy environments. Vertical co-association is 

identifiable by the upward progression in a bed of aligned fragments to colonies of Phytopsis and 

Paratetradium.  

 Based on these patterns of fragment occurrence, abundance, and co-association, a 

modification of fragment formation is proposed herein, that incorporates aspects of both models 

(Walker, 1972; McFarlane, 1992). Specific morphology of tetradiids is coincidently associated to 

a specific depositional environment (Yang, 1989; Steele-Petrovich, 2009 b). Robust, 

hemispherical, branching Tetradium colonies occur consistently in grainstones and packstones, 

and open branching to chained, Phytopsis and Paratetradium colonies are consistently found in 

mudstones to wackestones (Wilson, 1948; Yang, 1989; McFarlane, 1992; Steele-Petrovich 2009 

b). It is suggested here that in high-energy environments, low abundance fragments are sourced 

from the breakdown of laterally proximal, robust colonial Tetradium. Whereas in low-energy 

environments, high abundance fragments are the products of in situ fragmentation of loosely 

constructed, branching Phytopsis and Paratetradium colonies. Breakdown of Phytopsis and 

Paratetradium colonies are hypothesized to be the result of periodic storm surge. 

 

III) TETRADIUM 

 Tetradium, of the colonial tetradiid assemblage, occurs consistently in the grainstone & 

bindstone facies association in oolitic grainstones, and is interpreted to have lived in turbulent, 

high energy, stressed subtidal environments. The low average diversity of organisms associated 

with Tetradium implies stressed environmental conditions (McFarlane, 1992). Distribution of this 

assemblage was limited by increased hydraulic energy and turbulence, and potentially times of 

hypersalinity. Turbulence as a limiting factor is supported by the occurrence of disarticulated 
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Cyrtodonta valves, the concave-down orientation of these Cyrtodonta valves, and overturned 

Tetradium colonies as shown by similar fossils in younger assemblages by Davies et al. (1989) 

and Prado et al. (2015). Salinities are hypothesized to have fluctuated from normal saline to 

hypersaline conditions. Normal marine conditions are implied by the uncommon occurrence of 

disarticulated echinoderm ossicles, and partially articulated echinoderm stems (c.f Binyon, 1966; 

Clarkson, 1979). The uncommon nature of echinoderm fragments suggests fluctuating salinity 

levels and times of higher than normal salinity levels.  

 The domal to hemispherical nature of colonies, the densely radiating branches of tubes, 

overall small size, and high degree of colony compactness, are interpreted as environmental 

adaptations to increased hydraulic energy (Chappell, 1980; Scoffin et.al, 1991; Kaandorp, 1999; 

Lough and Barnes, 2000; Kaandorp et al., 2003; 2005; Todd, 2008). In modern day reefs, 

organisms adapted to high wave action and major currents show typical morphological responses 

and become encrusting (coralline algae; Fagerstrom, 1988), denser (scleractian corals; Brown et 

al., 1985; Scoffin et al., 1991; Kaandorp et al., 1996) or flexible (articulated branching 

bryozoans; Bone and James, 1993; James et al., 2014). Tetradium colonies are hypothesized to 

have become dense, demonstrated by the proximity of adjacent tubes, the presence of a double 

wall (with a dividing plate; Yang, 1989), and branches composed of a single tube (Copper and 

Morrison, 1978). Moreover, Tetradium colonies become compact, with a reduced colony size, 

and reduce distance between branching tubes. 

 

IV) PHYTOPSIS & PARATETRADIUM  

 Phytopsis and Paratetradium, of the colonial tetradiid assemblage are interpreted to have 

lived in protected, stenohaline subtidal environments. A positive correlation between increased 

salinity and an increased degree of branching in tetradiids, was made based on hypersaline 
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environments in the Ottawa Valley (Steele-Petrovich, 2009 a, b). Phytopsis and Paratetradium, 

in the Kingston region, occur in beds of an average low generic diversity (McFarlane, 1992), 

which could theoretically be caused by hypersalinity. Salinity as the sole limiting factor is 

however, contradicted by the presence of stenohaline echinoderm fragments (c.f Binyon, 1966; 

Clarkson, 1979), and by the co-association with normal marine brachiopods, and bryozoans. Low 

numbers of echinoderm fragments, however, suggests that salinities levels fluctuated from 

hypersaline to normal marine. It is thus suggested that Phytopsis and Paratetradium lived in a 

zone of fluctuating salinity levels and fluctuating water circulation.   

 Other potential limiting factors responsible for low generic diversity include: hydraulic 

energy, light, and sedimentation rate.  Both Phytopsis and Paratetradium occur in mud-rich 

lithologies, which imply a tranquil, low-energy setting (Yang, 1989); an increase in hydraulic 

energy is therefore not likely to have been a limiting factor. Moreover, Phytopsis and 

Paratetradium are thought to have lived in the photic zone (interpretation based on overall large 

size; Cooper and Morrison, 1978; Kwon et al., 2012; Lee et al., 2014); a lack of light is not 

interpreted as a limiting factor. Large colony size, delicate branching nature of tubes, and the 

high degree of openness between tubes, however, are interpreted to be adaptations towards high 

sedimentation rates. In areas of high sedimentation rates, reef organisms exhibit lower species 

diversity, larger colony size and a greater abundance of branching forms (uniserial branching, 

stalked, cup-like) (Chapelle, 1980; Rogers, 1990; Wood, 1993; Fabricius, 2005). These 

adaptations are thought to increase the active rejection capability to sediment (Todd, 2008); 

without rejection capability an increase in sediment decreases primary productivity (Wood, 

1993), increases growth retardation (Copper and Morisson, 1987) and increases chance of death. 

The interpretation of high sedimentation rates is supported by the presence of mud in skeletal 

molds of Phytopsis and Paratetradium in this study, and in skeletal molds of Paratetradium from 
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Manitoulin Island of southern Ontario (Copper and Morisson, 1978). This interpretation supports 

Walker’s (1972) hypothesis that the phaceloid growth form of Phytopsis, was an adaptation 

towards forming low-standing thickets capable of baffling and trapping carbonate sediments.  

 High rates of carbonate sediment production are positively correlated with an increase in 

turbidity and an increase in the total concentration of dissolved inorganic nutrients (DIN); in 

corals and algae, this increase results in lower levels of calcification and the formation of easily 

fragmented, delicate forms (Fabricius, 2005; Todd, 2008). Environments with restricted 

circulation, high rates of sedimentation, and potential hypersalinites, can result in a reduction in 

respiration and calcification (Van Woesik, et al., 2012).  

 Tetradiids form biostromes of varying associations. Tetradiids have been found to form 

bioherms with stromatoporoids and the coral Foerstephyllum, where they could have functioned 

as a pioneer species occupying a transitional environment between colonial rugosan-dominated 

and stromatoporoid-dominated communities (Copper and Morrison, 1978).  Tetradium 

dominance is thought to represent an intermediate stage of a shallowing, deteriorating ecological 

succession (Copper and Morrison, 1978). In southern China, tetradiids have been found to be 

associated with siliceous sponges and the calcimicrobe Ortonella (Kwon, et al., 2012) and with 

Amasssia, Ortonella, green algae, gastropods and cephalopods (Lee, et al., 2014). Both 

occurrences have similar patterns of interspecies relations and observed that Tetradium was 

serving as the subordinate frame-builder, or an intermediate stage, in the formation of patch reefs 

(Kwon, et al., 2012; Lee, et al., 2014). Phytopsis and Paratetradium, in the Kingston region, form 

two types of local patch reefs: a Paratetradium, Phytopsis, stromatolite bioherm, and a 

Paratetradium bioherm (Fig. 3.7. A, B; Fig. 3.8. A, B, C). 

  The Paratetradium, Phytopsis, stromatolite bioherm is approximately 5m (this study) to 

20m (McFarlane, 1992) in length, and 0.75 to 1.5m in height (Fig. 3.8, A, B). This bioherm 
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directly overlies a bryozoan rudstone, which contains abundant echinoderm fragments, trilobites 

(Isotelus and Bathyurus), disarticulated Cyrtodonta and low-spired gastropods (Trochonema; 

McFarlane, 1992). The bioherm consists of a lower tetradiid bafflestone to rudstone composed of 

in situ colonies of Phytopsis and Paratetradium, and an overlying SH stromatolite (McFarlane, 

1992).  The bioherm is overlain at a sharp contact by a high-diversity bed of tetradiid fragment 

floatstone. The presence of stenohaline, high-diversity fossils in the overlying and underlying 

units suggests that bioherm initiation and termination was in an open marine, shallow subtidal 

environment. The presence of stromatolites, and the low diversity of associated taxa with 

Phytopsis and Paratetradium colonies, however, suggests that bioherm development was in an 

environment of increasing salinity levels. It is suggested herein that bioherm intiation was in a 

subtidal environments that became more hypersaline with mound development, and was 

terminated with an open marine drowning. The two units of the bioherm are therefore modified 

examples of the open marine assemblage of the tetradiids fragment floatstone and the 

stromatolitic boundstone respectively. 

 Paratetradium bioherm is approximately 1m high and 10m long (Fig. 3.7. A). The bioherm 

is composed of large, 40cm wide and 70cm high colonies of Paratetradium flanked by a high 

abundance floatstone composed of Cyrtodonta, gastropods, bryozoans and tetradiids fragments. 

Both Paratetradium bafflestone and surrounding floatstone are within mudstone to wackestone 

matrix. Bioherm development is thought to have occurred in a low energy, subtidal environment.  

 

4.5 DIAGENESIS  

I) INTRODUCTION 

 Tetradiid preservation is poor and is associated with a lack of preserved microstructure, and 

the formation of skeletal molds (Yang, 1989; Brown, 1997). The presence of these diagenetic 
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fabrics has been used to imply that the original mineralogy of tetradiids was aragonitic (Yang, 

1989; Webby et al., 2004; Steele-Petrovich, 2009 a, b; Kwon, et al., 2012; Sun et al., 2014). 

High-magnesium calcite has also been suggested as an original mineralogy (Young, 1995); this 

is, however not generally supported (Steele-Petrovich, 2009 a, b; Balthasar et al., 2011). Hard-

parts of tetradiids, in this study, consistently display micrite envelopes, are dominantly leached, 

and are preserved as skeletal molds. Sites of organic material are consistently filled with a mosaic 

of calcite cement and/or with micrite and geopetal detrital sediment (Kwon, et al., 2012).  

 Skeletal parts of tetradiids are preserved as a spar-filled mold, lime-mud filled mold or as a 

cryptomicrobial-encrusted mold. Skeletal molds and correlated fill, whether spar, mud, or 

cryptomicrobial colony, are specific to a diagenetic realm and type of tetradiid (fragments, 

Tetradium, Phytopsis or Paratetradium). The original mineralogy of BRG skeletal fragments and 

ooids were examined to fully understand the original mineralogy of tetradiids, as well as its 

diagenesis. This comparison aided in understanding the relationship between mineralogy, cement 

generation and diagenetic realm. Fossils used include brachiopods, echinoderms, mollusks, and 

tetradiids. The original mineralogy of BRG skeletal components are subdivided into low-Mg 

calcite (LMC), high-Mg calcite (HMC) and aragonite. 

 

II) LOW-MG CALCITE (LMC) 

  Brachiopods are known to produce low-Mg calcite skeletons that are precipitated in 

equilibrium with seawater at the time of biomineralization (Veizer et al., 1986; Popp et al., 1986; 

Qing and Veizer, 1994; Dhillon et al., 2015). Because of this mineralogy, brachiopods are well 

preserved in ancient carbonate sequences (Brand et al., 2003). Brachiopods in the Kingston 

region consist of orthid, strophomenid and rhynchonellid fragments ranging from 0.4mm to  
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Fig. 4.11. Tetradiid fragment floatstones with mudstone to wackestone matrix. Comparative preservation of tetradiids 
(Tr) fragments in relation to trilobites (Tri) and bryozoans (By). Floatstone is consistently burrowed (Bu). B) 
Comparative preservation of tetradiid fragments in relation to originally HMC echinoderm (E), LMC brachiopods 
(Br), and calcitic Selenopora (Se). C) Comparative preservation of tetradiids in relation to aragonite gastropods (G), 
originally HMC echinoderms (E), and calcitic bryozoans (By). Tetradiid fragments and gastropods are both leached 
and preserved as spar-filled molds. 
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50mm in length (Fig. 4.11. B; McFarlane, 1992; Brown, 1997). Shell fragments exhibit a well-

preserved microstructure and consist of non-luminescent, non-ferroan fibrous calcite (Fig. 4.11. 

B; Brown, 1997). Skeletal shell structure consists of wavy, low-angle, laminated fibrous calcite 

oriented parallel to the shell wall, and commonly displays a brown to tan colour with fine 

inclusions (Fig. 4.11. B; Brown, 1997; this study).  

 Exceptions to a LMC original mineralogy do exist, however, and are shown by the 

occurrence of aragonitic Ordovician and Silurian trimerellid brachiopods (Balthasar et al., 2011; 

Balthasar and Cusack, 2015); these brachiopods are not present in the study area. The appearance 

of aragonite in trimerellids is interpreted as a mineralogical switch from a calcitic craniiform 

ancestor (Balthasar et al., 2011). The significance of this interpretation is discussed in Chapter 5.  

 

III) HIGH-MG CALCITE (HMC) 

  Echinoderms are known to produce Mg-calcite endoskeletons that consist of numerous 

discrete ossicles connected in life by ligaments and soft tissue (Richter, 1974; Lohmann and 

Meyers; 1977 Meyer and Meyer, 1989; Dickson, 2001, 2004, Ries, 2004; James et al., 2014). 

Each ossicle consists of a microscopic three-dimensional network of trabeculae, which 

collectively is called the stereom (Dickson, 2001, 2004). The stereom is a polycrystalline 

aggregate of closely alligned Mg-calcite crystallites that behave optically as a single crystal 

(Dickson, 2001). During life the stereom is composed of holes, called the stroma, which are filled 

with tissue and account for approximately half of the volume of the echinoderm skeleton 

(Dickson, 2001, 2004).   

