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Abstract 

Calcarenites are common throughout geologic history, but the range of depositional settings and 

conditions under which they form is poorly constrained. This study compares physically 

structured calcarenites in the Mississippian of the Western Canada Sedimentary Basin, and the 

Ordovician of the northern Appalachian Basin. Calcarenites in these successions are used to 

reconstruct paleo-environments and postulate sequence-stratigraphic subdivisions. Mississippian 

sediments in the Western Canada Sedimentary Basin were deposited on a sub-thermocline mid to 

outer ramp where wave action predominated, producing oscillatory and combined-flow 

sedimentary structures. It is interpreted that occasional storm-generated currents produced 

offshore-migrating dunes. Cyclonic storms appear to have been rare due to the low latitude and 

west-coast location of the study area. Swell waves were instead more common, reworking 

sediment across the mid ramp. Comparatively, carbonate sands in the Ordovician Chazy Group 

are interpreted to have been deposited as a tropical transgressive system with contemporaneous 

siliciclastic and carbonate sedimentation. A mixed-lithology barrier-island system is interpreted to 

have migrated landward as relative sea level rose. Low-energy siliciclastic and carbonate 

sediments accumulated in the back-barrier lagoon and carbonate dune fields formed seaward of 

the barrier islands, covering lagoonal deposits along a wave ravinement surface. It is interpreted 

that the subaqueous dunes developed between storm and fair-weather wave bases due to residual 

tidal currents that were likely amplified by a regional funnel-shaped embayment and local 

bathymetric constrictions. As flooding continued, mixed wave and tidal, open-marine carbonates 

buried the subaqueous dune fields. Broader-scale implications can be drawn from both 

successions. Mississippian calcarenites suggest that swaley cross-stratification can form down to 

storm (or swell) wave base on carbonate platforms, and is not restricted to the shoreface as it is in 

siliciclastics. Furthermore, the deposits suggest that swell-wave deposits are also more likely to 

be produced in carbonate deposits because of in situ grain production. The Ordovician 
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calcarenites are strikingly similar to those along transgressive, wave-dominated, siliciclastic 

shorelines, suggesting that barrier-island complexes and associated transgressive sand sheets 

could be an under-appreciated origin for other carbonate sands. 
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Chapter 1 

GENERAL INTRODUCTION 

1.1 CALCARENITES 

 Calcarenites are an integral part of the carbonate depositional facies spectrum throughout 

geologic history (Tucker and Wright, 1990). The term calcarenite refers to limestones 

(grainstones and packstones) that are composed of predominantly sand-sized (0.0625 to 2 mm) 

carbonate grains (Grabau, 1904; Flügel, 2010). Some calcarenites form due to production of 

purely sand-sized grains with a lack of production of mud-sized grains. In many cases, however, 

these grainy sediments accumulate where carbonate sand is transported and reworked by 

hydrodynamic processes that winnow away fine grains. Calcarenites are of inordinate economic 

importance, wherein they host some of the world’s largest conventional hydrocarbon reservoirs 

(e.g., Mississippian of the Gulf Coast, U.S.A., Jurassic of Saudia Arabia, and Cretaceous of 

U.A.E.)(Harris and Weber, 2006). 

 Many calcarenites form topographically elevated or lenticular hydrodynamic 

accumulations, often referred to as carbonate sand bodies. For the purposes of this project, units 

are referred to using the general term “calcarenites” unless observation or interpretation supports 

a non-tabular original geometry in which case they are referred to as carbonate sand bodies. 

These non-tabular geometries are often caused by a discrete or localized accumulation of the 

carbonate sediment. Some beds that are tabular at the outcrop scale might be discrete at a larger 

scale. As such, some authors describe these beds as sand bodies, although they are here referred 

to using the general term calcarenites, with their size and topography discussed where relevant.  

 Physically structured grainstones are an important group of calcarenites; the physical 

sedimentary structures record the closely linked process-product relationship and provide critical 

information about the oceanographic and seafloor processes that formed the calcarenites. These 
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processes range from wind- and storm-driven waves and swells, to oceanic and tidal currents. The 

deposits are most numerous along the outer margins of flat-topped platforms, between islands on 

the shelf proper, along the seaward margin of inner-ramp settings, and in flooded incised valleys 

and seaways (Tucker and Wright, 1990; Reynaud and James, 2012).  

 Physically structured calcarenites are particularly useful in geological interpretation 

because their well-understood physical sedimentary structures permit paleoenvironmental 

reconstruction at a particularly sophisticated level. In spite of these attributes, compared to most 

other carbonate facies (e.g., reefs and other warm-water neritic carbonates), these deposits remain 

understudied.  

 

1.2 CALCARENITE DEPOSITIONAL SETTINGS 

 Study of modern calcarenites has been dominated by research on carbonate sand bodies 

such as oolitic tidal deposits along the margins of the Bahamas Banks (e.g., Ball, 1967; Hine et 

al., 1981; Rankey and Reeder, 2012) and inner ramps of the Persian Gulf (e.g., Evans et al., 1973; 

Loreau and Purser, 1973). The majority of the work on carbonate deposition via storms and 

waves has been on carbonate ramps in the geological record (Burchette and Wright, 1992). The 

convincing analyses of these early works, and numerous modern examples, resulted in most 

cross-bedded carbonate rocks being interpreted as ancient analogs of one of the foregoing 

depositional systems.  

 Expanded study of calcarenites in the last few decades, however, has lead to 

documentation and interpretation of carbonate sands in a plethora of high-energy depositional 

settings outside of the traditional flat-topped tropical platforms and ramps. They are now 

recognized to form in a spectrum of environments that includes both tropical and temperate 

settings (e.g., James and Clarke, 1997; James and Lukasik, 2010; James and Bone, 2011) across a 

wide range of water depths (e.g., Tsuji, 1993; Pomar et al., 2002; Payros and Pujalte, 2008), ages 

(e.g., Pufahl, 2010), and most importantly, oceanographic realms. 
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Modern examples include oolitic tidal bars, deltas, and subaqueous dunes on shallow 

platforms (e.g., Ball, 1967; Hine et al., 1981; Rankey and Reeder, 2012), dunes formed in straits 

and seaways (e.g., Harris, 1988; Malikides et al., 1988), wave-dominated offshore sands (e.g., 

James and Bone, 2011), open-marine ridges and dune fields (e.g., Harrison et al., 2003), and 

flooded incised valleys/embayments (e.g., O’Connell et al., 2014). Examples from the rock record 

include platform-margin oolitic sand bodies (e.g., Hoffmeister et al., 1967; Keith and Zuppann, 

1993), tide-dominated incised-valley fills (e.g., Reynaud and James, 2012; James et al., 2014), 

wave- and storm-dominated ramp deposits (e.g., Burchette and Wright, 1992; Massari and 

Chiocci, 2006; Puga-Bernabéu et al., 2010; Brandano et al., 2012), sub-wave base deposits (e.g., 

Pomar et al., 2002; Payros and Pujalte, 2008), and storm- and current-dominated deposits in 

straits and seaways (e.g., Kamp et al., 1988; Anastas et al., 1997, 2006; Betzler et al., 2006; 

Reynaud et al., 2006; Longhitano, 2011), among others. As the number of described calcarenite 

deposits increases, the range of depositional settings and variability of the products continue to 

increase as well. The numerous examples demonstrate the wide range of depositional settings in 

which they can form, and support the necessity for critical analysis of individual calcarenite 

successions before suggesting equivalence to the typical platform-margin or shallow-water 

examples.  

 

1.3 COMPARISON WITH SILICICLASTIC SAND 

 High-energy sands and sand bodies are particularly numerous in, and a hallmark of, 

marine siliciclastic depositional systems (Posamentier and Walker, 2006; James and Dalrymple, 

2010). Carbonate sands share many attributes with siliciclastic equivalents; however, 

compositional differences between carbonate and siliciclastic grains, as well as differing 

importance of biological and chemical controls on sedimentation, lead to noteworthy variance. 

Carbonate depositional settings differ from siliciclastics most significantly due to in situ 

carbonate grain production, more rapid sediment accumulation, and variable spatial distribution 
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of both aggradation rates and grain sizes (cf. Pomar and Kendall, 2007; James et al., 2010). In 

addition, bioclastic grains typically possess lower bulk densities than siliciclastic grains 

(Maiklem, 1968; Wanless et al., 1981), and depart from the typical equant shape of siliciclastic 

particles (Maiklem, 1968; Smith, 2003). The variation in the hydraulic properties of carbonate 

and similarly sized siliciclastic grains leads to different products in carbonate settings than would 

be expected in siliciclastic settings under similar conditions (Maiklem, 1968; Braithwaite, 1973; 

Prager et al., 1996; Savarese et al., 1996; Kench and McLean, 1996, 1997; Paphitis et al., 2002; 

Smith and Cheung, 2002, 2003, 2004, 2005; Göğüş and Defne, 2005; Weill et al., 2010). As a 

result, there is potential for notable differences between carbonate and siliciclastic sands 

deposited in the same depositional settings. 

 

1.4 STUDY AREAS  

 This study focuses on two successions that contain abundant calcarenite deposits: Lower 

to Middle Mississippian (Tournasian and Visean; ~259-330 Ma) rocks of the Western Canada 

Sedimentary Basin (WCSB), and Middle Ordovician (Chazyan; ~467-458 Ma) strata of the 

Quebec Embayment in the Appalachian Basin (Fig. 1.1). 

 Sediments of the Mississippian Livingstone Formation and Opal Member of the Mount 

Head Formation (Chapter 2) were deposited in the Prophet Trough, the northward extension of 

the Antler Foreland Basin (Richards et al., 1993). They have been previously interpreted as 

grainy mid- to outer-ramp, sub-thermocline sediments deposited on a tropical, temperature-

stratified ramp (Brandley and Krause, 1997; Martindale and Boreen, 1997).   

 Sediments of the mid-Ordovician Chazy Group (Chapter 3) accumulated on a broad, 

tropical, mixed-siliciclastic-carbonate platform along the tectonically active landward margin of 

the Appalachian Foreland Basin (Dix et al., 2013). The rocks range from open-marine carbonates 

to inner-ramp siliciclastics and carbonates.  



5 

 Both successions contain previously identified calcarenite accumulations with 

conspicuous cross bedding among other sedimentary structures such as hummocky and swaley 

cross-stratification, planar lamination, and ripple cross-lamination. They are also broadly 

tectonostratigraphically equivalent, both being deposited on the landward margin of a foreland 

basin. In addition, both successions were deposited during periods when large reefs were 

evolutionary suppressed (Flügel and Kiessling, 2002). Finally, calcarenites in both units have 

been previously interpreted as being similar to carbonate sand bodies on the Bahamian platform 

margin (e.g., Richards and Anastas, 2005; Mehrtens and Selleck, 2008), although other 

interpretations have also been suggested (e.g., Brandley and Krause, 1997; Mehrtens and Cuffey, 

2003). 