 Due to these characteristics, most fossil echinoderms are composed either of a single crystal 

of calcite or as a single crystal of calcite enclosing many small dolomite crystals (Fig. 4.11 B, C; 

Richter, 1974; Lohmann and Meyers, 1977). Both preservation styles are derived diagenetically 
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from original Mg-calcite skeletons (Dickson, 2004). Echinoderms in the BRG consist of 

disarticulated or partially articulated ossicles and stems, ranging from <1-3cm in length, and 

approximately 0.5-1cm in width. Similar to Richter (1974), Lohmann and Meyers (1977), and 

Dickson (2001, 2004), echinoderms in the BRG are preserved as a single crystal of calcite, 

commonly overgrown with syntaxial cements, or as a single crystal of calcite with a “dusty” 

center, composed of many small dolomite crystals (Fig. 4.11. B, C).   

   

IV) ARAGONITE 

 Mollusks are known to be either completely or partially aragonitic, and because of this are 

characteristically preserved as skeletal molds (Palmer et al., 1988; Cherns and Wright, 2000; 

Wright et al., 2003; Palmer and Wilson, 2004; James et al., 2005). Mollusks in the BRG consist 

of gastropods (Hormotoma, and Trochonema), cephalopods (nautiloids and actinoceratoids) and 

the bivalve Cyrtodonta (McFarlane, 1992). Originally aragonite gastropod fragments range from 

20mm to 4cm in size, cephalopods from 2 to 20cm, and bivalves (disarticulated valves) from 400 

µm to 1cm (McFarlane, 1992; Brown, 1997; this study). Gastropods are preserved as spar-filled 

molds composed of euhedral, clear, non-ferroan drusy to blocky calcite, or as rare neomorphosed 

calcite composed of a mosaic of sucrosic to microsparry calcite (Fig. 4.11, C; Brown, 1977). 

Aragonitic cephalopods are preserved as anhedral, clear, drusy calcite, as microspar, and as 

fibrous calcite (Brown, 1997). Cyrtodonta bivalves are completely dissolved and are preserved as 

spar-filled molds, composed of clear, non-ferroan, drusy calcite (Brown, 1997). Bivalves 

fragments are consistently marginally micritized, with common micritic envelopes. This 

preservation style of Cyrtodonta is consistent with the proposed aragonitic mineralogy of Carter 

(1990) and Cope and Babin (1999). Implications of the aragonitic mineralogy of Cyrtodonta are 

discussed in Chapter 5. 
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V) OOIDS 

 Ooids are also compared to tetradiids, as they represent physico-chemical carbonate 

particles that are precipitated directly from seawater (Rankey and Reeder, 2009). Because of their 

abiotic nature, ooids are in equilibrium with the geochemical signature of their surrounding water 

when precipitated (Rankey and Reeder, 2009). Moreover, ooids have been found in strata of 

almost any age from the Archean to recent (Sandberg, 1983; Opdyke and Wilkinson, 1990; 

Rankey and Reeder, 2009). The broad temporal distribution of ooids coupled with their abiotic 

nature has resulted in ooids being used as proxies for understanding paleoecanography, oceanic 

Mg/Ca ratios, atmospheric pCO2 levels, and paleodepositional settings of carbonate accumulation 

(Mackenzie and Pigott, 1981; Sandberg, 1983; Wilkinson et al., 1985; Opdyke and Wilkinson, 

1993). Modern ooids are predominantly precipitated as aragonite, however, ooids are known to 

follow the secular variation in Mg:Ca ratios, and have been precipitated as calcite in the past 

(Sandberg, 1983; James and Klappa, 1983; Wilkinson et al., 1985; Wilkison and Given, 1986). 

Ooids exhibit a variety of fabrics and compositions, with modern aragonitic ooids consistently 

composed of acicular crystallites oriented parallel to grain exteriors; and ancient and modern 

calcitic ooids consistently composed of either radial crystallites oriented normal to grain 

exteriors, or as equant interlocking crystals (James and Klappa, 1983; Wilkinson et al., 1985; 

Planavsky and Ginsburg, 2009; Rankey and Reeder, 2009). There are exceptions to the pattern of 

associated corticle fabric and mineralogy, with radial aragonite ooids found in the Great Salt 

Lake, Utah (Kahle, 1974; Halley, 1977) and in the Great Barrier Reef, Australia (Davies and 

Martin, 1976). This study follows the principle of correlating mineralogy and cortical fabric 

consistent with modern day ooids (i.e acicular aragonite, and radial calcite). Switches in 

mineralogy from calcite to aragonite follows models of saturation changes for modern day ooids, 

and assumes that inorganic carbonate precipitation during the Ordovician is analogous to the 
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modern. 

Ooids occur in two main facies associations in the BRG, as rare allocthonous particles in 

the restricted lagoon facies, and as the main constituents in shallow, subtidal ooid shoals (c.f. 

Read, 1985; Ward et al., 1985; Burchette and Wright, 1992). Oolitic grainstones are common in 

the BRG and are present in both the Lowville and Chaumont Formations; ooid abundance, 

however, decreases up stratigraphy in the Chaumont Formation. Ooids in the BRG are common 

in high-energy environments, and are consistently associated with a high abundance of aragonitic 

bivalves, Cyrtodonta (Fig. 4.12. C, D; McFarlane, 1992). Oolitic grainstones, though common, 

lack lateral correlabillity and are commonly interbedded with peritidal mudstones or bioclastic 

limestones (c.f Milliman, 2000; Sharma and Dix, 2004). Overall ooid shoals are separated by 

shallow muddy intershoal regions and represents deposition of high-energy, tropical carbonates 

in an otherwise muddy, low-energy inner ramp (c.f Milliman, 2000; Sharma and Dix, 2004). 

On the basis of fabric and composition, ooids in the BRG are differentiated into three 

types: 1) small and completely micritized, 2) small and partially micritized to pristine and radial 

(Fig. 4.12. A, C), and 3) large spar-filled molds with a outer-radial cortex (Fig. 4.12.B, C, D). 

Completely micritized ooids are of unknown original mineralogy (Wilkinson et al., 1985), 

partially micritized to pristine radial ooids are thought to be originally high-Mg calcite (HMC; 

Planavsky and Ginsburg, 2009; Rankey and Reeder, 2009), and large, spar-filled ooids with an 

outer radial cortex are thought to be originally bimineralic composed of inner aragonite and outer 

HMC (Fig. 4.12.B, C, D; Chow and James, 1987). BRG ooids are primarily bimineralic, but both 

bimineralic and partially micritized to radial ooids are consistently interbedded (Fig. 4.12.B). 

Completely micritized ooids were not extensively studied, as micritic fabrics can arise 

either through the addition of equant nano-grains in calcitic ooids, or through microendoliths in 

calcite or aragonite ooids (Wilkinson et al., 1985). Both processes give rise to nearly identical 
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fabrics (Wilkinson et al., 1985). Therefore it is not possible to infer the original mineralogy of 

completely micritized grains (Wilkinson, et al., 1985). Calcite original mineralogy is 

hypothesized based on 1) scaleneohedral, rather than acicular, terminations of radial cortices, 2) 

the optical continuity of radially oriented crystals with parts of echinoderm fragments acting as 

nuclei, and 3) the retentions of virtually all fabric elements during diagenesis (Marshall and 

Davies, 1975; Wilkinson et al., 1985; Planavsky and Ginsburg, 2009). Aragonite original 

mineralogy was intepreted based on the abundance of half-mooned ooids, dropped nuclei, and 

pore-filling blocky calcite precipitated following complete aragonite dissolution (Fig.4.12.B, D; 

Wilkinson et al., 1985; Chow and James, 1987). Large bimineralic ooids were preserved as spar-

filled molds, with a outer radial cortex (Fig. 4.12.B). Blocky, low magnesium calcite cements in 

interior cortical molds are thought to have been originally aragonite, whereas outer radial cortices 

are thought to have been originally calcitic (Fig. 4.12.B; Chow and James, 1987). Radial ooids 

and outer cortices (bimineralic ooids) are interpreted to be calcitic based on preservation; they are 

hypothesized to be HMC based on similarities with HMC ooids (Land et al., 1979; Marshall and 

Davies, 1975; Wilkinson et al., 1985) and bimineralic ooids (Chow and James, 1987) in 

literature.  

 

4.6 TETRADIID PRESERVATION STYLES 

I) SPAR-FILLED MOLD 

 The complete leaching of the original skeleton and internal structures, and the 

precipitation of later, pore-filling, calcite cement characterizes spar-filled molds (Fig. 4.13. A, B). 

This preservation style is associated and emphasized by the deposition of geopetal sediment in 

sites of originally organic tissue (not skeletal)(Fig. 4.13. A, C). Geopetal sediment consists of 

homogenous lime mudstone or skeletal wackestone, and aids in the preservation of the typical 
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Fig. 4.12. A) Thin section of ooid grainstion in PPL (plane polarized light) demonstrating pristine to partially micritized radial  (Radial) 
ooids. Radial ooids show fine-scale preservation of crystals. B) Thin section of ooid grainstone in PPL demonstrating the three types of 
ooids commonly found in the BRG: small, radial ooids (Radial), completely micritized ooids, and large, biminerallic ooids preserved as 
spar-filled molds (Sp. Mold). Spar filled molds commonly display dropped nuclei or “half mooned” ooids. Ooid grainstones display 
common Cyrtodonta (C.) fragments and intraclasts (I.). Pore space, and spar-filled molds are filled with blocky calcite cement (B.C) C) 
Radial ooids interbedded with Cyrtodonta (C.). Crytodonta is leached and filled with blocky calcite, whereas radial ooids are finely 
preserved. D) Thin section of ooids (radial and spar-filled molds) interbedded with Cyrtodonta fragments. Both spar-filled ooids and 
Cyrtodonta are leached and show no preservation of internal features.  
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Fig. 4.13. A) Longitudinal section of a colony of Tetradium preserved as a spar filled mold (Sp. Mold). Rare 
horizontal partitions (H.P.) occur within specimens. Tetradium is composed of closely packed tubes; sites of 
originally organic material are now filled with geopetal sediment. B) Longitudinal view of fragmented tetradiids 
preserved as spar filled molds (Sp. Molds). Fragments are floating within a mud matrix. Central partitions (C.P) occur 
within fragments, and are augmented by the presence of mud within sites of originally organic material. C) Cross 
section of a colony of Phytopsis within a packstone to grainstone matrix. Within thin section, two bundles (each of 
individual tubes) of tubes are separated by lacunae. A rare, thin double wall (D.W) filled with calcite spar is 
preserved. Tubes are preserved by the deposition of geopetal sediment. D) Cross section view of a Phytopsis colony; 
cross cutting a bundle of tubes. Each bundle is composed of multiple individual fused tubes. Skeletal material is now 
preserved as calcite spar; whereas sites of organic material are filled with geopetal sediment. The four central 
partitions occur within this sample. 
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“four-leaf clover” appearance of the tetradiids (Fig. 4.13. A, D).  The “four-leaf clover” 

appearance results from a mold of the original four central plates (Fig. 4.13. D). It is 

hypothesized that after the death of living tetradiids, geopetal sediment was deposited in sites of 

original organic material, and a micrite envelope was formed (Fig. 4.14. A, B; Yang, 1989). 

Within tetradiid literature, sites of originally organic material were interpreted as the site of the 

tabulate polyp (Bassler, 1950; Sokolov, 1955). This was followed by the complete dissolution of 

the tetradiid skeleton and the precipitation of pore-filling calcite cement (Wilkinson et al., 1985). 

Dissolution of skeletal material is implied by the occurrence of fragmented “four leaf clovers” 

commonly found in Paratetradium and Phytopsis (Fig. 4.15. A, B). The presence of collapsed 

fragments of geopetal sediment is analogous to those found by Yang (1989) and is hypothesized 

to have resulted from the dissolution of surrounding skeletal material (Fig. 4.15. A, B). Calcite 

cements in skeletal tetradiids consist of two generations of cement: an early, poorly developed, 

isopachous, scalenohedral cement, and a later equant, euhedral to subhedral drusy to blocky 

cement (Fig. 4.14. A, B). Both generations are clear, dull-luminescent, and Fe-poor calcite 

(Brown, 1997). Cements contain minor inclusions (Fig. 4.14. B).  

 

II) MUD-FILLED MOLD  

The complete leaching of original aragonitic skeletal material and the deposition of geopetal 

sediment in tetradiids characterizes the mud filled molds (Fig. 4.16. A). This preservation style 

occurs only within Paratetradium colonies (Fig. 4.16. A,), and is distinguished by two 

generations of lime mud: a geopetal mudstone-wackestone in skeletal tetradiids, and a laminated 

mudstone in lacunae (Fig.4.16. B). The two generations of mud are separated by a sharp contact 

interpreted to represent the contact between original skeletal walls and surrounding sediment 

(lacunae; Fig. 4.16 B). Lacunae are defined as an unfilled space or interval. In skeletal molds  
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Fig. 4.14. A) Fragmented tetradiids preserved as spar-filled molds in cross section. Two generations of cement fill 
molds: a poorly developed isopachous rim cement, and a later drusy to blocky calcite (B.C.). Fragmented tetradiids 
are encrusted by a colony of Cornulites (Cor.), and are floating within a mud matrix (Mtx.). B) Fragmented tetradiids 
in cross-section. A micrite envelope (M.E.) preserves tubes of tetradiids; whereas geopetal sediment (G.S.) fill sites 
of originally organic material.    
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Fig. 4.15. Colonies of Paratetradium preserved as spar-filled molds (Sp. Mold). Chains of Paratetradium consist of fused 
individual tubes. Tubes are preserved by the deposition of geopetal sediment within sites of original organic material, creating 
the typical “four-leaf clover”. Four leaf clovers are fragmented (Frags) and oriented randomly in Paratetradium colonies due 
to the dissolution of skeletal material, prior to the precipitation of pore-filling calcite spar. Colonies are surrounded by a 
burrowed wackestone matrix.  
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there is no preservation of internal microstructure, and no differentiation between sites of original 

skeleton or organic material, as both are filled with the same generation of mud. Geopetal 

sediment consists of mud, skeletal fragments, and peloids; surrounding sediment (mud within 

lacunae) in contrast is non-fossiliferous, and cross-laminated (Fig. 4.16. B). The dissolution of 

skeletal tetradiids is hypothesized to have happened in either the meteoric or marine diagenetic 

realm; whereas the deposition of mud within molds are hypothesized to have happened on the 

seafloor (c.f. Palmer and Wilson, 2004; Wheeley et al., 2008). The surrounding sediment is 

thought to have been deposited and lithified prior to the dissolution of skeletal material 

(Nordlund, 1989). This interpretation is proposed based on the presence of two generations of 

mud, as the surrounding sediment had to have enough structural support to negate mixing, and 

was therefore likely lithified (Nordlund, 1989). Complete paragenesis of this preservation style is 

discussed in Chapter 5. 