 The two successions differ in that the Ordovician is mixed siliciclastic and carbonate 

sediment whereas the Mississippian is nearly pure carbonate. The two areas have contrasting sea-

level histories; Mississippian sediments were deposited during a second-order sea-level fall 

whereas Ordovician sediments accumulated during a time of overall sea-level rise. Finally, 

carbonate sands in the Mississippian succession are widespread, whereas those in the Chazyan 

represent laterally discontinuous accumulations sporadically distributed throughout the 

succession. 
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Figure 1.1: Map of North America showing the two study areas; the Mississippian (MS) in the Western 
Canada Sedimentary Basin and the Chazy Group (CG) in the Appalachian Basin. Basemap from Google 
Earth (2014).
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1.5 RESEARCH OBJECTIVES 

 The focus of this study is to investigate critically the origin of physically structured 

calcarenites in Lower to Middle Mississippian strata of the Western Canada Sedimentary Basin 

(Chapter 2) and Middle Ordovician rocks of the Appalachian Basin (Chapter 3). This is achieved 

using an integrated approach combining siliciclastic facies models, architectural evaluations, and 

sand-body knowledge with carbonate facies models, paleoecology, and oceanography. 

Examination of the calcarenites was carried out using outcrop observation supplemented by hand-

sample collection and petrographic analysis. Decimeter-scale stratigraphic logs, and high-

resolution photography are used to provide detailed analysis of the sedimentary structures, facies 

relationships, and internal architecture.  

 An improved understanding of these calcarenites will aid in addressing a number of 

issues: i) the environments in which the sands were deposited within each formation; ii) the 

spectrum of carbonate sand deposition; iii) the differences and similarities between carbonate and 

siliciclastic sands; iv) the ambiguity or distinctiveness of certain sedimentary structures, 

successions, and facies for the environmental interpretation of calcarenites and carbonate sand 

bodies; v) the implications for interpretation of similar carbonate deposits elsewhere; and vi) the 

role of hydrodynamic processes on ancient carbonate margins. 
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Chapter 2  

STORM- AND SWELL-DOMINATED CARBONATE SANDS ON A 

MISSISSIPPIAN RAMP IN THE CANADIAN ROCKY MOUNTAIN FRONT 

RANGES 

 

2.1 ABSTRACT 

The Livingstone Formation and the middle Opal Member of the Mount Head Formation of 

western Canada are carbonate deposits, tens to hundreds of meters thick, that accumulated in a 

Mississippian mid-ramp, sub-thermocline depositional environment. The rocks are grainstones 

and packstones with abundant echinoderms and subordinate fenestrate bryozoans. High-angle, 

planar-tabular cross bedding produced by unidirectional currents is present in discrete beds. These 

currents are interpreted to have been generated by coastal set-up along the coastline during 

storms, which created downwelling currents and offshore-directed dune fields. Combined-flow 

and oscillatory-generated structures including swaley and hummocky cross-stratification, planar 

laminations, and thin, normally graded event beds were produced beyond the influence of 

significant downwelling. Due to the west-coast location, and the tropical latitude of the study 

area, it is hypothesized that hurricane-intensity storms were likely rare and storms might not have 

been significantly common on the margin. Instead it is postulated that long-period swell waves, 

approaching from the global ocean to the west, dominated deposition across the mid and outer 

ramp for extended periods of time. Swell waves are interpreted to have produced oscillatory and 

combined-flow bedforms across the entire mid ramp, suspending and transporting sediment to 

greater depths than short-period, less-organized storm waves. Stacking of wave-dominated and 

subordinate, current-dominated facies implies that unidirectional currents only periodically 

dominated the mid ramp. These Mississippian deposits suggest that in situ grain production on 
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the ramp, without need for advection of sediment from the shoreface, resulted in a number of 

differences from siliciclastic wave-dominated margins: 1) swaley cross-stratification is not 

restricted to the upper shoreface because sand-sized sediment is present across most of the ramp; 

2) aggradation by means other than sediment being supplied from more landward locations 

allowed for ready preservation of swell-dominated deposits. 

 

2.2 INTRODUCTION 

 Physically structured carbonate sands (calcarenites) are common features of many 

modern and ancient carbonate platforms and ramps, representing a wide variety of depositional 

environments. These deposits occur in high-energy settings in which oceanographic and seafloor 

processes control their internal and external structure. The sedimentary structures within these 

calcarenites reflect the surficial bedforms generated by the various environmental processes that 

influenced the seafloor. These include unidirectional currents, oscillatory currents, combined 

flows, or gravity-driven processes. As a result, carbonate sands share many similarities with 

siliciclastic sediments deposited under similar conditions. Notable differences between carbonates 

and siliciclastic equivalents are likely to be caused by in situ grain production, complex spatial 

distribution of grain sizes, and variable aggradation rates. 

The most commonly studied and best-understood modern examples of physically 

structured carbonate sands are shallow-water deposits, including oolitic tidal bars and subaqueous 

dunes on shallow platforms (e.g., Ball, 1967; Rankey and Reeder, 2012). Other modern examples 

include dunes formed by tidal currents (e.g., Harris, 1988; Malikides et al., 1988), and wave-

dominated offshore sands (e.g., James and Bone, 2011). Examples in the rock record are abundant 

and include storm- and current-dominated deposits in straits and seaways (e.g., Kamp et al., 1988; 

Anastas et al., 1997; Betzler et al., 2006), tide-dominated incised valley fills (e.g., Reynaud and 

James, 2012; James et al., 2014), and storm-dominated ramp deposits (e.g., Burchette and Wright, 

1992; Payros et al., 2010; Brandano et al., 2012). Offshore subtidal carbonate sands, especially 
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those dominated by storms, are less accessible in the modern and therefore are understudied and 

relatively poorly understood. 

 The Mississippian Livingstone and Mount Head formations of western Canada contain 

numerous previously documented sedimentary structures in thick and widespread carbonate 

grainstones and packstones. The aim of this study is to describe 1) the range of sedimentary 

structures and facies in the Mississippian calcarenites, 2) the facies relations and internal 

architecture of the calcarenites, and 3) the similarities and differences between the two studied 

formations. The data will be used to understand the surficial and oceanographic conditions under 

which the Mississippian calcarenites were deposited in order to expand and improve 

interpretations of similar deposits elsewhere. 

 

2.3 REGIONAL TECTONIC AND PALEOGEOGRAPHIC SETTING 

 This study focuses on two Mississippian-aged (upper Tournasian to upper Visean) 

formations within the Rundle Assemblage of the Western Canada Sedimentary Basin. These units 

are exposed in westward dipping thrust sheets in the eastern Cordillera (Fig. 2.1).  

 Sediments of the Rundle Assemblage were deposited on a westward dipping ramp as part 

of a belt of late Devonian and Mississippian sediments that stretched from Idaho to the Yukon in 

the Prophet Trough, the northward extension of the Antler Foreland Basin to the south (Gordey et 

al., 1982; Richards et al., 1993; Ingersoll, 2008). The Prophet Trough was partially bounded to 

the west by an elevated rim of accreationary terranes or island arcs (Fig. 2.2), which are preserved 

in part in the modern Kootenay Terrane of the Cordillera (Richards et al., 1993). The Mount Head 

Embayment was a 250 km regional downwarp along the eastern margin of the Prophet Trough, 

formed during the early Carboniferous by subsidence controlled by basement faults (Fig. 2.2; 

Brandley et al., 1996; Brandley and Krause, 1997). 
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Figure 2.1: Location of the study area in western Alberta, Canada. Four sites were studied at Cougar Creek 
(CC) and a fifth at Three Lakes Valley (TLV). Refer to Appendix A for details. 
 

 



 

12 

 

Figure 2.2: Paleogeographic reconstruction of the western margin of Laurentia during the Mississippian. 
The extent of the Livingstone Formation and Opal Member are shown. The study area is shown in the red 
box. Abbreviation: MHE = Mount Head Embayment,. Modified after Brandley and Krause (1997).
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 The study area, on the western margin of Laurentia, was located at an equatorial or 

tropical latitude during the Mississippian (Fig. 2.2). The majority of paleogeographic 

reconstructions place the study area at a latitude of 0°-15° N in the Tournasian and 5°-20° N 

during the Visean (cf. Scotese and McKerrow, 1990; Van der Voo, 1988; Ziegler, 1988; Golonka 

et al., 1994; Golonka, 2002; Lewandowski, 2003). Paleogeographic reconstructions suggest the 

region was arid, warm, and located in the trade-wind belt with dominantly offshore-directed 

winds (Parrish, 1982; Hay et al., 1990). Offshore trade winds are inferred to have caused 

equatorial upwelling and a temperature-stratified profile along the Mississippian shelf (Rowley et 

al., 1985; Hay et al., 1990; Martindale and Boreen, 1997).  

 

2.4 MISSISSIPPIAN DEPOSITIONAL SETTING 

 The Mississippian sediments in western Canada represent a second-order regression with 

overprinting of numerous third- and higher-order sea-level fluctuations (Richards, 1989; Richards 

et al., 1993, 1994; Martindale and Boreen, 1997). The sediments range from deep-basin euxinic 

black shales of the Exshaw Formation up into regional inner-ramp and sabkha deposits of the 

Etherington Formation (Fig. 2.3). 

 Evidence from temperature-dependent biota and non-biotic indicators suggests 

Mississippian sediment was deposited on a high-energy, thermally stratified ramp. Surface water 

was warmed through solar heating resulting in an inner-ramp, shallow-water oolitic photozoan 

assemblage with lagoonal and sabkha deposits similar to the modern Persian Gulf (Brandley, 

1993; Brandley and Krause, 1997; Martindale and Boreen, 1997). Warm-water ooid-skeletal sand 

bodies (shoals) are thought to have formed at the outer part of the inner ramp. 

 Cooler water brought up by upwelling resulted in a sub-thermocline, mid- to outer-ramp 

biota dominated by sessile epifaunal filter feeders including echinoderms, bryozoans, 

brachiopods, and sponges (Martindale and Boreen, 1997). Mid-ramp deposits are typically grainy 
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Figure 2.3: Simplified stratigraphic relationships for the Mississippian strata of the eastern to western 
Rocky Mountain Front Ranges in Alberta and British Columbia, Canada. Correlation of formations varies 
across the front ranges; some relationships are not represented by this figure. See Richards et al. (1993) for 
complete Carboniferous correlations. Stars indicate approximate stratigraphic locations of study localities. 
Abbreviations: CC = Cougar Creek, TLV = Three Lakes Valley. Modified from Richards et al. (1993), 
Brandley and Krause (1997), and Richards and Anastas (2005).  
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and deeper-water outer-ramp deposits are dominated by low-energy lime mudstones and 

wackestones (Richards et al., 1993; Brandley and Krause, 1997; Martindale and Boreen, 1997). 

 Sediments of the Livingstone Formation and Opal Member of the Mount Head 

Formation, the foci of this study, have been previously interpreted as grainy mid- to outer-ramp 

deposits. This belt of grainy carbonates is thought to stretch from the ooid-skeletal sand bodies of 

the inner ramp to the distal tempestites at the base of the mid ramp and upper portion of the outer 

ramp (Martindale and Boreen, 1997).   

 

2.5 REGIONAL STRATIGRAPHY 

Livingstone Formation 
 The Livingstone Formation possesses diachronous boundaries and is widespread across 

the Interior Platform and Rocky Mountains (Figs. 2.2, 2.3). It is comprised predominantly of 

bryozoan-pelmatozoan grainstone with minor ooid-skeletal grainstone and other lithofacies 

(Richards, 1989; Richards et al., 1993). Both the upper and lower Livingstone contacts become 

younger to the south and west as the various Mount Head Formation members progressively 

grade basinward into the Livingstone Formation (Fig. 2.3). To the southwest (basinward) the 

lower Livingstone Formation grades into slope packstone and wackestones of the Banff 

Formation. Northeastward (landward), the Livingstone is laterally gradational with restricted 

inner-ramp and sabkha deposits of the Shunda, Turner Valley, and Mount Head formations 

(Richards, 1989; Richards et al., 1993, 1994; Brandley and Krause, 1997).  

 

Mount Head Formation 

 The Mount Head Formation is composed of seven members, the Wileman, Baril, Salter, 

Loomis, Marston, Carnarvon, and Opal (Macqueen and Bamber, 1968; Fig. 2.3). The members 

represent alternating deposition of restricted inner-ramp facies and open-marine, mid- to outer-

ramp facies as a result of changes in relative sea level (Brandley and Krause, 1997; Martindale 
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and Boreen, 1997). Inner-ramp deposits comprise the Wileman, Salter, and Marston members. 

Open-marine, mid- to outer-ramp facies are most common in the Baril, Loomis, and Opal 

members. The members alternate at the scale of third-order relative sea-level fluctuations 

producing three depositional sequences within the Mount Head Formation (Brandley and Krause, 

1997). The Mount Head Formation overlies the Livingstone Formation in the eastern Front 

Ranges and Foothills but also grades laterally westward (basinward) into the upper part of the 

Livingstone Formation (Fig. 2.3). 

 The Opal Member is informally subdivided into a lower, middle, and upper units across a 

portion of its extent. The lower unit is dominantly cherty, algal-peloid lime wackestone and 

packstone, whereas the middle unit, one of the foci of this study, is more resistant and is 

predominantly bryozoan-pelmatozoan grainstone. The middle unit is overlain by a recessive 

upper unit comprised of shale and marlstone interbedded with wackestone and packstone 

(Richards and Anastas, 2005). 

 

2.6 METHODOLOGY 

 Five stratigraphic intervals at two localities in western Alberta were studied: Cougar 

Creek, and Three Lakes Valley (Fig. 2.1; Appendix A). Four sites are located in the Livingstone 

Formation and the fifth in the Opal Member of the Mount Head Formation. Sections were logged 

at a decimeter scale recording detailed observations of lithology, fossil content, sedimentary 

structures, grain size and shape, paleocurrent indicators, bed thicknesses, and facies relationships. 

High-resolution photographs were acquired and used to produce photomosaics of each outcrop. 

  Samples were collected, and select thin sections prepared, to supplement field 

observations. Thin sections were analyzed to determine skeletal components, sedimentary 

textures, diagenetic fabrics, and to measure grain sizes. Percentages of skeletal components, 

cements, as well as grain-size distributions were estimated using visual comparative charts (cf. 
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Scholle and Ulmer-Scholle, 2003). Thin sections and cut faces of samples were stained with 

Alazarin Red S and Potassium Ferricyanide using the method of Dickson (1965), and analyzed 

under cathodoluminescence using a Technosyn luminescence chamber on a Nikon binocular 

microscope. In thin sections representative of the identified facies, comprehensive grain-size 

analyses were carried out. A grid was used (similar to point counting; cf. Flügel, 2010) to 

measure between 175-300 individual grains per thin section. 

 

2.7 RESULTS 

Calcarenite Composition 

 All facies within the studied Livingstone Formation outcrops are echinoderm dominated. 

In the eastern (Cougar Creek) exposures, greater than 85% of skeletal fragments are echinoderms 

(Fig. 2.4). Facies contain up to 5% broken and rounded fragments of fenestrate bryozoans with 

lesser amounts of brachiopods, solitary rugose corals, trilobites, and ostracods. A single bed at 

Cougar Creek that contains ~60% peloids is an exception. Further west, at Three Lakes Valley, 

grainstone facies can contain a greater fenestrate bryozoan component, up to 40%. Minor skeletal 

components at Three Lakes Valley are trilobites, tabulate and rugose corals, trepostome 

bryozoans, benthic foraminifera, and brachiopods.  

 The dominant skeletal fragments in the middle Opal Member calcarenites are 

echinoderms and fenestrate bryozoans, unless otherwise noted (Fig. 2.6). Minor components 

include benthic foraminifera (primarily Eoendothyranopsis sp.), brachiopods, gastropods, 

ostracods, bivalves, and vertebrate (fish) bones. Rare allochems include green dasyclad algae, 

solitary rugose corals, ostracods, and peloids. Most skeletal grains are heavily abraded and 

fragmented. Ooids with well-developed cortical laminations are present in minor amounts in all 

facies; nuclei appear to be echinoderm fragments. Many grains possess micrite envelopes. 
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Facies, Depositional Textures, and Sedimentary Structures 

 Facies are identified on the basis of depositional texture and sedimentary structures 

(Table 2.1). Depositional textures range from grainstones to wackestones and mudstones. The 

Livingstone Formation (Figs. 2.4, 2.5) and middle Opal Member (Fig. 2.6) possess similar facies 

with slightly different characteristics, highlighted in Table 2.2. Interpretations subdivide the 

facies broadly into high-energy deposits (Facies 1, 2a, 3, 4, and 5) and low-energy deposits 

(Facies 2b and 6). 

 Depositional facies contain a variety of sedimentary structures including planar-tabular 

cross bedding, swaley cross-stratification (SCS), hummocky cross-stratification (HCS), upper 

plane bedding, and graded beds (Table 2.1). Line drawings of the cross-bedded and swaley cross-

stratified grainstones of the middle Opal Member outcrop (Facies 1 and 2) are shown in Figures 

2.7 and 2.8. Preservation of features on the tops or bases of beds, including solemarks, are lacking 

because of pressure solution seams along bedding planes and the rarity of bedding-plane 

exposures in the Livingstone Formation. 

 Laminations that define sedimentary structures in both formations are diffuse and 

commonly only faintly preserved. In some cases weathering obscures laminations, which are only 

visible on fresh surfaces polished by water flow. The poor definition of laminae could be due to 

the relative homogeneity of the units, with negligible difference in allochem composition between 

laminae, or the absence of significant quartz in any facies. Quartz grains can be important in 

carbonate sands because they are commonly hydrodynamically concentrated in laminae, which 

can then cause differential weathering that defines laminations (e.g., Anastas et al., 1997; James 

et al., 2014; Chapter 3). 

 Simplified stratigraphic sections highlighting depositional textures and sedimentary 

structures for the Livingstone Formation outcrops are shown in Figure 2.9. A diagrammatic 

sketch of the middle Opal Member outcrop, and a simplified stratigraphic column are shown in 

Figures 2.10 and 2.11. 



 

19 

Table 2.1: Facies of the Livingstone Formation and middle Opal Member calcarenites and 

associated facies. 

Facies Description Interpretation  
F1 Cross-Bedded 

Grainstone 
Grainstones containing planar-tabular 

cross stratification. 
Unidirectional current with fine 

grains winnowed away.  
F2 

 
2a -Swaley 

Cross-Stratified 
(SCS) 

Grainstone 

Grainstones containing concave up low-
angle (<15°) laminations (swales) with 
occasional convex up hummocks. Both 
isotropic and anisotropic (asymmetric) 

varieties are present.  

Episodically high-energy 
environment. Formed by oscillatory 

currents (isotropic) or oscillatory 
dominated combined flows 

(anisotropic).  
2b –Planar-
Laminated 

Packstone to 
Grainstone 

Thin (< 5 cm) units of brownish grey 
recessive packstones with lime mud 

matrix. Found exclusively interbedded 
with Facies 2a in the middle Opal 

Member. Thickness is variable, filling in 
lows (swales) and thinning over crests of 

hummocks.  

Low-energy fair-weather deposition 
between episodic high-energy events 

that produce Facies 2a. 

F3 Hummocky 
Cross-Stratified 

(HCS) 
Grainstone and 

Packstone 

Convex up low-angle (<15°) laminations 
(hummocks). Usually found gradationally 

interbedded with Facies 2. Primarily 
grainstones with lesser packstones. Lime 

mud does not completely fill original 
intergranular porosity of packstones. 

Episodically high-energy 
environment.  Formed by oscillatory 

currents or oscillatory-dominated 
combined flows similar to Facies 2a.  

F4 Horizontal and 
Low-Angle 

Planar-
Laminated 

Grainstones 
and Packstones 

Thick beds of grainstones and, less 
commonly, packstones with limited lime 

mud. Contain horizontal or low-angle 
(<5°) planar laminations. Laminations can 
be discontinuous, passing laterally over a 

few meters into unlaminated (structureless) 
deposits. Low-angle and horizontal 

laminations can occur in the same bed, and 
usually grade into each other.  

A small portion could represent SCS 
beds with poorly exposed internal 

laminations.  
The majority is likely upper plane 
bedding produced by oscillatory 

currents or combined flows, or, less 
likely, unidirectional currents. 

Inclined laminations may represent 
planed-off bedforms or climbing 

ripples with a low aggradation rate.  
F5 Normally 

Graded Event 
Beds 

Sets of thin (<30 cm) normally graded 
beds lacking obvious internal stratification. 
Typically grade upwards from packstones 

or grainstones into wackestones. Less 
commonly beds are entirely wackestones 

with an upward decrease in the abundance 
of coarse skeletal components. Non-

sutured solution seams create pseudo-
bedding planes separating individual 

events. Bases are sharp due to solution 
seams but do not appear erosive. 

Record suspension and deposition of 
sediment in the waning portion of an 

high-energy event. Interpreted as 
wave-suspended sediment flows 

transported limited distances down 
slope and deposited just above to 
potentially slightly below storm 

wave-base.  

F6 Structureless Deposits that lack visible internal 
lamination or bedding. Lithology and 

characteristics are variable between the 
Livingstone Formation and middle Opal 

Member. 

Low-energy conditions indicated by 
fine grain size and presence of 

complete fossils. Potential thorough 
bioturbation during quiescent periods. 
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Table 2.2: Comparison of facies in the Livingstone Formation and middle Opal Member. 

Composition 
and Facies Livingstone Formation Middle Opal Member 

Allochems Echinoderms with lesser fenestrate 
bryozoans dominant. 

Minor brachiopods, solitary rugose and 
tabulate corals, trilobites, ostracods, 
trepstome bryozoans, and benthic 

foraminifera. 

Echinoderms and fenestrate bryozoans 
dominant. 