 

III) CRYPTOMICROBIAL-ENCRUSTED MOLD 

 The complete leaching of skeletal material, the presence of micrite envelopes, the 

deposition of dark, wavy laminated lime mud, and the precipitation of pore filling calcite in 

elongate, semicircular voids characterizes the cryptomicrobial-encrusted molds (Fig. 4.17. A, B, 

C). This preservation style occurs preferentially in colonies of Phytopsis and rarely in fragmented 

tetradiids. This preservation style is consistently within mud-rich lithologies, and is characterized 

by a sharp contact between wavy laminated mud in skeletal molds, and homogenous mud in the 

surrounding matrix (Fig. 4.17. C, D). Calcimicrobes (Garwoodia) rarely occur along this sharp 

contact, and are hypothesized to represent encrusting bacteria on sites of original skeletal material 

(Fig. 4.17, A, B). 
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 Wavy laminated lime mud is highly irregular and crinkled, and is laminated parallel to 

Fig. 4.16. A) Colonies of Paratetradium (Tr.) in outcrop. Paratetradium is leached and filled with lime mud (Mud). 
Paratetradium and surrounding matrix (Mtx) is distinguished by a sharp contact. B) Thin section of chains of 
Paratetradium completely leached and filled with the deposition of geopetal sediment (G.S.). Two generations of 
mud is present in thin section: mud within skeletal tetradiids (G.S.) and cross-laminated mud within lacunae (La.). 
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Fig. 4.17. A) Fragmented tetradiids preserved as cryptomicrobial (Crypt.) -encrusted molds. This preservation style is 
characterized by wavy-laminated mud in skeletal tetradiids, surrounded by isopachous (Iso.) and blocky calcite (B.C) 
cement within the rest of fragment. Wavy laminated mud within skeletal tetradiids are shown by the occurrence of 
encrusting calcified algae (Ca; Garwoodia). B) Close up view of Garwoodia encrusting fragmented tetradiids. 
Contact between algae and tetradiids is hypothesized to represent skeletal wall (Sk. Wall). C) Cross section of 
Phytopsis colony showing cryptomicrobial-encrusted molds. Phytopsis is within a mudstone matrix (Mtx.). Blocky 
calcite is consistently within upper portions of bundles. Lower portion of bundles show fragmented (F) “four-leaf 
clovers”. D) Close up view of Phytopsis bundle. Laminated mud is textured and undulating. 
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 Wavy laminated lime mud is highly irregular and crinkled, and is laminated parallel to 

skeletal mold walls (Fig. 4.18. A, B). In longitudinal section, this orientation results in 

laminations beginning at skeletal mold walls and increasing towards center of molds (Fig. 4.18. 

B). A microbial affinity is hypothesized based on the texture of the lime mud and the orientation 

of laminations parallel to skeletal mold contacts. If sediments were geopetal, laminations would 

be oriented normal to skeletal molds and would be deposited preferentially in lower portions of 

fragments or Phytopsis tube bundles. 

 Wavy laminated mud is cross-cut by irregular, semicircular voids filled with two 

generations of calcite cement: an early, poorly developed clear isopachous rim cement, and a 

later, pore-filling blocky cement (Fig. 4.17. C, D; Fig. 4.18 A, B). Pore-filling cements are 

similar to those described by Wilkinson et al (1985). In longitudinal sections, voids run parallel 

to skeletal molds, to create a central spar-filled rod (Fig. 4.18. A, B) similar to structures 

interpreted as ichnofossils by Yang and Stearn (1990), and to central sparry rods by Steele-

Petrovich (2009 a, b). In cross-section, spar-filled voids are preferentially in upper portions of 

skeletal molds (Fig. 4.17. C, D).  

 In rare specimens of Phytopsis, fragmented “four leaf clovers” analogous to those found in 

spar filled molds occur oriented along the bottom of tube bundles (Fig. 4.17. C, D). Fragmented 

“four leaf clovers” are the result of geopetal fill (homogenous lime mud) in sites of originally 

organic material. The deposition and lithification of geopetal sediment within sites of original  

organic material are hypothesized to have occurred prior to the dissolution of skeletal tetradiids. 

This interpretation is supported by the preferential orientation of fragmented “four leaf clovers” 

along the bottom of tube bundles.  

 The formation of micrite envelopes, the deposition of geopetal sediment within sites of 



 101 

organic material and the encrustation by a cryptomicrobial colony is hypothesized to have 

occurred in the marine realm (c.f. Palmer and Wilson, 2004). The lithification of surrounding 

mud and the dissolution of skeletal aragonite, however, are hypothesized to have occurred in 

either the marine or meteoric realm. The precipitation of pore-filling calcite cements is 

hypothesized to have occurred in the meteoric realm. Complete paragenesis of this preservation 

style is discussed in Chapter 5. 
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Fig. 4.18. A) Longitudinal view of Phytopsis colony preserved as cryptomicrobial (Crypt)-encrusted molds. Skeletal 
molds (Sk. Mold) are filled with wavy-laminated mud, which runs parallel to mold walls. Molds are separated from 
the mudstone matrix (Mtx.) by a sharp contact. B) Close up view of the cryptomicrobial-encrusted molds. Wavy-
laminations begin at mold contact and increase towards central portion. Central “rods” of varying shapes and sizes 
filled with calcite spar are found within Phytopsis specimens. Calcite spar consists of a poorly developed isopachous 
(Iso.) rim cement, and a latter, blocky calcite cement (B.C). White arrow shows calcite spar cross-cutting skeletal 
mold contact. 
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CHAPTER 5 

DISCUSSION 

 

5.1 PALEO-OCEANOGRAPHY  

I) COOL-WATER CARBONATES 

The seawater oceanic temperatures of BRG and Trenton Group low-latitude carbonates, 

remain a source of controversy, and have been variously proposed as entirely tropical (Webby, 

2002; Hermann, et al., 2004) as entirely temperate, or as a mix of tropical and temperate  

(Brookfield, 1988; Brookfield and Brett, 1988; Railsback et al., 1990; Lavoie, 1992; Patzkowsky 

and Holland, 1993; Lavoie, 1995; Holland and Patzkowsky, 1997; Kolata et al., 2001; Pope and 

Steffen, 2003). This controversy arises from the presence of both tropical and temperate paleo-

indicators. Temperate conditions are implied by a high general abundance of bryozoans, 

brachiopods, echinoderms, and trilobites, an abundance of mud, a dominance of epifaunal filter-

feeders, and negative 18O values (bulk isotopic data; Brookfield, 1988; Brandley and Krause, 

1997). Tropical conditions are implied by an abundance of green and red algae, tabulate corals, 

concentric ooids, high sedimentation rates, fenestral limestones and patch reefs (Lavoie, 1995; 

Brandley and Krause, 1997). Based on the presence of both tropical and temperate indicators, it is 

suggested that a mixed system of warm temperate and tropical carbonates existed in the BRG. 

The skeletal packstones, and the mudstones, grainstones & bindstones, bioclastic, peloidal 

mudstones-packstones facies associations suggest these conditions, respectively (Fig. 5.1). 

Temperate and tropical paleo-indicators are characterized, respectively, by a dominance of 

epifaunal filter-feeders, and an abundance of echinoderms, trilobites, and brachiopods (skeletal  
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packstones); and by the occurrence of fenestrae and evaporite molds (mudstones), calcareous 

algae (bioclastic, peloidal mudstones-packstones), ooids (grainstones and bindstones) and patch 

reefs (bafflestones and bindstones). 

The transition of tropical to temperate facies is known from the Middle to Upper 

Ordovician, and has been captured by two pronounced shifts in isotopic brachiopod data, 

brachiopod habitat temperatures (BHT), from 26° to 18.5°C at 477-478 Ma (Gradstein et al., 

2004) and from 7.5° to 14.5°C at 463Ma (Giles, 2012). 463 Ma corresponds to the mid 

Darwillian (468-461 Ma), of the Middle Ordovician, prior to the deposition of BRG strata 

(Armstrong and Carter, 2006; Armstrong and Dodge, 2007). The shift in BHT at 463 Ma is 

associated with: 1) the equator-ward migration of a polar front and the initiation of “ice-house” 

conditions (Sheehan, 2001; Herrmann et al., 2004; Vandenbroucket et al., 2010), 2) a change 

from warm to cool water carbonate facies (Lavoie, 1995; Lavoie and Asselin, 1998; Dronov, 

2013), 3) widespread phosphatization and input of siliciclastic material (Dronov, 2013), and 4) a 

positive excursions in 13C (Ainsaar et al., 2010; Giles, 2012).  

Global cooling and the initiation of “icehouse” conditions in the Middle Ordovician 

(Vandenbroucket et al., 2010) continued into the Upper Ordovician.  Along the eastern paleo-

margin of Laurentia, this cooling resulted in equatorial upwelling and the destruction of the warm 

water “carbonate factory” (Patzkowsky and Holland, 1993; Holland and Patzkowsky, 1997; Pope 

and Read, 1997; Pope and Steffen, 2003; Herrmann et al., 2004). Equatorial upwelling is thought 

to have inundated the carbonate platform with cooler, less saline and nutrient-rich waters derived 

from a mid-level layer of a stratified water column (Railsback et al., 1990; Herrmann et al., 

2004). A tectonically controlled oceanic trench is hypothesized to have brought cooler waters 

into Laurentian epeiric seas (Kolata et al., 2001). There is no obvious evidence of upwelling in 

the BRG; however, there is an apparent shift from tropical to warm-temperate conditions. In this 
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study it is hypothesized that the change in temperature between the mudstone, grainstone & 

bindstone, bioclastic, peloidal mudstone-packstone, bafflestone & bindstone, and the skeletal 

packstone facies associations represents thermal density stratification. Thermal-density 

stratification would have produced an upper layer of warm, solar-heated water, and underlying 

zone of cooler dense water separated by a thermocline (Railsback et al., 1990; Martindale, 1997; 

Brandley and Krause, 1997). The underlying thermocline would have led to the deposition of 

tropical carbonates above temperate carbonates along a shallow-dipping ramp (Fig. 5.1). 

   

II) CALCITE – ARAGONITE SEAS 

 Sandberg (1983) and Hardie (1996) postulated synchronous oscillations in original 

mineralogy and secular shifts in the Mg/Ca ratio of seawater (Fig. 5.2. A). These discoveries 

contributed to the formation of the calcite-aragonite sea model, and the division of the 

Phanerozoic into three intervals of ‘aragonite seas’ and two intervals of ‘calcite seas’ (Fig. 5.2. A; 

Stanley and Hardie, 1998; Lowenstein et al., 2001; Dickson, 2001). The three intervals of 

aragonite seas, ‘Aragonite I’, ‘Aragonite II’ and ‘Aragonite III’, correspond to the 

Neoproterozoic-Early Cambrian, Middle Mississippian-Late Jurassic and the Oligocene to the 

present day (Fig. 5.2. A; Stanley and Hardie, 1998). The two intervals of calcite seas, ‘Calcite I’ 

and ‘Calcite II’ correspond to the Early Cambrian-Middle Mississippian and the Late Jurassic-

Paleogene (Fig. 5.2. A; Stanley and Hardie, 1998). 

 

5.2 TETRADIID PALEOECOLOGY 

 Tetradiid occurrences in the BRG, are differentiated into fragmented or colonial 

assemblages, with colonial assemblages separated into three morphospecies: Tetradium, 

Phytopsis and Paratetradium. The depositional environment is specific to the type of occurrence,  
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Fig. 5.2. A) Periods when seawater should have precipitated calcite or aragonite and HMC according to Hardie 
(1996) and Stanley and Hardie (1998), for the secular variation in the Mg:Ca ratio and Ca concentration in 
seawater at 25°C. The boundary between the nucleation fields of LMC and aragonite & HMC is shown as a 
horizontal line at Mg:Ca = 2. B) Proposed alteration of the “calcite” and “aragonite” sea model, showing the 
precipitation of the geochemically favoured carbonate polymorph in the Middle-Upper Ordovician. Black lines 
represent the secular variations in Mg:Ca ratio, whereas red lines represent the local, environment-induced 
changes in Mg and Ca concentrations. Model based on aragonitic ooids, and the evolution of biomineralizing 
aragonitic taxa in the Upper Ordovician.  
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whether fragmented or colonial, and specific to separate morphology. Tetradium occurs in high-

energy ooid shoals, in paleoenvironments with high turbulence, and elevated salinities (Table 3.1, 

p.29). Phytopsis and Paratetradium occur in co-association, and are common in shallow subtidal 

muddy facies (Table 3.1, p. 29), and in paleoenvironments with high sedimentation rates. 

Fragmented tetradiids occur in both low-energy, protected paleoenvironments, and high-energy, 

turbulent paleoenvironments. Steele-Petrovich (2009 a, b) postulated a correlation between 

morphologies and salinity levels, with an increase in degree of branching associated with an 

increase in salinity. This correlation was, however, not found in this study, with closely packed 

branching tetradiids, Tetradium, occuring in environments of elevated salinities, and open 

branching and chained tetradiids, Phytopsis and Paratetradium occuring in normal marine 

environments. It is hypothesized that tetradiids could survive in conditions of elevated salinities 

and normal marine conditions.   