Minor benthic foraminifera, 
brachiopods, gastropods, ostracods, 

bivalves, and fish bones. 
Rare green algae, solitary rugose corals, 

ostracods, peloids, ooids. 
F1 - Cross-

Bedded 
Grainstone* 

(Fig 2.5A) - Moderately to moderately-
well sorted, coarse to very coarse sand-

sized grains. Grains are least broken of any 
facies. Simple, straight foresets. Foreset 

spacing 5-15 cm. Dip angles 15-35°. 
Migration direction toward S to SW. 

Tabular beds 0.8-1.2 m thick. 

(Fig. 2.7) - Moderately-well to well 
sorted medium to coarse sand-sized 

grains. Medium-thickness compound 
cross-bedded sets with one order of 

internal discontinuity. Straight foresets 
with minor angular variance. Modern 

(compacted) dip angles 24-30°. 
Bounding-surface shape is planar 

transverse to migration direction and 
slightly undulatory along migration 
parallel faces. Migration direction is 

approximately toward SSW. Bed 
thickness varies from 0-25 cm. 

F2a - Swaley 
Cross-Stratified 

(SCS) Grainstone 

(Fig. 2.5B) - Well-sorted medium to very 
coarse sand-sized grains. Accretionary 
(isotropic) swales in amalgamated beds 

0.75-1.5 m thick. Preserved swale lengths 
are 0.5-1+ m. 

(Fig. 2.8) - Poorly to moderately sorted 
fine to coarse sand-sized grains. 

Anisotropic swaley cross-stratification 
with “half-trough” laminae that show a 

dominant dip (migration) direction. 
Migration direction varies laterally 

within and between beds. Plan-view 
exposures show circular to slightly 

elliptical geometries. Preserved swale 
lengths are 0.3-0.85 m. Occurs in 

amalgamated cosets of 1-5 vertically 
stacked sets. Unit thickness varies from 

5-30 cm. Beds pinch and swell in all 
directions. 

F2b – Planar-
Laminated 

Packstone to 
Grainstone 

Not Present Internal horizontal planar laminations 
define 0.5-1 cm thick laminae found in 

packages of one to six laminae. 

F3 - Hummocky 
Cross-Stratified 

(HCS) Grainstone 
and Packstone 

(Fig. 2.5E) - Accretionary (isotropic) 
hummocks in amalgamated sets with bed 
thicknesses 0.2-1.5 m. Hummock lengths 

not measurable. 

Not Present 

F4 - Horizontal 
and Low-Angle 

Planar Laminated 
Grainstones and 

Packstones 

(Fig. 2.5C&F) - Well to very well sorted 
medium to very coarse sand-sized grains. 

Bed thicknesses range from 0.6-2.0 m. 
Exposure in beds varies from diffusely 

preserved laminations (bedding planes?) 
with spacing of a few cm to dm (Cougar 

Creek) to mm spacing (Three Lakes 
Valley). Contacts and terminations are 

rarely visible, however a small number of 
occurrences show inclined laminations  

Not Present 
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Table 2.2 Continued 

Composition 
and Facies 

Livingstone Formation Middle Opal Member 

F4 Continued with tangential terminations against other 
low-angle or horizontal laminations.  

F5 – Normally 
Graded Event 

Beds 

(Fig 2.5D) - Sets of 2-10 event beds. 
Individual beds 5-30 cm thick. Upper 

portions of beds contain discrete patches of 
dolomite or non-fossiliferous lime mud, 

likely representing discrete burrows. 

Not Present 

F6 -Structureless Poorly sorted wackestones and lime 
mudstones. Fine to coarse sand-sized 

echinoderm ossicles. Thick discrete beds 
(0.5-2 m) or thin (<20 cm) caps 

conformably overlying high-energy 
deposits (Facies 2a and 3). Contain 

granule- to pebble-sized complete fossil 
fragments including solitary rugose corals, 

not found in any other Livingstone 
Formation facies. 

Structureless grainstone to packstone 
unit 1m thick. Bedding-plane exposures 
reveal solitary (<10 cm length) and in 
situ colonial (<75 cm diameter) rugose 

corals (Lithostrotion sp.). Abundant 
trace fossils including Zoophycus; 

horizontal trace fossils more common 
and larger. Rock increases in darkness in 

the younging direction. Irregular to 
elliptical star-shaped (<15 cm) chalky 
white opaque calcite nodules (approx. 

12) on upper bedding plane (Fig. 2.6F). 
Contains a peloid-echinoderm dolomitic 

wackestone 1.5 m diameter “mound” 
flanked by structureless grainstone. 

*Using the descriptive scheme of Anastas et al. (1997). 
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Figure 2.4: Livingstone Formation depositional textures. A) Echinoderm grainstone. B) Echinoderm 
packstone with dolomitic lime-mud matrix, and small amounts of bryozoan (Br). C) Echinoderm 
wackestone with dolomitic lime mud matrix. D) Selectively silicified (brown) echinoderm fragments in an 
echinoderm packstone. This silicification also occurs in echinoderm wackestones. E) Dolomudstone with 
sparry calcite patches. F) Completely silicified echinoderm grainstone (chert) with ghost fabrics of 
echinoderm fragments and unknown (likely echinoderm) smaller grains. In each photomicrograph the 
brightness and contrast of the entire image were modified to make viewing easier. 
 



 

23 

 

Figure 2.5: Livingstone Formation sedimentary structures. A) Cross-bedded echinoderm grainstone (Facies 
1). B) Swaley cross-stratified grainstone (Facies 2a). C) Horizontal planar lamination/bedding at Cougar 
Creek (Facies 4). D) Normally graded event beds (Facies 5). E) Hummocky cross-stratification (low, 
variable-angle inclined stratification) (Facies 3). F) Planar lamination at Three Lakes Valley (Facies 4). 
Scale bar subdivisions 2 cm.
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Figure 2.6: Textures and composition of the middle Opal Member of the Mount Head Formation at Cougar 
Creek. A & B) Swaley cross-stratified (SCS) echinoderm-bryozoan grainstone (Facies 2a). A) Typical SCS 
grainstone facies with significant syntaxial cement and no evidence of chemical or physical compaction. B) 
Mud preserved beneath a horizontal fenestrate bryozoan in a SCS grainstone (Facies 2a). Note the shelter 
porosity beneath the bivalve. C) Planar-laminated echinoderm packstone to grainstone (Facies 2b). D) 
Cross-bedded echinoderm-bryozoan grainstone (Facies 1). E) Structureless echinoderm-bryozoan 
grainstone (Facies 6).  F) Star-shaped white opaque calcite nodule located on the upper surface of the 
structureless echinoderm-bryozoan grainstone facies (Facies 6). Abbreviations: BF = benthic foraminifera, 
Bi = Bivalve (micrite envelope preserving shape), Br = Bryozoan, Ec = Echinoderms, G = gastropod, and T 
= Trilobite. In each photomicrograph (A & B) the brightness and contrast of the entire image were modified 
to make viewing easier. 
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Figure 2.7: Photomosaic (A) and line drawing (B) of the compound cross-stratified unit in the middle Opal 
Member. See Figure 2.10 for location. The compound nature of the cross bedding is shown by the fact that 
the individual cross beds (bounded by thicker black lines) thin and downlap in the direction of dune 
migration. Only representative foresets are drawn.  
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Figure 2.8: Photograph (A) and line drawing (B) of a portion of the lower swaley cross-stratified unit in 
the middle Opal Member. See Figure 2.10 for location. Thick lines are first- and second-order surfaces (cf. 
Cheel and Leckie, 1993) and thin lines are third-order surfaces and laminae within swaley sets. 
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Figure 2.11: Simplified stratigraphic column showing vertical and lateral facies relationships of the middle 
and upper Opal Members at Cougar Creek. Not to scale. Facies symbols are the same as those used in 
Figure 2.10. 
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 Significant (up to 70%) intraskeletal porosity in echinoderm ossicles leads them to be 

hydraulically equivalent to siliciclastic grains with significantly smaller diameters (Cain, 1968; 

Savarese et al., 1996). Grain-size distributions for echinoderm ossicles in the Livingstone 

Formation were converted into siliciclastic-/hydraulic-equivalent grain sizes assuming that the 

hydraulically equivalent diameters were one-sixth the measured diameters (Fig. 2.12), based on 

the experimental work of Savarese et al. (1996). This is a conservative estimate to avoid under-

estimation of hydraulic-equivalent grain sizes, but it allows comparison of facies, and comparison 

with grain sizes at which various bedforms form in siliciclastic sediment. The cross-bedded facies 

(Facies 1) is the coarsest of all of the deposits, followed by the planar-laminated, SCS and HCS, 

and event-bedded units, (Facies 2-5) which have similar grain-size ranges. The structureless 

facies is the finest (Facies 6; Fig. 2.12). 

 The effect of the hydraulic equivalence of echinoderm grains is visible in grainstone beds 

at Three Lakes Valley where well-sorted bryozoan fragments (fine to medium sand) are finer than 

the associated echinoderm grains (medium to very coarse sand) and more closely approximate 

hydraulic-equivalent grain sizes of the echinoderms (coarse silt to very fine sand). The grain size 

of the bryozoan fragments more closely approximates the hydraulic-equivalent grain size because 

they possess less initial porosity than the echinoderm ossicles (cf. Savarese et al., 1996). 

 

Diagenetic Modification 

 The most common cement is syntaxial overgrowths on echinoderms, which are best 

developed in grainstones, and become less well developed in packstones and wackestones (Fig 

2.4). Minor sparry calcite cement is present in some facies. Beds at one locality also contain up to 

25% modern-day vuggy to intergranular porosity. 

 Two generations of dolomite are present: small (30-200 µm), anhedral to subhedral 

crystals with cores that luminesce brightly in cathodoluminescence, and large (100-500 µm) dully 

luminescent, scattered, subhedral to euhedral rhombs (Fig. 2.4). The smaller, brightly luminescent  



 

31 

 

Figure 2.12: Siliciclastic-equivalent grain size of stalked echinoderm (most likely crinoids and blastoids 
based on previous studies; e.g. Brandley, 1993) ossicles from the Livingstone Formation. Siliciclastic-
equivalent grain sizes (grain diameters) are one-sixth of the measured diameters of echinoderm ossicles. 
Boxes show the interquartile range and thick black lines mark the median value. Dashed “whiskers” extend 
to the minimum and maximum values with outliers (>1.5 times the interquartile range outside of the box) 
omitted. n = number of measured grains.  
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dolomite occurs throughout the matrix, replacing original lime mud (Fig. 2.4E; cf. Murray and 

Lucia, 1967), whereas scattered individual rhombs of the coarser, dully luminescent dolomite are 

common along crystal contacts or overprinting echinoderms and syntaxial overgrowths. 

 A small number of Livingstone Formation beds show near complete silicification by 10-

100 µm chert crystals with ghost fabrics preserving outlines of original grains, commonly 

echinoderms (Fig. 2.4F). Chert beds were originally grainstones or subordinately packstones. In 

chert beds at Three Lakes Valley, abundant fenestrate bryozoans likely preserved initial porosity, 

allowing for flow of silicifying fluids. In some non-chert beds, echinoderm fragments show 

partial to complete silicification (Fig. 2.4D). 