  Two types of bioherms occur in the Kingston, Ontario region: 1) a Paratetradium bioherm, 

and 2) a Phytopsis, Paratetradium, stromatolite bioherm. Both types of bioherms occured in low-

energy, muddy sediments in the bafflestone and bindstone facies association. The occurrence of 

tetradiids in bioherms supports the hypothesis that tetradiids could act as an intermediate frame 

builder within mud rich, heterozoan-microbial bioherms, as suggested by Copper and Morrison 

(1978) and Kwon et al., (2012).  

 

5.3 TETRADIID AFFINITY 

I) INTRODUCTION 

For a century Tetradiida were regarded as an order of unusual tabulate corals (Table.1.1. 

A; Safford, 1856 a; 1869; Nicholson and Etheridge, 1877; Okulitch, 1935; Bassler, 1950; 

Sokolov, 1955; Webby and Semeniuk, 1971; Copper and Morrison, 1978; Hill, 1981; Young and 
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Elias, 1995; Elias and Young, 1998). Even though researchers assigned tetradiids to the subclass 

Tabulata, certain characteristics such as quadripartite longitudal division, four-fold symmetry, 

and an aragonitic skeleton are unique to the order Tetradiida (Scrutton, 1995; Webby et al., 

2004). Based on these unusual characteristics, the rarity of tabulae, and the interpretation of 

sparry rods as a cast of the central axis, Steele-Petrovich (2009 a, b, 2011) interpreted Tetradium 

as a calcareous, filamentous floridophycean rhodophyte alga. A comparison of rhodophyte and 

tabulate characteristics, as well as an in depth analysis of unique tetradiid characteristics will be 

presented to establish a potential biological affinity. It is also possible that Tetradiida represent an 

extinct, independently skeletalized clade of either cnidarian or calcified algae. 

 

II) TABULATE CHARACTERISTICS 

 Tabulata is an extinct subclass of benthic stony corals and sea anemones of the Class 

Anthozoa of the Phylum Cnidaria (Table.1.1. A). Tabulates are a group of colonial corals from 

the Paleozoic, ranging from the Early Ordovician to the Late Permian (Payne and Clapham, 

2012). The internal organization of tabulates is fairly simple and corresponds to a calcitic 

skeleton with abundant tabulae, epitheca and weakly developed septa or septal spines (Scrutton, 

1995, 1998, 1999; Donovan, 2000). External coralla morphologies are varied ranging from 

domed, to erect branching, sheet-like and encrusting, and chain-like morphotypes (Donovan, 

2000). Colonies consist of a pattern of elongate, narrow (0.5 - 5mm in diameter) calcite tubes or 

cones that are subdivided along their length by transverse platforms called tabulae (Scrutton, 

1998; Donovan, 2000). The most recently formed tabula is located at the top of the corallite and 

forms a cup-like structure; the walls are termed the theca and the cup-like structure is the calyx. 

Soft tissue of the polyp sat in the calyx and overlapped the epitheca. 

Growth involved the secretion of new epithecal wall structure and the deposition of new 
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tabulae to form successive floors to the calyx (Donovan, 2000). Growth in tabulates is almost 

exclusively non-parricidal, produced through lateral or coenenchymal growth (Scrutton, 1995). 

However, in Late Ordovician species, Catenipora, two types of axial increase have been 

described (Bae et al. 2013). Over 80% of all occurrences involving lateral increase, with five 

types described (Bae et al. 2013). Uncoordinated growth in Alveolites regularis and Alveolites 

compressus have been described which has lead to confusion regarding the relationship between 

colonial growth and environmental control (Zapalski and Berkowski, 2012).  If environment 

controls colonial growth, then all corallites within a corallum should repeat the same growth 

pattern, as individuals are clones and must reflect the same shared environment (Zapalski and 

Berkowski, 2012). Differences in corallite growth patterns, in the same colony, indicate that 

environmental control can be excluded, and imply a genetic control or evidence of sexual growth 

that is still not fully understood (Zapalski and Berkowski, 2012). 

 

III) RHODOPHYTE CHARACTERISTICS 

Following the interpretation of Tetradiida as an order of calcareous floridophycean 

rhodophyte alga, Steele-Petrovich (2009 a, b; 2011) proposed a change in taxonomic 

classification of tetradiids to the order Prismostylas, the family Prismostylaceae and the type 

genera Prismostylus (Table.1.1. B).  This alteration in taxonomic nomenclature, and 

reinterpretation of affinity has yet to be verified. The interpretation of rhodophyte affinity is 

based on the commonality of fourfold symmetry and axial quadripartite division between 

rhodophytes and tetradiids (Steele-Petrovich, 2009 a). Based on this interpretation, the anatomy 

of recent rhodophytes was used to model Tetradium, and to reconstruct a microanatomy (Steele-

Petrovich, 2009 a). 
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Fig. 5.3. Taxonomy of florideophytes, modified from Yoon et al., (2004, 2010). Class Florideophyceae consists of 
five subclasses, twenty-seven recognized orders, and approximately 5800 species.  
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  Florideophyceae are a diverse, extant class of red algae that first appeared in the  

Neoproterozoic (Xiao et.al. 2004, Yoon et.al. 2004) and consist of five subclasses, twenty-seven 

recognized orders, and approximately 5800 species (Fig. 5.3; Saunders and Hommersand, 2004; 

Le Gall and Saunders, 2007; Yoon et.al. 2010; Kapraun and Freshwater, 2012). Florideophyceae 

are from subphylum Rhodophytina, of the phylum Rhodophyta, of the subkingdom Rhodoplantae 

of the Kingdom Plantea (Table.1.1. B; Fig. 5.3). Rhodophytes are characterized by unstacked 

thylakoids in plastids, plastids containing accessory pigments (phycoerythrin, phycocyanin and 

allophycocyanin), lack of plastid endoplasmic reticulum, the presence of pit connections between 

cells in filamentous genera, and the absence of flagellated cells in the life history (Woelkerling, 

1988; Yoon et.al. 2010, Kapraun and Freshwater, 2012; Norris, 2014). Florideophycea 

(Cronquist, 1960), are distinguished by growth through apical cells and lateral initials, 

multicellular thallus, a filamentous gonimoblast, tetrasporangia, cells with multiple nuclei and 

plastids, and a triphasic life history (Saunders and Hommersand, 2004; Yoon et.al. 2010). Growth 

of Florideophyceae results in the formation of branched filaments in which cells are linked 

through pit connections; triphasic life history consists of gametophytic, carposporophytic and 

tetrasporophytic phases. 

As there are no motile stages in the life history of florideophytes, this results in an 

unusual complement of reproductive structures, and an elaborate sexual life history (Norris, 

2014). Male gametophytes produce spermatia that are released into the water column and are 

passively attached to trichogynes, long receptors that extend beyond the surface of the female 

gametophyte (Fig. 5.4; Saunders and Hommersand, 2004). Once a male nucleus is in the 

trichogyne, it fuses with the haploid nucleus of the carpogonium (female gametophyte) into a 

diploid generation called the caposporphyte (Fig. 5.4; Saunders and Hommersand, 2004). The  
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carposporophyte can be developed directly from the carpogonium, but commonly the diploid 

nucleus is transferred to a vegetative cell of the thallus, an auxillary cell, from which 

carposporophyte development initiates (Fig. 5.4; Saunder and Hommersand, 2004). The 

carposporophyte then produces a number of carposporangia, each of which releases a diploid 

carpospore; the nonflagellate spore attaches to a suitable substrate and initiates vegetative 

development to create the sporophyte generation (Fig. 5.4; Saunder and Hommersand, 2004). The 

sporophyte is termed a tetrasporophyte, due to the formation of sporangia with four spores. These 

spores are released and develop into the gametophyte generation (Fi.g 5.4; Saunder and 

Hommersand, 2004). 

Members of Florideophycea are dominantly non-biomineralizers (Norris, 2014); coralline 

red algae and squameraceans, calcium carbonate biomineralizers, are the two main exceptions. 

The mineralogy of modern day corallines, however, is HMC (Silva and Johansen, 1986; Norris, 

2014), and during periods of calcite seas, corallines likely precipitated LMC (Stanley et al., 2002; 

Ries, 2005 a). Corallinales occur as encrusting thalli or geniculate branching fronds and are 

characterized by growth through lateral addition and vertical extension of rows of cells, which 

produce a characteristic pseudoparenchymatous habit (Smith and Butterfield, 2013). 

Characteristics of corallines include interfilamental cell connections (pit connections), the 

presence of conceptacles and non-geniculate thallus (Braga, et.al. 1993).  

 Squameraceans are encrusting calcareous algae that are common in late Paleozoic 

temperate and tropical waters (James et al., 1988). Squameraceans are heavily calcified, and 

precipitate an aragonitic skeleton (James et al., 1988). Mineralogy is analogous to the aragonitic 

tetradiids, however, growth form is entirely different; squameraceans are characterized by fleshy, 

platey forms, and are found as a carpet over soft mud, as encrustrations on hard substrates, as 

bridges on living corals, and as layers on rhodoliths (James et al., 1988).  Based on growth form, 
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squameraceans are easily differentiated from tetradiid skeletal molds. 

 

IV) TETRADIID CHARACTERISTICS: 

 Tetradiids have been proposed as tabulates based on the commonality of growth forms and 

microstructures, and the presence of epitheca, septa, and tabulae (Yang, 1989). Septa in tabulates, 

however, are weakly developed and are predominantly septal spines, whereas tabulae in tetradiids 

are rare, and predominantly in Late Ordovician specimens (Copper and Morrison, 1978; Yang, 

1989; Donovan, 2000). Common growth forms include ceroid, (Tetradium) lollinoid 

(Paratetradium), phaceloid (Phytopsis; Wood, 1999), and isolated. No microstructures of 

tetradiids were preserved in this study. This lack of microstructure preservation is hypothesized 

as a diagenetic effect, as tetradiids are dominantly preserved as skeletal molds. Rare sillicified or 

calcitized specimens in literature, however show fibrous non-trabecular microstructures (Yang, 

1989) analogous to those of the tabulates (Scrutton, 1995). Epitheca, or the presence of a double 

wall, are commonly described in tetradiid literature (Webby and Semeniuk, 1971; Copper and 

Morrison, 1978; Yang, 1989). 

  Tetradiid characteristics that do not coincide with tabulate’s include four fold symmetry, 

quadripartite longitudinal fission, and an aragonitic skeleton (Yang, 1989). Based on the presence 

of fourfold symmetry and quadripartite division in red algae, Steele-Petrovich (2009 a) concluded 

that tetradiids were a florideophycean algae. Steele-Petrovich (2009 a, b) concluded that this 

interpretation was supported, by the rarity or complete lack of tabluae (horizontal partitions), and 

the presence of a central sparry rod, which she interpreted as a mold of the living alga’s central 

axis. 

 It should be noted, however, that four-fold symmetry, though rare does appear in the 

cnidarians. Four-fold symmetry is common in the medusozoans, the conulariids, and the rugose 
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coral Stauria. Stauria, in fact, displays both four-fold symmetry and quadripartite division (Ezaki 

and Yasuhara, 2005; Steele-Petrovich, 2009 a). In tetradiids, moreover, the division solely by 

quadripartite longitudinal fission is not valid, as tripartite and bipartite division has been observed 

by Kwon, et.al. (2012). Bipartite and tripartite division in tetradiids, resulted from interspecies 

competition in patch reefs, with tetradiids dividing by quadripartite division in optimal times, and 

biparite and tripartite division in stressed conditions (Kwon, et.al. 2012). Though rare, the 

occurrence of bipartite and tripartite division implies that tetradiids were capable of changing 

their mode of asexual reproduction.  

 While growth of filaments or tubes in Florideophycea is similar to the growth of tetradiids, 

florideophytes grow through apical cells and lateral initials (Saunders and Hommersand, 2004; 

Yoon et.al. 2010); and tetradiids grow through the axial ends of the four central plates (Yang, 

1989; Kwon et al., 2012). Mode of division is entirely different. In tetradiids, division dominantly 

results from quadripartite budding, in which the four central plates grow towards the centre of 

tube, and once joined divide into four parts or four new offsets (Yang, 1989; Known et al., 2012). 

This division is entirely asexual, and results in four clones (Yang, 1989).  In Florideophycea, 

division is sexual, involves male and female reproductive structures, and results in a complex 

tripartite life history (Fig. 5.4; Saunders and Hommersand, 2004; Norris, 2014). Male and female 

reproductive structures are miniscule, and in conjunction with tetradiid preservation bias, are 

difficult to confirm in Tetradiida. However, in literature, in perserved silicified structures, no 

reproductive features have been described (c.f. Yang, 1989). Moreover, no evidence of a triparite 

life history exists in Tetradiida. Webby and Semeniuk (1971) and Copper and Morrison (1978) 

originally considered that the genera Paratetradium, Phytopsis and Rhabdotetradium are 

synonyms of Tetradium representing immature corallite growth stages.  However no synchronous 

growth sequences have been identified, and this idea is largely not supported (Hill, 1981; Webby 
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et al., 2004; Kwon et.al, 2012). 

 The defining features of rhodophytes and florideophytes are found at the cell level, and in 

living tissue and this, in conjunction with preservation bias, makes it difficult to confirm that 

tetradiids were florideophytes. However, in this study, tetradiid florideophyte affinity is not 

supported due to the lack of tripartite life history, the lack of differentiation between male and 

female reproductive structures, and the ability to biomineralize aragonite. The majority of species 

of florideophytes, are non-biomineralizers, and if capable, produce delicate skeletons composed 

of small amounts of calcite (Norris, 2014). Tetradiids on the other hand, are biomineralizers, and 

act as hypercalcifying, reef-forming organisms which produced robust skeletons of aragonite 

(Webby and Semeniuk, 1971; Cooper and Morrison, 1978; Balthasar et al., 2011; Kwon et al., 

2012). 

 Steele-Petrovich’s (2009 a, b) interpretation of tetradiids as florideophyte algae is based on 

an different interpretation of the apparent absence/scarcity of tabulae and the presence of an 

aragonitic rod, both of which can be shown to be diagenetic rather than biological features. 

Tabulae are commonly described in literature, with the abundance of tabulae correlated to the 

amount of leaching present. In China, tetradiids are predominantly dissolved with tabulae 

preserved as rare remnants (Kwon et al., 2012); on Manitoulin Island, tetradiids are 

predominantly neomorphosed with abundant, delicate, well-preserved tabulae (Copper and 

Morrison, 1978). Tetradiids in the BRG are dominantly completely dissolved, and preserved as 

molds (Fig. 5.5). Tetradiids consistently show no preservation of internal characteristics; 

however, horizontal partitions, the presence of a double wall, four central plates, and a central 

sparry canal (c.f. Steele-Petrovich, 2009 a, b) were found in this study. 

 Rare sub-horizontal to horizontal partitions are complete, exhibit some periodicity, and are 

filled with calcite spar. Horizontal partitions are dominantly found in colonies of Tetradium (Fig. 
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4.13. A). The presence of a double wall, however, is not observed in either fragmented tetradiids 

or colonies of Tetradium, and are preferentially in colonies of Phytopsis and Paratetradium (Fig. 

4.13. C). Walls are dense, thin, and absent of any connective structure (Fig. 4.13. C). Walls are 

preferentially preserved as spar-filled molds.  The four central plates are consistently displayed in 

fragmented tetradiids, and are preserved in some specimens of Tetradium, Phytopsis and 

Paratetradium (Fig. 4.13. B, C). These four central plates are plano-conical, are located at right 

angles to tube walls, and are preserved as spar-filled molds (Fig. 4. 13. B, D; Fig. 5.5). Horizontal 

partitions, double wall and central plates are hypothesized to be tabulae, epitheca, and septa 

respectively.  

 While almost all specimens, show no preservation of internal characteristics, molds of septa 

are more common than molds of the tabulae or epitheca. Moreover, tabulae are only preserved in 

high abundance, when tetradiid specimens are neomorphosed (Webby and Semeniuk, 1971). This 

discrepancy in abundance is hypothesized to be due to either limited calcitization of original 

tabulae or epitheca, or due to the abundance of mud in original sites of living tetradiid colonies, 

which preserve the appearance of septa to a higher degree.  

 Steele-Petrovich (2009 a, b), observed rods of calcite spar in Tetradium tubes, which were 

interpreted as molds of the central axis of the proposed Tetradium alga. This interpretation was 

based on the consistent sinuous form of such rods. These sparry rods have been described in 

tetradiid literature as a columnella (Okulitch, 1935), and as spar-filled burrows (Yang and Stearn, 

1990). Spar-filled rods in the BRG, however, are thought to be the result of diagenesis, 

representing the cryptomicrobial encrusted molds, and thus are of no significance in determining 

the affinities of Tetradiida (Fig. 4.18. A, B). 

 Spar-filled rods in the BRG are preferentially found in skeletal molds (encrusted by a 

cryptomicrobial colony), in colonies of Phytopsis (Fig. 4.18. A, B). In these specimens, it is 
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hypothesized that after death, a micrite envelope was formed, which enabled cryptomicobial 

encrusters to subsequently colonize skeletal tetradiids. This process is thought to have occurred in 

the marine realm, and is analogous to the encrusted aragonite mollusks in Ordovician and 

Jurassic hardgrounds (Bathurst, 1983). Following the colonization of Phytopsis by 

cyrptomicrobes, it is suggested that a relative change in sea level exposed BRG rocks to meteoric 

diagenesis (c.f. Desrochers and James, 1988). Within the meteoric realm, aragonitic tetradiids 

were completely dissolved, and pore-filling, blocky, clear calcite cement was precipitated (Fig. 

4.17. D; Fig. 4.18. B). Contrary to the continuous, sinuous nature described by Steele-Petrovich 

(2009 a, b), spar-filled rods in the BRG are irregular in both size and shape. Blocky calcite 

cements dominantly stay within mold boundaries, however, can cross-cut skeletal mold contacts 

(Fig. 4.18. B). Based on the irregularity of spar-filled molds, and the ability to cross-cut skeletal 

mold boundaries, spar-filled molds are interpreted as diagenetic phenomena. 

 

VI) PROPOSED AFFINITY: 

 The lack of tripartite life history, the absence of recognizable male and female reproductive 

structures, and the ability to biomineralize negates a tetradiid florideophyte affinity for 

Tetradium. The interpretation of the apparent absence/scarcity of tabulae and the presence of an 

aragonitic rod, moreover, are shown to be diagenetic rather than biological features, and are thus 

not valid as indicators of florideophyte affinity. In this study, tabulae, septa and epitheca were 

described, and this in conjunction with the communality of growth forms (ceroid, lollinoid, 

phaceloid, isolated; Yang, 1989; Wood, 1999) supports a cnidarian affinity. This interpretation is 

supported by the occurrence of four-fold symmetry and quadripartite division in cnidarians 

(Stauria; Ezaki and Yasuhara, 2005) characteristics, which until recently have been largely 

considered unique to tetradiids (Scrutton, 1995; 1998). The interpreted ability of tetradiids to 
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change their mode of asexual division from quadripartite to bipartite and tripartite division 

(Kwon et al., 2012), common within cnidarians (Ezaki and Yasuhara, 2005), supports a coral 

affinity. A trait that is characteristic and unique to tetradiids, however, is the precipitation of an 

aragonitic skeleton; the significance and implications of this is discussed in more detail below.  

 

5.5 BIOMINERALIZATION 

 The original mineralogy of morphologically evolutionary simple forms, corals, algae, 

sponges, and bryozoans are thought to coincide with the periods of aragonite and calcite seas, as 

the Mg/Ca ratio of seawater exhibits a strong control over the success of individual reef-building 

taxa (Stanley and Hardie, 1998; Ries, 2010). Stanley and Hardie (1998, 1999) concluded that 

certain “hypercalcifying” organisms were only able to function as major reef builders and 

carbonate-sediment producers when their CaCO3 polymorph mineralogy was favoured. This was 

likely due to the characteristically rapid rate of calcification of these organisms, which allowed 

limited control over their calcifying fluid (Kiessling et al., 2008). The mineralogy of skeletons 

records ocean chemistry at the time of skeletal growth origination, but not necessarily thereafter 

(Sandberg, 1983; Porter, 2007, 2010). Lineages generally retain a consistent mineralogy after 

acquiring skeletons, which suggests that for most taxa, ambient seawater chemistry does not 

strongly influence skeletal mineralogy (Porter, 2010). Seawater chemistry may have dictated the 

choice of skeletal mineralogy at the time skeletons first evolved in a clade. Natural selection 

should favour the mineral that is easiest to precipitate (Brennan et al., 2004; Kiessling et al., 

2008; Porter, 2010). 

  Experimental studies on microbial carbonates, coralline red algae, coccolithophores, 

scleractinian corals and HMC-secreting animals, have resulted in a mixed opinion on the 

influence of seawater chemistry to biomineralization; dividing organisms into biologically 
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induced or biologically controlled calcifiers (Stanley et al., 2002; Stanley et al., 2005; Riding and 

Liang, 2005 a; Ries, 2004, 2005 b, 2006 a, 2006 b, 2008; 2009; Taylor, 2008; Stanley et al., 

2010). Aragonitic calcareous green algae and scleractinian corals and calcitic coccolithophores, 

all exhibited higher rates of growth and calcification in seawater of a Mg:Ca ratio that favor their 

respective mineralogy (Stanley et al., 2002; Stanley et al., 2005; Ries, 2006 a, b). In seawater of 

an unfavorable Mg:Ca ratio, calcitic and aragonitic seas respectively, all organisms showed 

concomitant reductions in linear growth and primary productivity, as reduced levels of 

calcification resulted in the liberation of less CO2 for photosynthesis (Stanley et al., 2005, 2010). 

By contrast, in experimental ‘calcite seawater’ aragontitic green algae and scleractinian corals 

produced approximately 25 to 50 wt.% of their skeleton as the calcite polymorph, whereas 

bimineralic (aragonitic and calcitic) microbial carbonates produced exclusively calcite when 

grown in the same water (Ries, 2010). Calcitic coccolithophores and coralline red algae 

precipitated low-Mg calcite (LMC) in times of calcite seas and HMC in times of aragonite seas, 

with the concentration of Mg in calcites varying proportionally with the Mg:Ca ratio of the 

experimental seawater (Stanley, 2006; Ries, 2010).  

 The precipitation of a mostly aragonitic skeleton in calcareous green algae and scleractinian 

corals in “calcite” seas, suggests that these organisms could exert significant control over their 

biomineralization. The precipitation of 25 to 50 wt.% of their skeleton as calcite, however, 

suggests that this biomineralogical control nevertheless could be partially overridden by ambient 

seawater chemistry (Ries, 2005 b). The influence of seawater Mg:Ca ratio on the concentration of 

Mg in skeletons of coccolithophores, coralline red algae, and calcite-secreting animals suggests 

that their biomineralogical control is limited in its ability to prevent Mg incorporation into 

skeletal calcite (Ries, 2010).  

 The potential correlation between the Mg:Ca ratio of seawater and the onset of 
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biomineralization, is not without exceptions. One exception is the evolution and dominance of 

aragonitic Tetradiida, in a time of calcite seas. Not only is the mineralogy of tetradiids out of 

sync for the Ordovician, but unique to this order in comparison to the calcitic tabulates and 

rugosans (Sandberg, 1975; Oliver and Coates, 1987; Stanley and Hardie, 1998; Sorauf and Webb, 

2003). There are several ways to interpret this appearance, and precipitation of aragonite. One 

possibility is that tetradiids could exhibit biologically-controlled mineralization. This type of 

calcification is termed organic matrix-mediated mineralization, and occurs via ionic pumping 

and/or organic mineral templates (Ries, 2005 b; Allemand et al., 2011). Cnidarian calcification 

and the mechanisms that control biomineralization remain poorly understood, and the type of 

biomineralization, whether biologically induced or biologically controlled, remains strongly 

debated (Barnes, 1970; Constantz, 1986; Cuif and Dauphin, 2005; Veis, 2005; Taylor, 2008; 

Allemand et al., 2011). In the biologically controlled model, six hypotheses exist on mechanisms 

of calcification (Weis and Allemand, 2009; Allemand et al., 2011). Based on the controversy of 

cnidarian calcification, the focus of research on extant corals, and the preservation bias of 

tetradiids, no one model or mechanism of biomineralization can be conclusively assigned to 

tetradiids. 

Another interpretation follows the hypothesis that the particular polymorph of CaCO3 

precipitated is dictated by selective factors at the time the skeleton first evolved (Sandberg, 1983; 

Porter, 2007, 2010). This implies that the stem species of tetradiids would have first evolved in 

‘Aragonite I’ from the Ediacaran to the Early Cambrian. This interpretation contradicts the 

proposed affinity of a cnidarian, because the first appearance of calcitic tabulates and rugosans 

was in the Early Ordovician in Calcite I seas (Copper, 1985; Dixon, 2010; Zapalski, 2012). 

Molecular evidence suggests that cnidarians first appeared in the Neoproterozoic, however, 

crown group corals, such as the tabulates, did not originate until the Ordovician (Knoll, 2011). 
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Moreover, early tetradiid fossils or stem species have not been described anywhere. This 

interpretation also assumes that stem species of tetradiids were originally biomineralizers. 

Tetradiids could have evolved from an unmineralized clade similar to the ‘naked coral 

hypothesis’ of Scleractinian evolution (Stanley, 2003; Medina et al., 2006; Knoll, 2011). 

 The acquisition of skeletons has been termed de novo (Stolarski et al., 2007; Porter, 2010). 

These represent the first time a trait or mutation is present in one family or group. The acquisition 

of a new mineralogy is not limited to the scleractinians and has been reported in some species of 

mollusks, cheilostome bryozoans, serpulid worms, stylasterid hydrozoans, kilbuchophyllids and 

helioporacean octocorals (Taylor, 2008; Porter, 2010). Switches in the CaCO3 polymorph are 

thought to be independent to secular changes in aragonite-calcite seas (Taylor, 2008; Porter, 

2010). For example, a Triassic calcitic scleractinian coral, Coelosmilia sp., is documented living 

in a time of aragonite seas (Stolarski et al., 2007). The opposite has also been observed, where 

Ordovician-Silurian aragonitic timerellid brachiopods are documented from calcite seas 

(Balthasar et al., 2011). This acquisition of a calcitic skeleton in scleractinians was interpreted to 

represent genetically or biologically controlled biomineralization (Stolarski et al., 2007); 

however, the mineralogical switch from a calcitic ancestor to aragonite in brachiopods is thought 

to represent a direct environmental advantage (Balthasar et al., 2011).  

This environmental induced switch in CaCO3 polymorph independent to secular changes 

in Mg/Ca ratios is plausible, as the inorganic precipitation of aragonite or calcite is dependent on 

several different physico-chemical parameters (e.g., temperature, pCO2, alkalinity, saturation 

state and the concentration of dissolved SO4
2-; Morse et al., 2007; Lee and Morse, 2010; Bots et 

al., 2011; Müller et al., 2013). Zhuravlev and Wood (2008) discovered short-term shifts in 

mineralogies that were not reflected in fluid inclusion data, the Mg: Ca ratio in echinoderm 

plates, and the strontium isotope 87Sr/86Sr secular trend (Montañez et al., 2000; Dickson, 2004). 
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These short-term shifts from calcite to aragonite seas suggest that the Mg:Ca ratio underwent 

minor oscillations around ~2 (Fig. 5.2. B; Zhuravlev and Wood, 2008). Such oscillations have 

been correlated to the onset of greenhouse conditions, increasing pCO2, global anoxic events, and 

reduced ocean circulation (Zhuravlev and Wood, 2008). 