 The rocks contain varied evidence for chemical compaction including stylolites, solution 

seams, and fitted fabrics with concavo-convex grain contacts. The degree of chemical compaction 

was likely controlled by the amount of early cementation. Echinoderms in a small number of beds 

contain wavy twin lamellae indicative of high post-depositional tectonic stress.  

 

2.8 INTERPRETATION 

Encrinites and Substrate Stability 

 The predominance of echinoderm grainstones, termed encrinites (Ausich, 1997; Ausich et 

al., 1999) is interpreted as being caused by a rapidly shifting substrate due to the relatively fine-

grained hydraulic equivalence of the grains. Martindale and Boreen (1997) attribute a decrease in 

bryozoan abundance shoreward to increased water temperatures and dilution due to grain 

production by echinoderms. This same bryozoan trend is noted here with minor (<10%) 

bryozoans in the Livingstone Formation at Cougar Creek and significantly more (up to 40%) at 

the deeper-water Three Lakes Valley locality. As discussed above, the echinoderm grains in the 

Livingstone Formation are hydraulically light and would result in easy movement and a rapidly 

shifting substrate under the energy conditions that would have generated the HCS and SCS that is 

prevalent in the encrinite deposits. This, in turn, would deter other organisms from colonizing the 
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seafloor, and potentially inhibit synsedimentary cementation. Echinoderms, with strong and 

flexible holdfasts, and cirri-like prop roots are well adapted to living on frequently mobile 

substrates (Ausich, 1997), leading to a positive feedback capable of producing the thick 

echinoderm sands of the Livingstone Formation (cf. Ginsburg, 2005). In more distal locations, or 

during extended quiescent periods, a lower frequency of sediment mobility resulted in longer 

periods of stable substrate and greater bryozoan colonization.  

 

Position on the Mississippian Ramp 

 Deposition occurred below the thermocline on an episodically high-energy mid to outer 

ramp (cf. Burchette and Wright, 1992). The geographic location of the Livingstone Formation 

deposits, basinward (southwestward) of temporally equivalent photozoan sabkha and lagoonal 

deposits of the Turner Valley and Shunda formations, suggests an offshore, open-marine 

depositional environment at a significant water depth (Richards, 1989; Richards et al., 1993). The 

biota, which is indicative of a normal-salinity, nutrient-rich, cool-water depositional environment 

likely below the depth of the photic zone (cf. James and Lukasik, 2010), supports this 

interpretation.  

 The presence of ooids and peloids in all facies of the middle Opal Member (Table 2.2) 

suggests it was deposited in a transitional environment closer to the inner ramp and near fair-

weather wave base, at a somewhat shallower water depth than the studied deposits in the 

Livingstone Formation. Offshore-directed currents might have transported some grains (e.g., 

green algae, ooids, etc.) from the lower portion of the inner ramp to this transitional environment. 

 

Episodic High-Energy Deposition 

 The presence of both low- and high-energy deposits in the Livingstone Formation and 

middle Opal Member indicate an episodically high-energy depositional setting, interpreted to be 

caused by storm and swell events. 
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 Low-energy fair-weather deposits are preserved in the planar-bedded packstone facies 

(middle Opal Member; Facies 2b) and some units of the structureless facies (Livingstone 

Formation; Facies 6). During low-energy, fair-weather conditions, echinoderm (crinoid and 

blastoid) and bryozoan meadows were abundant due to the presence of normal-marine salinity, 

and upwelling, nutrient-rich waters. The seafloor was below the level of wave reworking and 

aggradation was slow, with accumulating skeletal grains and lime mud producing mudstones and 

wackestones (Figs. 2.4C&E). Fair-weather deposits are rare, as most were eroded by subsequent 

storms. In cases where low-energy deposits are not preserved, evidence of mud deposition during 

fair weather is seen in skeletal grains filled with remnant lime mud. Aggradation rates during fair-

weather conditions must have been very low to allow complete reworking by storms; 

alternatively, the storms could have been very energetic and eroded deeply. Low accumulation 

rates are common in modern cool-water carbonates that accumulated under conditions like those 

on the sub-thermocline Mississippian shelf (James, 1997). 

 High-energy conditions due to the passage of storms or long-period swell waves caused 

near complete winnowing of mud, producing grainstones and some packstones (Facies 1, 2a, 3, 4, 

and 5; Figs. 2.4, 2.5A&B, 2.6; Tables 2.1, 2.2). All grainstone beds in the Livingstone Formation 

contain high-energy sedimentary structures, suggesting none of them represent low-energy in situ 

production of pure carbonate sands. Concave-down shells (Fig. 2.6B) and connected echinoderm 

columnals are evidence of rapid, high-energy depositional processes. Mud matrix in some high-

energy deposits (packstones; Fig 2.4B) was likely introduced into the pore space of grainstones 

by bioturbation, settling and infiltration of fine grains from suspension as energy levels decreased, 

or as original sediment that was not eroded due to the baffling by skeletal grains. At Cougar 

Creek a limited number of high-energy beds possess thin, fine-grained, conformable, structureless 

caps with 2-5 cm unbroken solitary corals. These are interpreted as low-energy, fair-weather 

deposits or bioturbation of the upper portion of a high-energy bed during subsequent low-energy 

quiescent periods.  
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 Thick structureless units (Facies 6) in the Livingstone Formation are interpreted to 

represent extended periods of quiescence below storm wave base, unaffected by the episodic 

high-energy conditions. If the depositional surface had remained even slightly above storm wave 

base, wave action would have prevented accumulation of the up to 2 m thick structureless units. 

This facies has the smallest grain sizes; however, possesses some very coarse grains (outliers not 

shown in Figure 2.12). If higher-energy processes had affected these structureless deposits, the 

fines would have been winnowed away leaving only the coarser grains, producing grain-size 

distributions similar to those in the high-energy facies (cf. Fig. 2.12).  

 

Oscillatory-Current Sedimentary Structures 

 The majority of the high-energy sedimentary structures were formed by oscillatory 

currents or combined flows. SCS and HCS (Facies 2a and 3; Figs. 2.5B&E, 2.8) are interpreted as 

genetically related structures produced by hummocky bedforms (cf. Swift et al., 1983; Amos et 

al., 1996; Dumas and Arnott, 2006) formed by oscillatory currents or oscillatory-dominant 

combined flows (Allen and Underhill, 1989; Arnott and Southard, 1990; Cheel and Leckie, 1993). 

Anisotropic SCS and HCS are interpreted to form when the unidirectional-current component of a 

combined flow is strong enough to cause migration of the hummocky bedforms (Nøttvedt and 

Kreisa, 1987; Dumas and Arnott, 2006). 

 Beds with planar lamination (plane bed; Facies 4; Fig. 2.5C) possess sharp basal contacts, 

which, in combination with the fine hydraulically equivalent grain sizes, suggest that the planar 

lamination was formed in the upper flow regime. Plane bedding is sometimes gradational with 

HCS, suggesting at least a portion of the plane bedding was formed by oscillatory currents (cf. 

Clifton, 1976; Southard et al., 1990) or combined flows (cf. Arnott and Southard, 1990). Some 

planar laminations are inclined at low angles. Their association with horizontal laminations and 

previous interpretations of their origin (cf. Arnott and Southard, 1990; Arnott, 1993) suggest they 

were formed under combined or oscillatory flows at a similar energy level to horizontal planar 
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laminations, perhaps in a flow regime transitional to HCS or SCS. 

 The normally graded event beds (Facies 5; Fig. 2.5D) lack the HCS/SCS and plane 

bedding that are typical of the thicker deposits. Similar, thin, well-graded beds have been noted to 

occur in more distal settings than those typical of HCS formation (e.g., Dott and Bourgeois, 1982; 

Cheel and Leckie, 1993). The preservation of multiple stacked event beds, without evidence of 

significant erosion of the preexisting bed, supports an allochthonous sediment source as opposed 

to in situ resuspension. As the ramp was likely not steep enough for autosuspension wave-induced 

turbulence could have suspended sediment, which was then transported short distances down the 

ramp by weak unidirectional currents, aided by gravity (cf. Myrow and Southard, 1996; Myrow et 

al., 2002; Payros et al., 2010). The lack of current-generated (oscillatory or unidirectional) 

sedimentary structures can be explained by relatively quick deposition, and lack of significant 

wave action at or just below the deepest extent of storm-wave influence.  

 

Unidirectional-Current Sedimentary Structures 

 Origin of Cross Bedding in the Livingstone and Middle Opal – Although the majority of the 

high-energy deposits were formed by oscillatory currents or combined flows, strong 

unidirectional currents are required to produce the high-angle cross bedding that is present locally 

in both the Livingstone Formation and middle Opal Member (Facies 1; Figs. 2.5A, 2.7). There is 

no evidence in the Livingstone Formation of the flow constriction and expansion required to 

generate a subaqueous delta, supporting a dune interpretation for the cross bedding. Compound 

cross bedding in the middle Opal Member could have been caused in part by flow expansion, 

based on the inferred deposition in a topographic depression (cf. Fig. 2.10); however, this was 

likely a localized effect. Similar cross bedding dip-directions in the Livingstone Formation and 

middle Opal Member suggests the same processes formed both.  

 Cross bedding in both the Livingstone and middle Opal is directed offshore (SW) to 

obliquely offshore (S) relative to the NW-SE orientation of the coastline in northern portion of the 
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Mount Head Embayment (cf. Brandley, 1993; Fig. 2.2). The Livingstone Formation dunes were 

large 2D dunes (cf. Ashley, 1990) with median heights likely in the range of 1.5-4.5 m based on 

the preserved thickness of the sets (cf. Leclair and Bridge, 2001). Water depth could have ranged 

from 8 to 30 m if the dunes were fully developed (cf. Dalrymple and Rhodes, 1995), or greater if 

they were not.  

 Commonly, the origin of such cross-bedded deposits is attributed to the action of tidal 

currents (cf. Dalrymple, 2010). However, evidence for tidal action, such as bidirectional 

structures, reactivation surfaces, mud drapes, or rhythmic bedding, is absent. The deposits are not 

shallow-water deposits and there is no evidence for significant bathymetrically elevated features 

on the seafloor that could have amplified the tidal currents, so a tidal origin for the cross bedding 

is unlikely. Additionally, cross bedding in the Livingstone Formation has been documented to 

occur more commonly in the eastward (landward) occurrences of the formation, as well as in the 

upper Livingstone (the most regressional portion) to the southwest. This suggests the process that 

produced the cross bedding was at least broadly limited to more landward portions of the system. 

As a result, it is unlikely the dunes were formed by elevated tidal currents near the margin of the 

platform as is common in some modern settings (cf. Fleming and Revelle, 1939; e.g., Reynaud et 

al., 2003). 

  Non-tidal origins of unidirectional currents in a shallow-marine setting include: 1) wind-

driven surficial currents, 2) oceanic currents, 3) internal waves, 4) tsunami-related, offshore-

directed bottom flows, and 5) storm-generated downwelling currents.  

Wind-Driven, Oceanic, Tsunami-Generated, and Internal Wave Currents – The inferred 

presence of a relatively shallow thermocline (Martindale and Boreen, 1997) and the interpreted 

sub-thermocline setting of the cross-bedded grainstones are incompatible with the idea that winds 

coupled with the water column to generate offshore-directed currents that affected the seafloor for 

any continuous period of time (cf. Kubicki, 2008). Broadly offshore current orientations also rule 

out oceanic currents and other contour-parallel currents (cf. Flemming and Bartholomä, 2012) as 
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the process responsible for dune formation. Additionally, deposition below the thermocline, and 

the thickness of some of the cross bedding suggest that internal waves, which have not been 

shown to be able to produce meter-scale unidirectional cross beds (cf. Pomar et al., 2012), were 

not responsible for the dunes. 

 Data on the speed and duration of tsunami-related, offshore-directed bottom currents are 

lacking (Shanmugam, 2008). Modern examples of tsunami-related deposits include slumps, 

turbidites, and debrites (Shanmugam, 2008, and references therein) and it, therefore, seems 

unlikely they would produce sufficient bedload transport, last long enough (many hours; 

Dalrymple and Rhodes, 1995), or occur often enough to produce dunes the size of those in the 

Livingstone Formation. 

Storm-Generated Downwelling Currents – The abundant evidence of wave deposition on the 

margin strongly implies a storm-related origin for the unidirectional current. During the passage 

of storms, low pressure, coupled with (obliquely) onshore-directed wind, causes upward bulging 

of the water surface so that it becomes super-elevated along the shore (Allen, 1997). Storm surges 

may have been accentuated at the head of the Mount Head Embayment (Fig. 2.2), however the 

extent of this is unknown. The combination of these factors, referred to as coastal set-up, results 

in an offshore-sloping pressure gradient that leads to offshore movement of water generating a 

downwelling current. Such currents travel offshore until, due to the Coriolis effect, they evolve to 

become shore-parallel geostrophic currents (Swift et al., 1986; Duke, 1990; Allen, 1997). Many 

storm-dominated margins such the mid-Atlantic US margin (Shanmugam, 2008) and southern 

Australian margin (Ryan et al., 2008; James and Bone, 2011) show evidence of offshore-directed 

currents capable of producing dunes (cf. Shanmugam, 2008, and references therein). 

 The distance offshore at which downwelling currents evolve to become geostrophic 

depends on the magnitude of the pressure-gradient force, the gravitational force due to bottom 

slope, and the magnitude of the Coriolis effect (Duke, 1990; Allen, 1997). The Coriolis effect 

increases with latitude due to increasing angular velocity of the earth’s rotation closer to the 
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poles. As the study area was as close as 5° to the equator, the Coriolis effect on offshore-directed 

downwelling currents could have been relatively minor compared to other documented examples 

(e.g., Swift et al., 1986; Duke, 1990), thereby potentially allowing such offshore currents to 

penetrate to greater depths than at higher latitudes. In addition, bedform orientations and current 

velocities on modern shelves do not always indicate obvious evolution of downwelling currents 

into geostrophic flows (e.g., Shanmugam, 2008; James and Bone, 2011). Similarly, if 

downwelling currents did evolve to become shore parallel to the north on the Mississippian 

margin, they did not remain strong enough to produce bedforms with this orientation.  

 

Interpretation of Individual Formations 

Livingstone Formation – At the outcrop scale, the Livingstone Formation shows no significant 

vertical trends (Fig. 2.9). Certain depositional facies are dominant at individual outcrops 

indicating the responsible process may have been more common during certain times of 

Livingstone deposition, or at certain locations on the ramp.  

 At Three Lakes Valley (Fig. 2.9) HCS commonly passes upward into planar lamination, 

and vice-versa, in multiple-meter thick packages that are thicker than individual storm beds. 

These are interpreted to represent temporal changes in process dominance or change due to sea-

level fluctuations that affect the influence of various processes across different portions of the 

ramp. 

Middle Opal Member – In the middle Opal Member calcarenites (Figs. 2.10, 2.11) anisotropic 

SCS and interbedded fair-weather packstones comprise the lower half of the outcrop (Facies 2a 

and 2b; Fig. 2.10). The migration direction varies but lack of good three-dimensional exposure 

prevents a detailed paleocurrent analysis. 

 The cross-bedded unit (Facies 1) that overlies and postdates the SCS unit (Figs. 2.10, 

2.11) is interpreted to have formed by flow expansion into a small depression on the seafloor that 

allowed for aggradation and preservation of southwesterly migrating dunes, essentially like a 
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subaqueous delta (Fig. 2.13C).  

 The structureless facies (Facies 6) that blankets the entire outcrop represents a regional 

deepening that brought the environment below storm wave base. The absence of significant mud 

in this facies could have been due to a lack of in situ mud production or the presence of a weak 

unidirectional current that caused constant winnowing of fines. These conditions continued into 

the upper Opal Member with occasional influxes of terrigenous-clastic mud alternating with low-

energy carbonate deposition.  

 At least some of the white calcite nodules preserved in the structureless facies, some of 

which are star shaped (Facies 6; Fig. 2.6F), are interpreted as glendonites, pseudomorphic after 

ikaite, a hexahydrated calcium carbonate (CaCO3!6H2O). The nodules share similar geometry, 

occur in similar facies (i.e., low-energy, dark, organic-rich, bioturbated deposits), and occur in the 

same stratigraphic interval as those reported from the Mount Head Formation (the Marstone-

Opal-Carnavon Sequence; cf. Brandley and Krause, 1994, 1997). They also share many 

similarities with other Paleozoic examples (cf. Jones et al., 2006; Selleck et al., 2007). Ikaite 

forms in a narrow range of conditions in modern environments (Pauly, 1963; Marland, 1975; 

Selleck et al., 2007) and as such the glendonites imply deposition in low-energy near-freezing 

water (less than 4°C), with significant organic matter, and potentially enriched nutrients.  

  

2.9 DISCUSSION 

Depositional Model 

 The abundant oscillatory bedforms on the Mississippian mid ramp could have been 

produced by either storm or swell waves (Fig. 2.14).  

Storm-Dominated Periods – In storm-dominated periods, downwelling currents generated by 

coastal set-up in the inner ramp could have been strong enough to affect the mid ramp, producing 

subaqueous dune fields (Fig. 2.14a). Unidirectional currents advected suspended finer skeletal 

grains farther offshore, leaving behind only the coarsest grains in the dunes fields (cf. Fig. 2.12).  
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Figure 2.13: Proposed depositional history of the middle Opal Member outcrop at Cougar Creek. A) 
Storm-dominated conditions deposited the SCS grainstone and associated fair-weather deposits (Facies 2a 
and 2b). B) Deposition of a thin shale bed due to an influx of terrigenous sediment from the northeast. C) 
Introduction of a unidirectional current eroding the underlying shale, likely due to a sea-level rise that shut 
off the siliciclastic sediment input. Dunes formed and migrated into a pre-existing depression, accumulating 
as compound cross-sets (Facies 1). D) Movement of the depositional profile to below storm wave base and 
onset of low-energy deposition of the structureless grainstone (Facies 6). E) The approximate outline of 
exposure in the modern-day outcrop. See Figure 2.10 for sketch of current outcrop.  



 

42 

 

Figure 2.14: Proposed depositional model for the sub-thermocline mid ramp A) during conditions when 
storms directly influenced the margin producing strong downwelling currents, and B) when long-period 
swell waves dominated the margin. Facies (Table 1) that would be produced at each location on the ramp 
are indicated on the left side of the block diagram. 
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Wave action, although presumably reasonably intense, was not sufficient, relative to the 

unidirectional currents, to influence the nature of the bedforms.  

 Seaward of the limit of coastal downwelling, lower current velocities meant that 

oscillatory currents or combined flows were the dominant depositional processes. The combined 

flows and oscillatory currents were less capable of removing the fine sediment fraction, and 

planar lamination, SCS, and HCS formed. Where the unidirectional component of combined 

flows was relatively strong, anisotropic SCS (and HCS?) was more common. Near storm wave 

base, wave-supported sediment gravity flows travelled short distances producing the thin, graded 

event beds (Facies 5). Fine skeletal fragments and lime mud accumulated seaward of the 

influence of downwelling currents, especially below storm wave base. 

Swell-Dominated Periods – During periods that lacked or had weak storms, or if the offshore 

island arc allowed swell waves to reach the ramp, long-period swell waves could have dominated 

sedimentation (Fig. 2.14b). In these situations, downwelling currents were absent or too weak to 

influence the mid ramp. This allowed oscillatory and combined-flow deposits to form across the 

entire mid ramp. Aggradation rates on the ramp were likely low during swell deposition as there 

would have been limited offshore transport of sediment. Combined flows could have been 

produced by oscillatory currents combined with weak tidal currents, upwelling currents (cf. 

Huyer, 1983; Kämpf et al., 2004), weak downwelling storm flows, or contour-parallel geostrophic 

currents (cf. Swift et al., 1986; Duke, 1990). 

Resultant Sedimentary Structures – Cross-bedded units represent definite periods of storm 

domination whereas combined-flow and oscillatory deposits formed in more distal settings during 

intense storms, in proximal settings during weak storms, or across the entire mid ramp during 

periods of swell dominance. There was likely significant variability along the Mississippian 

margin due to the relative size of storm systems, predominant swell approach orientations, the 

depth penetration of downwelling currents, latitudinal influence on storm frequency, and other 

climatic variability. Relative-sea-level fluctuations would have also played a large role in 
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controlling the basinward limit of downwelling currents and bedform distribution.  

 

Storm Waves vs. Swell Waves 

  Hurricane-intensity storms might have been rare across the study area if 

atmospheric circulation in the Mississippian was similar to the Holocene, as in such conditions 

hurricanes primarily impact the eastern margin of continents (Marsaglia and Klein, 1983). There 

are exceptions to this generalized rule such as northwestern Australia (10-30°), where cyclones 

are reasonably common (Nott, 2006). Northwestern Australia, however, lies far enough south of 

the equator to allow the influence of the Coriolis effect, and has warm waters to the north, where 

most cyclones in the region form (Nott, 2006). Comparatively, the Mississippian coastline was 

oriented NW-SE and as such, would not have had any open water between itself and the equator 

(cf. Fig. 2.2). Hurricanes also occur on the western coast of Mexico; however, many of these 

storms form in the Atlantic Ocean and cross the narrow Central American landmass into the 

Pacific (Marsaglia and Klein, 1983). The Mississippian ramp was bounded to the east by the 

Laurentian craton in addition to the other continents, which were forming Pangea along the 

eastern Laurentian margin (Golonka, 2002). As a result, it seems unlikely, although not 

impossible, that significant tropical cyclones affected the study area during the Mississippian. In 

addition, the low latitude and west-coast location of the study area would not have been ideal for 

frequent winter storms, although occasional storms might have occurred (Marsaglia and Klein, 

1983).  