   

5.6 ARAGONITE AND HMC IN A CALCITE SEA TIME 

The evolution of biomineralization in tetradiids represents an acquisition of an aragonitic 

skeleton within a time of global calcite seas; the precipitation of aragonite over low-Mg calcite is 

thought to be related to environmental conditions in which aragonite and HMC was 

geochemically favorable (Fig. 5.2. B). Tetradiid fossils first appear in the Middle Ordovician, and 

occur worldwide thereafter, before disappearing during the end-Ordovician extinction (Webby, 

2002; Webby et al., 2004). No stem species, or early tetradiids have ever been described. In this 

study it is hypothesized that, similar to scleractinian evolution and “the naked coral hypothesis” 

(Stanley, 2003; Medina et al., 2006; Knoll, 2011), tetradiids evolved from a non-biomineralized 

clade, and adapted the ability to biomineralize in the Middle Ordovician. It is further proposed 

herein that independent of secular changes in Mg:Ca ratios, environmental conditions related to 

temperature and saturation state existed to favour the precipitation of skeletal aragonite (Porter, 

2007; 2010; Balthasar et al., 2011; Balthasar and Cusack, 2015). This interpretation is supported 

by the abundance of tetradiids in the BRG, their ability to hypercalcify and to act as frame 

builders (cf., Taylor, 2008; Kwon et al., 2012), the abundance of associated aragonitic and HMC 

calcitic taxa (Semeniuk, 1971; Van Iten, 2001; Webby, 2002), and the occurrence of aragonitic 

ooids (McFarlane, 1992; Brown, 1997).  

 

I) EVOLUTION OF THE BIVALVE CYRTODONTA 
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  Cyrtodonta represent another aragonitic taxa (Carter, 1990) found in abundance in the 

BRG, and are used in comparison to tetradiids. Understanding the evolution and preservation of 

this species could shed light on to the enigmatic state of Ordovician seawater chemistry. The 

radiation of bivalve and rostroconch mollusks is not presently understood in the same detail as 

other taxa; nevertheless, the diversification of the bivalves clearly follows the general increasing 

trend of the Ordovician biodiversification (Cope, 2004; Harper, 2006; Munnecke et al., 2010). 

Bivalves are thought to have evolved in the mid-early Cambrain from a small stock of 

palaeotaxodonts (Cope and Babin, 1999). Bivalve radiation was rapid during the early 

Ordovician, with peaks of biodiversification in the Floain, Darriwilian and Katian (Munnecke et 

al., 2010). Bivalve biodiversification was largely due to the evolution of the feeding gill (Cope, 

2004). This fundamental morphological change permitted rapid size increase, diversification, and 

colonization of a variety of habitats from entirely infaunal into semi-infaunal and epifaunal (Cope 

and Babin, 1991).  

  One largely epifaunal group is the Subclass Pteriomorphia; the most variable group of these 

is the cyrtodontids. Cyrtodontids were first discovered from the late Tremadoc of Australia 

(Pojeta and Gilbert-Tomlinson, 1977); however, their principal radiation and dominance is 

coincident to the development of low-latitude carbonate platforms of the Late Ordovician (Cope 

and Babin, 1999). Cyrtodontid shell microstructure is not well known; however, mineralogy is 

thought to have been aragonitic (Carter, 1990). Aragonitic mineralogy within the BRG is 

consistent with the preservation of Cyrtodonta as spar-filled molds. Cyrtodonta evolution differs 

from the proposed model of Tetradiida evolution (de novo acquisition of a skeleton) as 

Cyrtodonta is interpreted to have evolved from a Cambrian aragonitic stem species (Cope and 

Babin, 1999), not a non-biomineralized clade. The evolution of aragonitic bivalves in the 

Cambrian is still significant, as it represents the preference of precipitating aragonite in a time of 
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global calcite seas (Lowenstein et al., 2001). Moreover, the abundance and radiation of 

crytodontids in the Late Ordovician suggests environmental conditions, and saturation states, 

optimal for aragonitic taxa. 

 

II) OOIDS 

 Ooids are an important physio-chemical proxy, as they represent abiotic carbonates 

precipitated directly from seawater (Rankey and Reeder, 2009). The original aragonite/HMC 

mineralogy of ooids in the BRG is thus significant, because as emphasized earlier calcite seas 

dominated the Upper Ordovician. This suggests that environmental conditions favoured the 

precipitation of aragonite and HMC, rather than calcite (Balthasar et al., 2011; Balthasar and 

Cusack, 2015). It is peculiar, however, that bimineralic ooids are interbedded with small, well-

preserved radial to partially micritized HMC ooids. McFarlane (1992) and Brown (1997) 

concluded that bimineralic and radial ooids were from different environments with transportation 

and mixing between them. However, small (<600 µm in diameter) radial ooids and large (>700 

µm in diameter) bimineralic (spar-filled molds) ooids consistently occur in subtidal environments 

(Heller et al., 1980; Chow and James, 1987). Moreover, there is no evidence for both a subtidal 

shoal and intertidal sand flat in the BRG; subtidal shoals and intertidal sand flats would produce 

ooids of different fabrics, and regularly mix and transport grains between them (Chow and James, 

1987). Both radial HMC and bimineralic aragonite and HMC ooids are thought to have formed in 

the same environment, in shallow subtidal ooid shoals.  

It is concluded herein that the switch from solely HMC ooids to bimineralic ooids is due 

to slight environmental fluctuations in saturation state, which was dominantly controlled by 

salinity, alkalinity and pH (Feely et al., 2004; Feely et al., 2008; Perdikouri et al., 2011). 

Saturation state corresponds to the total concentration of available Ca2+ and CO3
2- ions in solution 
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over the solubility product for a particular mineral phase of CaCO3, whether calcite or aragonite 

(Mucci, 1983; Langdon et al., 2000). Concentrations of Ca2+ ions are associated with changes in 

salinity related to evaporation rates, whereas concentrations of CO3
2- ions are associated to 

changes in alkalinity and acidity (Burton and Walter, 1987; Rankey and Reeder, 2009). In 

environments where aragonite and calcite form together, it is thought that carbonate polymorph 

precipitation is dominantly controlled by the rate of reactant supply, principally carbonate anions, 

at growth sites (Given and Wilkinson, 1985). Aragonite is interpreted to be favored when rates of 

reactant supply are high, and calcite favoured when rates are low (Given and Wilkinson, 1985). 

 High concentrations of carbonate anions (elevated alkalility), and elevated pH are necessary 

to achieve supersaturation of aragonite and HMC (Rankey and Reeder, 2009, 2010, 2011); 

however, these conditions are rare (Chow and James, 1987; Major et al., 1988; Opdyke and 

Wilkinson, 1990; 1993). Modern day abiotic cements are precipitated as both HMC and 

aragonite, whereas modern day ooids are dominantly aragonite with rare occurrences of HMC 

(Land et al., 1979; Marshall and Davies, 1975; Wilkinson et al., 1985). The occurrence of both 

calcite and aragonite ooids in the BRG is thus significant. Similar to the latitudinal distribution of 

marine cements, in which Mg-calcite precipitates just beyond the distribution of aragonitic 

cements (Opdyke and Wilkinson, 1990; 1993), Mg-calcite ooids are thought to reflect a 

geochemical setting on the fringe of saturation levels necessary for aragonitic ooid formation 

(Rankey and Reeder, 2009). 

   

III) MODEL OF ARAGONITE AND HMC PRECIPITATION 

The biomineralization of tetradiids is interpreted to represent the evolution of an 

aragonitic skeleton from a non-biomineralizing stem species, representing an environmental 

adaptation to the geochemical nature of Upper Ordovician oceans (Fig. 5.2. B). Following 



 128 

Stanley and Hardie (1998) and Porter (2007, 2010), it is suggested that the mineralogy of an 

organism predominantly corresponds to the seawater chemistry at the time skeletons first evolved 

in a clade. The evolution of an aragonitic skeleton is unique to the tetradiids (Scrutton, 1995; 

Webby et al., 2004), and is not compatible with either proposed affinity: calcitic cnidarian nor 

calcitic florideophyte (coralline algae) (Yang, 1989; Steele-Petrovich, 2009 a, b). The dominance 

of aragonite and HMC in the Upper Ordovician, is thought to be independent of global Mg:Ca 

ratios, representing local short-term changes in saturation state and temperature (Fig. 5.2 B; 

Zhuravlev and Wood, 2008; Balthasar et al., 2011).  

Morse et al. (1997) suggested that the Mg:Ca ratio influences CaCO3 polymorph as a 

function of temperature, with aragonite forming at warmer temperatures and high Mg:Ca ratios 

whereas calcite forms at cooler temperatures and low Mg:Ca ratios. Experimental studies have, 

however, demonstrated that aragonite and calcite can co-precipitate across a wide range of 

conditions, suggesting overlapping aragonite and calcite precipitation fields (Bots et al., 2011; 

Saulnier et al., 2012; Niedermayr et al., 2013; Balthasar and Cusack, 2015). The experimental 

work of Balthasar and Cusack (2015) on the correlations between CaCO3 polymorph, Mg:Ca 

ratios, and temperatures, result in a model of 1) exclusive aragonite precipitation at high 

temperatures and Mg:Ca ratios, 2) exclusive calcite precipitation at low temperatures and Mg:Ca 

ratios and 3) a broad intermediate zone of aragonite and calcite co-precipitation. 

Based on Mg:Ca ratios and temperature alone, Balthasar and Cusack’s (2015) model 

predicts that calcite-sea scenarios are rare and would be constrained to temperatures below 15-

21°C, whereas seawater temperatures above 20°C would result in co-precipitation of aragonite 

and calcite. In the BRG, the proposed thermal-density stratification of the water column would 

have resulted in overlying tropical conditions and underlying warm-temperate conditions (c.f. 

Martindale, 1997). Based on the thermal-density stratification of the BRG, the mudstone, 
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grainstone & bindstone, bioclastic, peloidal mudstone-packstone, and bafflestone & bindstone 

facies associations would be characterized by the co-precipitation of aragonite and calcite; 

whereas, the skeletal packstone facies association would be characterized exclusively by calcite 

precipitation. This model is controversial because abiotic marine cements precipitated in water 

above 20°C in the rock record do not consistently show co-precipitation of aragonite and calcite 

(Wilkinson and Janecke, 1982; Wilkinson and Given, 1986; Taylor, 2008). Moreover, this model 

does not fully explain the fluctuations in the precipitation of solely HMC ooids and the 

precipitation of bimineralic ooids.  

In this study, the evolution of aragonitic tetradiids, the co-association of aragonite and 

calcite, and the fluctuations in ooid mineralogy, whether exclusively HMC or bimineralic, 

represent subtle changes in temperature and carbonate saturation state. The switch in polymorph 

of ooids represents a change in saturation level, specifically due to changes in concentration of 

CO3
2- ions (Given and Wilkinson, 1985) associated with pH and alkalinity (Lee and Morse, 2010; 

Bots et al., 2011). The change in polymorph, and the precipitation of HMC is thought to represent 

fluctuations along the fringe of aragonite and HMC saturation levels (Rankey and Reeder, 2009). 

Within Cretaceous calcite seas, for example, the lowest aragonite supersaturation necessary for 

nucleation is thought to be 20Ω (Lee and Morse, 2010); modern surface seawater, however, 

typically has a aragonite saturation state of 4, which questions the likelihood of aragonite 

precipitation in a time of calcite seas. However, if pCO2 values and seawater alkalinity were 

higher than that of modern seas, with values ~ 6000 uatm and 10mM respectively, the aragonite 

saturation state produced would be >20 (Lee and Morse, 2010).  

Elevated temperatures and atmospheric carbon dioxide in the Upper Ordovician led to an 

intermediate zone in which both aragonite and calcite could co-precipitate. Changes in 

concentration of carbonate ions, related to changes in atmospheric carbon dioxide and 
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coincidently seawater alkalinity, led to the fluctuation between calcitic and bimineralic ooids. In 

a time of global calcite seas, environmental changes in both temperature and saturation state led 

to the evolution of aragonitic tetradiids, and the in situ precipitation of both aragonite and HMC 

(Fig. 5.2 B, p. 103). 

  

5.7 DISSOLUTION AND DIAGENESIS OF ARAGONITE 

 Several studies have shown that the early diagenetic dissolution of biogenic carbonate is a 

significant process operating in modern and ancient carbonate shelf sea floors (Morse et al., 

1985; Walter et al., 1993; Hendry et al., 1996; Taylor, 2008; Cherns and Wright, 2009). 

Preferential dissolution of the less stable CaCO3 polymorphs, aragonite and HMC, is increasingly 

recognized as a significant bias in the fossil record (Cherns and Wright, 2000; Wright et al., 

2003; Bush and Bambach, 2004; James et al., 2005; Knoerich and Mutti, 2006; Taylor, 2008). 

For example, it has been estimated that 50% of all carbonate sediments are geologically 

preserved but only 10% of aragonitic grains escape dissolution (Ku et al., 1999; James et. a., 

2005; Jordan et al., 2015). Aragonitic preservation bias have focused preferentially on the loss of 

biodiversity of mollusks or the “missing mollusk hypothesis” (Cherns and Wright, 2000; Wright 

et al., 2003) and on intervals of ‘calcite seas’, as seawater geochemistry could have been 

undersaturated with respect to aragonite. This would lead to increased synsedimentary aragonite 

dissolution (Palmer et al., 1988; Palmer and Wilson, 2004; Taylor 2008; Cherns and Wright, 

2011). 

The validity as well as mechanisms of aragonite preservation bias, however, are still 

strongly debated. Due to the high quality of mollusks in the fossil record, Kidwell (2005) 

concluded that taphonomic bias was unimportant in the macroevolutionary record of bivalves. 