 Swell waves, on the other hand, could have had an important influence on deposition 

along the Mississippian margin. Swell waves are wind-generated surface waves that move out of 

the immediate area in which they were generated (Barber and Ursell, 1948). Swell waves can 

travel for many thousands of kilometers across the open oceans (e.g., Barber and Ursell, 1948; 

Munk et al., 1963, 2013; Snodgrass et al., 1966), sometimes even being refracted or redirected by 

oceanic currents (e.g., Gallet and Young, 2012). Due to the long travel distance, shorter waves 
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lose much of their energy and the waves also undergo sorting based on wavelength. As a result, 

swell waves are typically dominated by longer period (10+ seconds) waves with long 

wavelengths (cf. Barber and Ursell, 1948; Munk et al., 1963, 2013; Snodgrass et al., 1966). The 

exact wave properties depend on the intensity of the storm that generated the waves, travel 

distance, and energy dissipation, among other factors (Barber and Ursell, 1948; Allen, 1997). As 

a result, swell waves can affect distant coastlines where there is no, or only minimal, local 

generation of waves by storms. For example, Munk et al. (1963; 2003) have shown that waves 

generated by storms near Antarctica travel almost halfway around the globe, producing large 

waves along the California coast up to 2 weeks later. In addition, Barber and Ursell (1948) 

interpreted swell as having originated in storms over 10,000 km from the margin on which the 

swell waves were recorded. During the Mississippian, the open ocean to the west of the Laurentia 

covered much of the globe due to the convergence of the continents along the eastern Laurentian 

margin as Pangea accreted (Golonka, 2002). Therefore, the open ocean off the Mississippian west 

coast might have provided very large travel distances and diverse approach directions for swell 

waves generated by storms elsewhere in the global ocean. Islands associated with the offshore arc 

could have decreased the fetch and travel distance, in addition to limiting the orientations from 

which swell waves could approach the margin, although the number of islands, and their exact 

location, are unknown.  

 In the modern it is known that swell waves can mobilize sediment to significant depths 

due to their long wavelengths. For example, Harris and Coleman (1998) have shown that very 

fine sand can be mobilized by swell waves at depths of greater than 200 m on modern continental 

shelves. They show that, within the 3-year period studied, swell waves could mobilize very fine 

sand, a hydraulic grain size equivalent to the oscillatory deposits of this study (cf. Fig. 2.12), over 

41% of the world’s continental shelves. In addition, other studies have documented evidence of 

modern swell deposits and resultant bedforms to depths of greater than 200m on modern shelves 

(e.g., Komar et al., 1972; Collins, 1988). Finally, Dumas and Arnott (2006) were able to produce 
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hummocky bedforms in flume experiments with oscillatory velocities of as little as 50 cm/s. 

Using values for the known range of modern swell-wave periods, wavelengths, and wave heights 

(based on observations in Barber and Ursell, 1948; Collins, 1988; NOAA, 2014), it is possible to 

calculate the maximum orbital velocity at the seafloor in varying water depths using the equation 

of Harris and Coleman (1988, their Eqn. 1). Results of such calculations indicate it is reasonable 

to expect production of hummocky and swaley cross-stratification at water depths of less than 75 

m by moderately sized swell waves (e.g., 10 s period, 425 m wavelength, 2 m wave height). In 

addition, swell waves at the upper end of documented wave heights and wavelengths could 

produce these sedimentary structures in water depths of greater than 150 m. These results support 

the postulation that swell waves could have influenced sedimentation to significant depths on the 

Mississippian ramp. 

 Furthermore, it is proposed here that the importance of swell waves can be much greater 

in carbonate than in siliciclastic environments. This is because long-period swell waves, and the 

absence of a significant downwelling current, do not provide a mechanism to advect large 

amounts of sandy sediment offshore, which is required to record the action of high-energy swell 

waves in deep-shelf settings. Siliciclastic swell deposits would therefore be uncommon or even 

non-existent, because the sediment that accumulates in deeper shelf settings is typically muddy 

and would not provide a medium in which the action of swell waves could be recognized. In 

carbonate environments, in situ grain production of coarse sediment in deeper water allows for 

the recording of swell-dominated sedimentation in deeper-water locations. Similarly to 

siliciclastic settings, if the carbonate grains produced in deep water were muddy, the creation of 

easily recognizable swell-wave deposits would be unlikely. 

 The prevalence of echinoderms, and lack of bryozoan colonization in the oscillatory-

current deposits at Cougar Creek suggests they were deposited in the upper to middle portion of 

the mid ramp. The presence of wave-generated structures as opposed to unidirectional-current 

structures (Facies 2,3,4) in the upper portion of the mid ramp precludes the existence of a (strong) 
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downwelling current during much of the deposition of the Livingstone Formation. If large storms 

had affected the ramp often, it would be expected that storm-generated currents and their 

associated deposits (Facies 1) would be fairly common in the succession (Fig. 2.14A). However, 

the presence of only single isolated sets of cross bedding in the Livingstone suggests that large 

dune fields, and the downwelling currents needed to form them, were not common. Based on this 

evidence it is postulated that at least some of the oscillatory-current deposits (Facies 2,3,4) were 

formed by swell waves. The ability of swell waves to mobilize very fine sand to significant water 

depths (Komar et al., 1972; Collins, 1988; Harris and Coleman, 1998), combined with the less-

organized and shorter-wavelength nature of storm waves, could have caused swell wave base to 

be deeper than storm wave base on the ramp. Collins (1988) document this phenomenon on the 

Rottnest Shelf of southwest Australia were swell waves occur continuously year round and are 

able to rework sediment to water depths of 100 m regularly and to even greater depths (150+ m) 

occasionally. Storms waves, comparatively, were only able to affect sedimentation to 100 m 

water depth at most, and were far less frequent that the swell events (Collins, 1988). 

 The abundant oscillatory-current structures and the interpreted paleoclimate of the study 

area suggest that deposition across the Mississippian mid ramp was influenced by both swell and 

storm conditions. Storms, although important when they occurred, were likely not as common or 

dominant on the Mississippian margin as on many modern storm-dominated siliciclastic shelves.  

 

Swaley and Hummocky Cross-Stratification in Carbonate Environments 

 Conventional interpretations of swaley cross-stratification (SCS) on siliciclastic shelves 

are that it forms in the middle to lower shoreface, above fair-weather wave base (Dumas and 

Arnott, 2006; Pint, 2010). Hummocky-cross stratification (HCS) is interpreted to occur in deeper-

water environments, further offshore than SCS on siliciclastic margins (Leckie and Walker, 1982; 

Plint, 2010). 

 While it is possible that the Livingstone deposits are lowstand shorefaces associated with 
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high-frequency sea-level cycles, the evidence for this is lacking. There is no evidence other than 

the SCS for very shallow-water deposition or subaerial exposure; features such as karstic 

surfaces, beach deposits, or terrestrial facies are absent from the Livingstone Formation. It is also 

highly unlikely that a shallow-water shoreface environment would have had cool water as all of 

the biota in equivalent inner-ramp deposits indicate the presence of warm water as would be 

expected in this equatorial setting. Therefore, a lowstand shoreface depositional environment can 

be discounted. 

 SCS is, therefore, not restricted to the shoreface in the Mississippian examples. This is 

likely broadly true of all carbonate settings because carbonate depositional environments are 

usually distinct from siliciclastic environments in terms of the depth-dependence of grain size, 

and aggradation rate, two factors that could impact the formation and preservation of SCS and 

HCS. 

Siliciclastics – In siliciclastic settings, SCS is commonly reported from fine to medium sand and 

HCS is generally reported from coarse silt to fine sand (Leckie and Walker, 1982; Cheel and 

Leckie, 1993). Wave action and unidirectional downwelling or geostrophic currents that exist 

during storms decrease in intensity in an offshore direction. This results in decreasing competence 

distally and produces a fining-offshore graded shelf (cf. Swift, 1970; Cheel and Leckie, 1993). 

 The hummocky bedforms form in part from deposition of grains in suspension, to which 

they likely owe the draping nature of the laminae (cf. Nøttvedt and Kreisa, 1987; Yagishita et al., 

1992; Datta et al., 1999). Therefore, aggradation of hummocks would occur less in proximal 

deposits that contain coarser grains, as the grains are more likely to be transported in bedload than 

in suspension. Where there are abundant finer grains transported by suspension, deposition on 

hummocky bedforms could occur more readily, allowing greater aggradation of individual 

hummocks. This would result in the formation of HCS further offshore where finer grains are 

more common. 

 Recent experimental work has suggested that the difference between HCS and SCS is 
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also in part due to preservation of the hummocky bedform caused by variable rates of aggradation 

(Dumas and Arnott, 2006). Dumas and Arnott (2006) suggests that SCS forms on the shoreface 

due to higher sediment transport rates and a lower net aggradation rate that preserves only the 

lower swaley portion of the bedform, essentially forming as “truncated HCS.” Further offshore, 

decreasing current velocities cause increased aggradation, a combination of increased deposition 

and decreased erosion, preserving the upper hummocky portion of the bedform as HCS. 

Carbonates – Both the spatial distribution of grain size and aggradation rates as a function of 

water depth may be significantly different in carbonate environments. Coarse-grained sediment is 

not limited to nearshore environments in carbonates due to in situ production, even at relatively 

great depths. As such, carbonate margins do not necessarily display the same offshore-fining 

profile as siliciclastic margins. 

 Although sediment can be produced across the entire ramp, aggradation rates can be quite 

low, especially in cool-water environments (cf. James, 1997). The Mississippian mid-ramp 

heterozoan biota likely had a steady, but relatively low, aggradation rate and could have been, at 

least partially, located beyond the distance to which significant sediment could be supplied from a 

shoreward direction (i.e., it lay beyond the influence of coastal downwelling).  

 As a result, low aggradation rates in combination with coarse sediment in distal settings 

would result in the formation of SCS in carbonate systems in much deeper-water locations (i.e., 

below fair-weather wave base) than in siliciclastic environments. Low aggradation rates in 

Livingstone-Formation swell deposits would explain the abundance of SCS over HCS. Variability 

in aggradation rate, grain size, and current velocities as a result of patchy organism distributions 

could even result in a patchy distribution of swaley and hummocky cross-stratification across a 

carbonate ramp. This difference from siliciclastic facies models is demonstrated in the 

Livingstone Formation, where SCS shows no association with a shoreface. 
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2.10 CONCLUSIONS 

1) The Livingstone and middle Opal Member calcarenites were deposited on the mid ramp, 

below the thermocline and fair-weather wave base, in normal-salinity, nutrient-rich, low-

temperature waters.  

2) The deposits are characterized by thick accumulations of echinoderm grainstone. Echinoderm 

grains, although physically large, behave hydraulically equivalent to significantly finer 

siliciclastic grains due to high original porosity. The relatively fine-grained hydraulic nature 

of the sediment allowed for easy movement by swell and storm waves. Echinoderms, adapted 

to living in a rapidly shifting substrate, prevented the widespread colonization of bryozoans 

and other benthic organisms.  

3) Storms were likely rare in the study area due to the low-latitude and west-coast location. 

Long-period swell therefore played a large role in the deposition across the margin. Both 

storms and, more commonly, long-period swell waves created episodically high-energy 

conditions, redistributing sediment across the mid ramp, and forming carbonate sands 

containing abundant oscillatory-generated sedimentary structures.  