Whereas, Kenyon-Roberts (1995) and Riding and Liang (2005 b) concluded that calcite seas 
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were not aragonite undersaturated, and that synsedimentary aragonite dissolution was 

independent to changes in saturation state or solubility. For example, Kenyon-Roberts (1995) and 

Riding and Liang (2005 b) hypothesized that synsedimentary dissolution was associated to 

subaerial exposure, or to bacterially mediated pore-water modification. Similarly, Sanders (2003, 

2004) found no distinction between ‘aragonite’ and ‘calcite’ sea intervals in reference to 

syndepositional dissolution. In fact, intrinsic factors such as skeletal robustness, grain size, 

organic coatings, intra-skeletal pore space, amount of inter-crystalline organic material, and the 

size and shape of crystallites have been shown to have a stronger effect on preservation potential 

of CaCO3 polymorphs than seawater Mg:Ca ratios (Henrich and Wefer, 1986; Walter and Burton, 

1990; Smith et al., 1992; Morse and Arvidson, 2002; Smith and Nelson, 2003; James et al., 2005; 

Cherns and Wright, 2011). Cherns et al., (2008) have also shown that aragonite can be preserved 

in the rock record, due to storms, temporary sea floor anoxia, and synsedimentary cementation.  

 

I) PARAGENESIS 

 Skeletal components of tetradiids, in this study, are predominantly completely dissolved 

and occur as molds. Molds are abundant, and can be filled with calcite spar, with lime mud, or 

encrusted by a cryptomicrobial colony (Fig. 5.5). Perservation styles are specific to tetradiid 

occurrence and depositional environment. Spar-filled skeletal molds occur in fragmented 

tetradiids, and colonies of Tetradium, Phytopsis and Paratetradium. Tetradiid fragments are 

common from the mudstone, grainstone & bindstone, bioclastic, peloidal mudstone-packstone, 

and bafflestone & bindstone facies associations (Fig. 5.1). Colonial tetradiids are abundant in 

bafflestone & bindstone (Phytopsis and Paratetradium), and grainstone & bindstone (Tetradium) 

facies associations (Fig. 5.1). Skeletal molds filled with lime mud occur solely in Paratetradium 

colonies (Fig. 4.16, B) in the bafflestone & bindstone facies association (Fig. 5.1). Skeletal molds 
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encrusted by a cryptomicrobial colony occur primarily in Phytopsis colonies (Fig. 4.18, A, B), in 

the bafflestone & bindstone facies association (Fig. 5.1). 

Aragonititc tetradiids are dominantly completely dissolved; however the leaching of 

skeletal aragonite is not necessarily syndepositional, and is common from both the meteoric and 

marine diagenetic realm (Taylor, 2008). In order to fully understand the preservation styles of 

tetradiids in the BRG, a paragenesis is proposed following five separate pathways (Fig. 5.5). All 

preservation styles, and subsequently types of tetradiids (fragmented, Tetradium, Phytopsis and 

Paratetradium) represent partial diagenesis in the marine realm (Fig. 5.5). However, as time is 

extremely hard to quantify, both the skeletal molds filled with lime mud, and the skeletal molds 

encrusted by a cryptomicrobial colony represent two separate potential diagenetic pathways (Fig. 

5.5). Each of these potential pathways represents partial diagenesis in the marine and meteoric 

realm (Fig. 5.5). 

 

 II) MARINE DIAGENESIS 

Marine realm diagenesis can be divided into three diagenetic environments: the seafloor, 

the taphonomically active zone (TAZ) and the shallow sub-TAZ burial (Cherns et al., 2011). 

Marine diagenesis represents the dissolution of aragonite prior to modification of the sediments 

in either the burial or meteoric realm (James et al., 2005). Whereas, the TAZ, is defined as the 

upper, bioturbated, mixed zone extending down from the sediment–water interface (Davies, et 

al., 1989). Within all types of tetradiids, death of organism, decay of organic material and the 

formation of a micrite envelope are proposed as the first steps in paragenesis (Fig. 5.5). These 

processes are hypothesized to have occurred on the seafloor.  In Phytopsis and rare tetradiid 

fragments, the presence of a micrite envelope would have facilitated the colonization of skeletal 

tetradiids by an encrusting cryptomicrobial colony. Succeeding this, lime mud was deposited 
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within sites of originally organic material and in between colonies and fragments (Fig. 5.5; c.f. 

Yang, 1989; Copper and Morrison, 1978). Both the colonization of skeletal tetradiids by 

cryptomicrobes, and the deposition of surrounding lime mud are infered to have occurred on the 

seafloor.  

 Following the deposition of surrounding sediment, almost all fragmented and colonial 

tetradiids were brought into the meteoric realm concomitant with a relative sea-level fall (Fig. 

5.5; c.f. McFarlane, 1992; Brown, 1997). For spar-filled molds, the lithification of surrounding 

lime mud, the dissolution of skeletal aragonite, and the precipitation of calcite cement occurred 

within the meteoric realm to produce spar-filled molds (Fig. 5.5). These processes and the 

paragenesis of spar-filled molds will be discussed in greater detail below. 

 Most tetradiids are prerserved as spar-filled molds. Rare specimens of Phytopsis and 

Paratetradium, however, are preserved as encrusted and mud-filled skeletal molds, which are 

hypothesized to represent seafloor-diagenesis (Fig. 5.5). Skeletal molds filled with mud are 

preserved as ghosts, in which sharp contacts between two types of lime mud is the sole indication 

of the original tetradiid colony (Fig. 4.16. B; Sanders, 2003). Skeletal molds encrusted by a 

cryptomicrobial colony are preserved by texture mud (Fig. 4.17. D; Fig. 4.18. B), and are 

analogous to the encrusted aragonitic mollusks in Ordovician and Jurassic hardgrounds (Palmer 

et al., 1988; Palmer and Wilson, 2004). Textured mud refers to the finely laminated, crinkled to 

undulating lime mud, which runs parallel to skeletal molds (Fig. 4.18. A). A microbial origin is 

suggested because textured mud in longitudinal sections are ‘anti-gravitational’, beginning at 

mold contacts and increasing towards the center of the mold. If muds were sedimentary in origin, 

then laminations in longitudinal sections would be geopetally oriented and orthogonal to molds.  

 The preservation styles of mud-filled and microbial encrusted skeletal molds are significant 

as the deposition of two types of mud without mixing implies that the dissolution of skeletal 
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aragonite occurred in already lithified sediment (Nordlund, 1989). The lithification of 

surrounding sediment and the dissolution of skeletal aragonite, however, could occur in either the 

meteoric or marine realm. With this caveat, mud-filled and encrusted skeletal molds have two 

potential models of paragenesis: A and B, respectively (Fig. 5.5). 

 For mud-filled skeletal molds, the deposition of geopetal sediment had to have occurred in 

the marine realm; the timing of sediment deposition, whether it was concomitant with skeletal 

dissolution, or occurred after a relative sea-level cycle, however, is extremely difficult to 

differentiate (Fig. 5.5. A, B). For mud-filled molds the lithification of surrounding mud, the 

dissolution of skeletal aragonite, and the deposition of mud into skeletal molds could all have 

occurred within the marine realm (Fig. 5.5. A). Conversely, another model is that following a 

relative sea level fall, the surrounding lime mud was lithified and skeletal aragonite was 

dissolved (Fig. 5.5. B). Skeletal molds remained open, and following a relative sea level rise, 

were filled with marine lime mud (Fig. 5.5. B). 

 Skeletal molds encrusted by a cryptomicrobial colony are hypothesized to follow a similar 

model of paragenesis; one difference is that encrusted molds are preserved by pore filling blocky 

calcite cement, which precipitated in the meteoric realm (c.f. Wilkinson et al., 1985). One 

potential model is that the lithification of surrounding mud, the dissolution of skeletal aragonite 

and the precipitation of calcite cements occurred in a step-wise fashion in the meteoric realm 

following a relative sea-level fall (Fig. 5.5. A). Conversely, another model is that lithification and 

dissolution occurred in the marine realm, and precipitation of blocky, pore-filling cements 

occurred in the meteoric phreatic following a relative sea-level fall (Fig. 5.5. B).  

 The significance of these preservation styles, mud-filled and microbially encrusted skeletal 

molds, is that they imply aragonite dissolution in the marine realm at, or near, the sediment-water 

interface (Fig. 5.5.). The concept of aragonite dissolution at the sediment water interface is well 
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established, however, is rarely preserved in the rock record (Nordlund, 1989; Palmer et al., 1988; 

Palmer and Wilson, 2004). Early dissolution of aragonite in the marine realm, in both warm- and 

cool-water carbonate settings, is dominantly thought to take place in the TAZ or during shallow 

burial (Nelson and James, 2000; James, et al., 2005; Knoerich and Mutti, 2006; Cherns et al., 

2008).  

 Dissolution of aragonite in the TAZ or ‘active layer’ is tied to the microbial degradation of 

sedimentary organic matter (James et al., 2005); and occurs due to the production of acids from 

the oxidation of those organics, and from the re-oxidation of the reaction byproducts (Sanders, 

2003; Cherns et al., 2011). Oxygen only diffuses in the first centimetre of sediment from the 

overlying water column creating layered bacterial reduction zones, as respiring bacteria create 

anoxic conditions unless a continuous supply of oxygen is available (Ku et al., 1999; Jordan et 

al., 2015). Thus, below an oxic to suboxic surface layer, shallow-water carbonate sediments are 

essentially anoxic (Morse et al., 1985). Organic carbon remineralization takes place mainly by 

aerobic oxidation and sulfate reduction (Canfield and Raiswell, 1991; Ku et al., 1999; Sanders, 

2003). 

Bacterial sulphate reduction occurs proximal to the sediment-water interface, as bacteria 

utilize seawater sulphate, producing hydrogen sulphide and carbonic acid as metabolic 

byproducts (Ku et al., 1999; Sanders, 2003). Carbonic acid can react with calcium to form 

calcium carbonate increasing the alkalinity, or if no calcium is available can lower the pore-water 

pH. The hydrogen sulphide can react with oxygen to form sulphuric acid, substantially lowering 

pore-water pH (Jordan et al., 2015). These chemical reactions are termed the sulphide oxidation 

reaction (SOR), resulting in lowered pH and aragonite dissolution in dysoxic sedimentary 

environments.  
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Fig. 5.5. Paragenesis of tetradiids in the BRG. Tetradiids are preserved as spar-filled molds (fragments, Tetradium, Phytopsis and 
Paratetradium), as mud-filled molds (Paratetradium), and as molds encrusted by a cryptomicrobial colony (Phytopsis and rare fragments).  
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 The episodic re-oxygenation of hydrogen sulphide and the subsequent production of 

hydrogen ions is another reaction that promotes carbonate dissolution (Ku et al., 1999). This 

process is common in bioturbated sediments, as bioturbation creates a mechanically and 

chemically open system with frequent changes in the “redox mosaic” or aerobic/anaerobic 

organic matter oxidation (Anschutz et al., 2000; Fossing et al., 2000; Sanders, 2003). The main 

effect of bioturbation is that the same volume of sediment is driven many times through a cycle 

of oxic to anoxic resulting in or promoting under-saturation of calcium carbonate and the 

dissolution of aragonite (Sanders, 2003).  

What makes both of these preservation styles unique is that skeletal voids are “preserved” 

by infilling geopetal sediment (Fig. 5.5). This preservation is extremely rare, and is hypothesized 

to be the result of the destruction of the TAZ. Destruction of the active layer can be achieved by 

either hardground formation or rapid burial (Palmer et al., 1988; Wheeley et al., 2008; Jordan et 

al., 2015). Within this study it is suggested that the formation of a hardground and the 

lithification of surrounding lime mud, resulted in the destruction of the TAZ and increased the 

preservation potential of aragonite (c.f. Brasier et al., 2011). Submarine hardgrounds are known 

to preferentially preserve aragonitic shells, as they are  “frozen” or locked into the sediment 

(James et al., 2005; Cherns et al., 2008; Wheeley et al., 2008).  

 The destruction of the TAZ is not unique to the Upper Ordovician BRG, but is related to a 

global Paleozoic phenomenon coincident to an increase in the depth of the zone of cementation 

from the Early Cambrian to the Middle Ordovician (Droser and Bottjer, 1989; Tarhan et al., 

2015; Wright and Cherns, 2016). The TAZ corresponds to the depth of bioturbation available in 

marine sediments (Braiser et al., 2011). The depth of bioturbation coincides with the depth of the 

zone of cementation, with changes in redox boundary position (relative to the sea floor) 

controlling the zone of early lithification in shallow sediment (Braiser et al., 2011). In the Early 
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Cambrian the bioturbation depth was <6cm (Droser and Bottjer, 1989; Tarhan and Droser, 2014), 

which is markedly lower than the Middle Ordovician bioturbation depth of approximately 30cm 

(Droser and Bottjer, 1989; Wright and Cherns, 2016). One implication of this increase in 

bioturbation, and coincident increase in depth of cementation, is that it could have resulted in less 

intense sulfide oxidation (Wright and Cherns, 2016). A decrease in SOR, would lead to less 

dissolution, and a longer survival time of aragonitic taxa (Wright and Cherns, 2016). It is this 

longer survival time of aragonitic taxa which is suggested as the mechanism for the 

“preservation” of skeletal molds in the marine realm.  

 

II) METEORIC DIAGENESIS: 

The formation of spar-filled molds, the preservation of radial and bimineralic ooids, the 

lithification of surrounding sediment, the dissolution of skeletal aragonite, and the precipitation 

of calcite cements in encrusted skeletal molds, are interpreted to represent partial diagenesis in 

the meteoric realm (Fig. 5.5). Spar-filled tetradiid molds, spar-filled bimineralic ooids, and 

cryptomicrobial encrusted skeletal molds, are characterized by two generations of cement: an 

early, poorly developed, isopachous, scalenohedral to drusy calcite, and a later, blocky, clear 

calcite (Fig. 4.16. A; Fig. 4.14. C; Fig. 5.5). Drusy and blocky calcite cements are dull to bright 

luminescent LMC that precipitated in a phreatic, meteoric environment (Melim et al., 1995; 

2002; Knoerich and Mutti, 2006; Cherns et al., 2011). The formation of molds, in both skeletal 

tetradiids and bimineralic ooids, represents complete aragonite dissolution driven by the 

percolation of rainwater and the addition of CO2 (Wilkinson et al., 1985; James and Choquette, 

1983). The elevated atmospheric pCO2 values, and resulting corrosive acid rain, would have led 

to intense carbonate dissolution (Desrochers and James, 1988; James et al., 2015). It is suggested 

that a relative change in sea level would have exposed BRG rocks, exposing them to intense 
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meteoric diagenesis (Desrochers and James, 1988). 
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CHAPTER 6 

CONCLUSIONS 

6.1 INTRODUCTION 

  These conclusions are based on the stratigraphic and petrographic research from the 2014 

summer field season. Stratigraphic and petrographic analysis focused on the Lowville and 

Chaumont Formations of the Black River Group of the Kingston region. Stratigraphic work 

focused on the occurrences and morphologies of tetradiids present, and related morphology to 

paleodepositional environment. Petrographic anlysis focused on the original mineralogy of 

tetradiids, and its preservation style in relation to the diagenetic realm.  

 

6.2 CONCLUSIONS 

1) The ability to biomineralize coupled with paleoecological and morphological data suggests 

that tetradiids represent an extinct order of cnidarians. It is proposed that tetradiids represent an 

independently calcitized clade of cnidarians, which were globally abundant in Middle- Late 

Ordovician oceans. 

 

2) Tetradiids are interpreted to have evolved from a non-mineralized stem species. This model of 

evolution is analogous to the Scleractinian “naked coral hypothesis” representing de novo 

biomineralization. 

 

3) The evolution of an aragonitic skeleton in Tetradiida, coupled with the presence of aragonitic 

and Mg-calcite ooids implies that aragonite and HMC were locally geochemically favoured in a 

time of global calcite seas.  
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4) The precipitation of aragonite and HMC over that of LMC in the Middle (Tetradiida first 

appearance) - Upper Ordovician is thought to be independent of global spreading rates. The 

proposed dominance of aragonite is interpreted to be the result of increased temperature and 

saturation states driven by local high atmospheric pCO2 in the Ordovician.  

 

5) Tetradiids in the BRG are dominantly preserved as molds, and were filled by calcite cement, 

or lime mud depending on diagenetic realm. Rare specimens of Phytopsis were encrusted by a 

cryptomicrobial colony. Lime-mud filled molds and cryptomicrobial-encrusted molds represent 

dissolution of aragonite in the marine realm at or near the sediment-water interface. 

 

6) The preservation of skeletal molds within already lithified sediment is interpreted to be the 

result of an increased zone of cementation; which would have resulted in a decrease in sulphide 

oxidation, and an increase in survival time for the remains of aragonitic taxa.  
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ARM-14-01 
 
Name: Fossiliferoud floatstone with packstone matrix 
Location: Napanee 
Composition: Mud (36%), Cement (37%), Grains (20%), Porosity (>5%). 
Tetradiid occurrence: Tetradium  
Purpose: Tetradium morphology & structure 
Facies: Oollite 
Facies association: Grainstones & bindstones 
Depositional environment: Subtidal ooid shoal 
 
 

ARM-14-02 
 
Name: Fossiliferous floatstone with mudstone matrix 
Location: Millhaven and Bath 
Composition: 25-30%. Mud: 50%. Cement: 20%*. Porosity: >5%. 
Tetradiid occurrence: Tetradiid fragments 
Purpose: Preservation style of spar-filled molds and comparison of tetradiid preservation to other 
skeletal components 
Facies: Tetradiid fragment floatstone 
Facies association: Bioclastic, peloidal mudstones-packstones 
Depositional environment: Protected shallow subtidal 
 
* 10% of cement corresponds to grainy material associated with micro-dolomite, stylolites, and 
burrows filled with mud. 

 
ARM-14-03 

 
Name: Fossiliferous floatstone with mudstone matrix 
Location: Clogg’s Road 
Composition: 100%. Grains: 20-30%. Mud: 60%. Cement: 10%*. Porosity: >5%.  
Tetradiid occurrence: Tetradiid fragments 
Purpose: Preservation style of spar-filled molds 
Facies: Wavy bedded mudstone 
Facies association: Mudstones 
Depositional environment: Lagoon 
 
* 10% of cement associated with interstial matrix cement in between “clasts” of mud. 
 

ARM-14-04 
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Name: Paratetradium bafflestone with packstone matrix 
Location: HWY 38 & 401 
Composition: Grains: 55%. Mud: 20%. Cement: 25%. Porosity: >5%. 
Tetradiid occurrence: Paratetradium 
Purpose: Paratetradium morphology and structure. Bad quality thin section. 
Facies: Paratetradium, Phytopsis bioherm 
Facies association: Bafflestones & bindstones 
Depositional environment: Bioherm buildup 
 

ARM-14-05 
Name: Tetradium, ooid grainstone 
Location: Yarker Street 
Composition: Grains: 50%. Mud: 20%. Cement: 30%. Porosity: >5%. 
Tetradiid occurrence: Tetradium 
Purpose: Morphology and structure of Tetradium 
Facies: Oollite 
Facies association: Grainstones & bindstones 
Depositional environment: Subtidal ooid shoal 
 

ARM-14-06 
 
Name: Ooid grainstone 
Location: HWY 38 & 401 
Composition: Grains: 50%--10% intraclasts, 40% ooids and composite ooids. Mud: 10%. 
Cement: 35%. Porosity: 5%. 
Tetradiid occurrence: None 
Purpose: Mineralogy of ooids: bimineralic and radial 
Facies: Oollite 
Facies association: Grainstones & bindstones 
Depositional environment: Subtidal ooid shoal 
 

ARM-14-07 A 
 
Name: Fossiliferous floatstone with mudstone matrix 
Location: Taylor Kidd Central 
Composition: Grains:10%. Mud: 75% *. Cement: 15%. Porosity: >5%. 
Tetradiid occurrence: Tetradiid fragments 
Purpose: Preservation style: cryptomicrobial-encrusted molds 
Facies: Wavy bedded mudstone 
Facies association: Mudstones 
Depositional environment: Lagoon 
 
* Mud includes the 20-25% tetradiid fragments which are completely dissolved and infilled with 
mud matrix 
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ARM-14-07 B 
 
Name: Fossiliferous floatstone with mudstone matrix 
Location: Taylor Kidd Central 
Composition: Grains:15%. Mud:65% *. Cement:20%. Porosity: >5%.  
Tetradiid occurrence: Tetradiid fragments 
Purpose: Preservation style: cryptomicrobial-encrusted molds 
Facies: Wavy bedded mudstone 
Facies association: Mudstones 
Depositional environment: Lagoon 
 
* Includes Tetradium “grains”- totally leached and infilled with mud. 

 
ARM-14-08 

 
Name: Paratetradium bafflestone with packstone matrix 
Location: HWY 38 & 401 
Composition: Grains: 15%. Mud: 60%. Cement: 20%. Porosity: ~5%. 
Tetradiid occurrence: Paratetradium 
Purpose: Morphology and structure of Paratetradium  
Facies: Phytopsis, Paratetradium, Stromatolite bioherm 
Facies association: Bafflestones & bindstones 
Depositional environment: Bioherm buildup 
 
 

ARM-14-09 A 
 
Name: Fossiliferous floatstone with mudstone matrix 
Location: Division & 401 
Composition: Grains: 35%. Mud: 40%. Cement: 25%. Porosity: >5%. 
Tetradiid occurrence: Tetradiid fragments 
Purpose: Preservation style: spar-filled moulds 
Facies: Skeletal peloid wackestone-packstone 
Facies association: Bioclastic, peloidal mudstones-packstones 
Depositional environment: Protected shallow subtidal 
 
 

ARM-14-09 B 
 
Name: Fossiliferous floatstone with mudstone matrix 
Location: Division & 401 
Composition: Grains: 30%. Mud: 50%. Cement: 20%. Porosity: >5%. 
Tetradiid occurrence: Tetradiid fragments 
Purpose: Preservation style: spar-filled moulds 
Facies: Skeletal peloid wackestone-packstone 
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Facies association: Bioclastic, peloidal mudstones-packstones 
Depositional environment: Protected shallow subtidal 
 

ARM-14-10 
 

Name: Fossiliferous floatstone with mudstone matrix 
Location: Taylor Kidd East 
Composition: Grains: 30%. Mud: 30%. Cement: 10%. Porosity: >5%. 
Tetradiid occurrence: Tetradiid fragments 
Purpose: High diversity assemblage. Comparison of preservation of tetradiids versus 
brachiopods, echinoderms and mollusks. 
Facies: Tetradiid fragment floatstone 
Facies association: Bioclastic, peloidal mudstones-packstones 
Depositional environment: Protected shallow subtidal 
 

ARM-14-11 
 
Name: Skeletal grainstone 
Location: Yarker Road 
Composition: Grains:75%. Mud:>5%. Cement:15% ~25%. Porosity: >5%. 
Tetradiid occurrence: Tetradiid fragments 
Purpose: Comparison between tetradiid preservation and bivalves, and echinoderms. 
Facies: Oollite 
Facies association: Grainstones & bindstones 
Depositional environment: Subtidal ooid shoal 
 
 

ARM-14-12 
 
Name: Fossiliferous floatstone with wackestone matrix 
Location: Taylor Kidd Central 
Composition: Grains:30%. Cement: 15%. Mud: 55% *. Porosity:>5%. 
Tetradiid occurrence: Tetradiid fragments 
Purpose: High diversity assemblage: comparison between tetradiid preservation and preservation 
of brachiopods, bivalves, and echinoderms. 
Facies: Tetradiid fragment floatstone 
Facies association: Bioclastic, peloidal mudstones-packstones 
Depositional environment: Protected shallow subtidal 
 
* Mud matrix contains 15-20% burrows infilled with skeletal mud matrix 
 

ARM-14-13 
 

Name: Tetradium floatstone with ooid grainstone matrix 



 190 

Location: Perth Road 
Composition: Grains: 50%. Mud: 30%. Cement: 20%. Porosity: >5%. 
Tetradiid occurrence: Tetradium 
Purpose: Comparison between preservation of tetradiids versus other skeletal components 
Facies: Oollite 
Facies association: Grainstones & bindstones 
Depositional environment: Subtidal ooid shoal 
 

ARM-14-14 
 

Name: Paratetradium bafflestone with packstone matrix 
Location: HWY 38 & 401 
Composition: Grains: 65%. Mud: 15%. Cement: 20%. Porosity: >5%. 
Tetradiid occurrence: Paratetradium 
Purpose: Morphology and structure of Paratetradium 
Facies: Phytopsis, Paratetradium, Stromatolite bioherm 
Facies association: Bafflestones & bindstones 
Depositional environment: Bioherm buildup 
 

 
ARM-14-15 

 
Name: Phytopsis bafflestone with mudstone matrix 
Location: Perth Road 
Composition: Grains (35%). Mud (45%). Cement (25%). Porosity: (>5%). 
Tetradiid occurrence: Phytopsis 
Purpose: Morphology and structure of Phytopsis 
Facies: Phytopsis, Paratetradium, Stromatolite bioherm 
Facies association: Bafflestones & bindstones 
Depositional environment: Bioherm buildup 
 
 

ARM-14-16 
 
Name: Paratetradium bafflestone with wackestone matrix 
Location: Sydenham and Kepler 
Composition: Grains: 10%. Mud: 80% *. Cement: 10%. Porosity:>5%. 
Tetradiid occurrence: Paratetradium 
Purpose: Preservation style of mud-filled moulds 
Facies: Paratetradium bioherm 
Facies association: Bafflestones & bindstones 
Depositional environment: Bioherm buildup 
 
* Mud includes the 10% Paratetradium colonies which are completely leached and filled with 
lime mud 
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ARM-14-17 

 
Name: Paratetradium bafflestone with packstone matrix 
Location: HWY 38 & 401 
Composition: Grains: 50%. Mud: 25%. Cement: 25%.  Porosity: >5%. 
Tetradiid occurrence: Paratetradium 
Purpose: Morphology and structure of Paratetradium  
Facies: Phytopsis, Paratetradium, Stromatolite bioherm 
Facies association: Bafflestones & bindstones 
Depositional environment: Bioherm buildup 

 
ARM-14-18 

 
Name: Stylonodular packstone 
Location: Taylor Kidd East 
Composition: Grains: 50%. Mud: 15%. Cement: 35%. Porosity: >5%. 
Tetradiid occurrence: Phytopsis 
Purpose: Morphology and structure of Phytopsis 
Facies: Stylonodular packstone 
Facies association: Bioclastic, peloidal mudstones-packstones 
Depositional environment: Protected shallow subtidal 
 

ARM-14-19 
 
Name: Phytopsis bafflestone with mudstone matrix 
Location: Taylor Kidd Central 
Composition: Mud: 65%. Grains: 15% *. Porosity:>5%. Cement: 20%.  
Tetradiid occurrence: Phytopsis 
Purpose: Preservation style of cryptomicrobial-encrusted molds 
Facies: Phytopsis, Paratetradium, Stromatolite bioherm 
Facies association: Bafflestones & bindstones 
Depositional environment: Bioherm buildup 
 
* Grains: does not include Phytopsis corallites, which have been leached and infilled with mud. 

 
ARM-14-20 

 
Name: Phytopsis bafflestone with mudstone matrix 
Location: Taylor Kidd Cental 
Composition: Grains: 20%. Mud: 60%. Cement: 20%. Porosity: >5%. 
Tetradiid occurrence: Phytopsis 
Purpose: Preservation style of cryptomicrobial-encrusted molds 
Facies: Phytopsis, Paratetradium, Stromatolite bioherm 
Facies association: Bafflestones & bindstones 
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Depositional environment: Bioherm buildup 
 

ARM-14-21 
 

Name: Phytopsis bafflestone with mudstone matrix 
Location: Division & 401 
Composition: Mud: 60% *. Grains: 25%. Cement: 10%. Porosity: >5%. 
Tetradiid occurrence: Phytopsis 
Purpose: Preservation style of cryptomicrobial-encrusted molds 
Facies: Phytopsis, Paratetradium, Stromatolite bioherm 
Facies association: Bafflestones & bindstones 
Depositional environment: Bioherm buildup 
 
* Mud percentage includes mud found within Phytopsis skeletal molds 
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