4) Although less common than swell events, during large cyclonic storms, coastal set-up 

resulted in downwelling storm-generated currents and offshore migrating dune fields in the 

inner to mid ramp that generated unidirectional cross bedding. At some distance offshore, 

current velocities slowed and the current might have evolved to become shore parallel. 

Sedimentation below the limit of downwelling was dominated by oscillatory and combined 

flows producing SCS, HCS, and planar bedding.  

5) During periods between storms, swell waves dominated the margin for a significant portion 

of deposition of the Livingstone Formation. Oscillatory and combined-flow deposits (SCS, 

HCS, planar bedding) existed across the entire mid ramp. The role of swell waves in 

carbonate environments is probably greater than in equivalent siliciclastic environments. This 

is because in situ sediment production on carbonate shelves provides a mechanism for the 
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occurrence of sand-size grains in water depths normally characterized by muddy sediments, 

and for aggradation that preserves a record of the effects of swell waves. In siliciclastic 

settings, since swell waves do not necessarily provide any mechanism to move sediment 

offshore, aggradation is minimal and thick packages of swell-dominated sediment are not 

preserved. 

6) Swaley cross-stratification, a common feature in the Mississippian deposits, can form in 

carbonate depositional environments other than the shoreface. In situ sediment production of 

sand-sized grains across the shelf and low aggradation rates allow SCS to form between 

storm and fair-weather wave bases on carbonate ramps. 
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Chapter 3 

CARBONATE TIDAL DUNE FIELDS ON AN ORDOVICIAN SILICICLASTIC 

AND CARBONATE MIXED-ENERGY TRANSGRESSIVE PLATFORM  

(CHAZY GROUP, QUEBEC EMBAYMENT)  

 

3.1 ABSTRACT 

The Middle to Upper Ordovician Chazyan platform along the western edge of the Appalachian 

Foreland Basin records a succession of mixed carbonate and siliciclastic sedimentation. Detailed 

study of physically structured calcarenite accumulations at four sites across the platform reveals a 

motif consisting of three facies stacked in a recurring succession: 1) fine-grained mixed 

siliciclastic-carbonate lagoonal deposits, 2) cross-bedded quartz-rich grainstones produced by the 

migration of subaqueous tidal dune fields, and 3) near pure grainstones with mixed-energy (wave, 

combined-flow, and unidirectional) sedimentary structures deposited in open-marine conditions. 

The succession records the flooding of the Chazyan platform, during which time it is interpreted a 

barrier island and lagoon system formed. Lagoonal deposits are separated from the cross-bedded 

carbonates by what is interpreted as a wave ravinement surface created by landward migration of 

the barrier-island shoreface. Effectively unidirectional residual tidal currents are interpreted to 

have produced the erosionally based dune fields. Continued sea-level rise and decreased relative 

importance of tidal currents caused a transition to moribund dune fields and then to open-marine 

carbonates with increased bioturbation and wave influence. Detrital quartz grains interpreted to 

have been originally sourced from falling-stage and lowstand fluvial and shoreface deposits on 

the platform were reworked into the barrier-island sediments and then stranded on the shelf 

during ravinement; such levels in otherwise carbonate successions are a strong indicator that a 

sea-level fall occurred. Bioclastic grains combined with these coarse quartz grains in the tidal 

dune fields to form the transgressive lag. In situ carbonate production subsequently buried the 
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siliciclastics causing an upward decrease in detrital quartz. The dune fields appear to have formed 

as long as there was sufficient sediment and a current strong enough to move it, regardless of 

sediment composition (carbonate vs. siliciclastic) and carbonate grain type. The motif of the 

deposits and facies succession is similar to that of transgressive, wave-dominated, siliciclastic 

shorelines. 

 

3.2 INTRODUCTION 

 Transgressive shoreline deposits are common along many modern coasts, resulting from 

eustatic sea-level rise over the last ~18 ka (Boyd, 2010). They are the focus of significant 

research in both modern environments and their ancient analogues (Cattaneo and Steel, 2003); 

however, most examples are from wave-dominated, mid-latitude settings with predominantly 

siliciclastic sedimentation. Examples outside of this setting, especially where carbonates and 

siliciclastics are being deposited simultaneously, are not common (Boyd, 2010).  

 Rocks on the Middle to Late Ordovician Chazyan platform in the Quebec Embayment 

represent just such an example, with contemporaneous siliciclastic and carbonate sedimentation 

occurring in a tropical, mixed-energy transgressive system. The Chazyan rocks outcrop across 

eastern North America in Ontario, Quebec, Vermont, and New York State (Fig. 1; Appendix B), 

and range from open-marine carbonates to platform-interior siliciclastics and carbonates (Oxley 

and Kay, 1959; Hofmann, 1963; Dix et al., 2013). 

 A variety of physically structured calcarenites and mixed-lithology sandstones occur 

throughout the platform succession, commonly containing conspicuous cross bedding (cf. Oxley, 

1951; Oxley and Kay, 1959; Hofmann, 1961, 1963; Bolton et al., 1991; Mehrtens and Cuffey, 

2003; Mehrtens and Selleck, 2008). Given the potential significance of such calcarenites for 

reconstructing paleo-environments and sequence-stratigraphic subdivisions of carbonate 

successions in general, the Chazyan platform examples deserve more attention than they have 

received in the past. Past work has documented the calcarenites during regional stratigraphic 
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Figure 3.1: Location of the study area across eastern Ontario, southern Quebec, western Vermont and 
northeastern New York showing the field localities studied (stars). Abbreviations: CP = Crown Point, HK = 
Hawkesbury, LQ = Lagacé Quarry, SP = Scott Point, VT = Vermont. Refer to Appendix B for details. 
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surveys and provided interpretations of a small number of individual examples; their regional 

relations and broader implications have, however, not been investigated. 

 The purpose of this study is, therefore, to 1) describe a number of physically structured 

calcarenites across the Chazyan platform, including their sequence-stratigraphic context, 2) 

document compositional variations in the calcarenites and their genetic significance, 3) determine 

the origin of the sedimentary structures, 4) improve the understanding of seafloor and 

oceanographic conditions in the Chazyan sea, 5) investigate modern analogues, and 6) discuss the 

implications for carbonate and siliciclastic transgressive systems elsewhere. Through this we 

attempt to increase our understanding of calcarenite deposition, provide an alternative to the 

commonly used inner-shelf shoal origin for cross-bedded calcarenites, and explore the potential 

similarities and differences between carbonate and siliciclastic deposits formed in transgressive 

settings. 

 

3.3 GEOLOGIC SETTING 

 Chazy Group sediments accumulated on a broad (>220 km wide; Selleck and Bosworth, 

1985) mixed siliciclastic-carbonate platform on the western edge of the progressively deepening 

Appalachian Foreland Basin (Dix et al., 2013). Deposition occurred in a tropical setting (15-25° 

S; Van der Voo; 1988; Scotese and McKerrow, 1990; Witzke, 1990; Golonka,	  2002) in the 

Quebec Embayment, a reentrant along the eastern margin of Laurentia that formed during the 

Neoproterozoic rifting of Rodinia (Fig. 3.2A; cf. Thomas, 2006). Platform-interior facies in the 

landward portion of the Quebec Embayment (present-day west) overlie a Neoproterozoic rift in 

what is termed the Ottawa Embayment. 

  Precambrian crystalline basement rocks were exposed on the Laurentian craton to the 

northwest whereas the contracting Iapetus Ocean lay to the east of the platform. A subduction 

zone and arc-collisional plate boundary formed the basinward edge of the foreland basin ~500 km 
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Figure 3.2: Previous interpretations of paleogeography in the Quebec Embayment. A) Location of the 
study area (box) with respect to the major tectonic and paleogeographic features during the Chazyan. 
Modified from Witzke (1990) and Dix et al. (2013). B) Paleogeographic reconstruction of the funnel-

shaped Ottawa-Quebec Embayment and facies relationships as postulated by Hofmann (1961, 1963, 1979). 
Tectonic elements including the Appalachian deformational margin and Frontenac Arch are shown (from 

Dix et al., 2013). Abbreviations for study locations as in Figure 3.1. North arrow on (A) is North during the 
Chazyan and (B) is present-day North. 
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offshore to the east (Dix et al., 2013).	  Overall deepening through Chazy time is attributed to a 

combination of subsidence due to thrust loading, the passage of a peripheral bulge (Jacobi, 1981; 

Bradley and Kusky, 1986; Dix et al., 2013), and eustatic sea-level rise (Haq and Schutter, 2008). 

 Discontinuous outcrop belts across the region prevent a detailed reconstruction of the 

original paleogeography and facies zonation. Hofmann (1961, 1963, 1979), however, suggested 

that deposition of the Chazy Group in Ontario and Quebec took place in a large-scale funnel-

shaped embayment (Fig. 3.2B). Alternatively, Dix et al. (2013) reinterpreted some of Hofmann’s 

stratigraphy and sedimentology, and suggested that the margin might have had a more open, 

straight coastline (less funnel shaped)(Fig. 3.2A; Dix et al., 2013). Evidence from the pre-

Chazyan Nepean Formation suggests that the Frontenac Arch (cf. Fig. 3.2B) was a positive 

feature along the southern boundary of the Ottawa Embayment during the late Cambrian and 

early Ordovician, producing a semi-enclosed basin (Wolf and Dalrymple, 1985; Sanford and 

Arnott, 2010). In addition, the New York Promontory (Rankin, 1976; Thomas, 1977, 2006), 

including the Frontenac Arch, was likely a positive feature during Chazyan deposition, forming 

the southern edge of the Quebec-Ottawa Embayment (cf. Speyer and Selleck, 1986). This 

evidence supports Hofmann’s (1963) assertion that deposition occurred in a large marine 

embayment.  

 Syndepositional block faulting and Precambrian basement highs undoubtedly created 

complex seafloor bathymetry across the platform. Evidence for this is abundant in eastern Ontario 

and southern Quebec (Clark, 1952; Hofmann, 1963; Dix et al., 2013) and in the Champlain 

Valley where there are incomplete stratigraphic sections (Betchel and Mehrtens, 1995) and syn-

depositional block-fault breccias (Mehrtens and Gleason, 1988). Reefs in the Chazyan strata 

nucleated and formed on elevated bathymetric highs (horsts; Oxley and Kay, 1959; Mehrtens and 

Cuffey, 2003). Cross-bedded calcarenites are typically present at the same localities (Oxley, 

1951) suggesting the bathymetric complexities likely played a role in their formation and 

location. Evidence for a tectonically active Ordovician platform, presumably responding to the 
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flexure caused by thrust loading, is also present in the underlying Beekmantown Group (Dix and 

Al Rodhan, 2006), the overlying Black River Group (Bechtel and Mehrtens, 1995), and the Upper 

Ordovician Trenton Group (Cisne et al., 1982; Mehrtens, 1988).  

 

3.4 STRATIGRAPHY 

 The Middle (Darriwilian) to early Late Ordovician (Turinian) Chazy Group (Fig. 3; Dix 

et al., 2013) has a maximum thickness of 250 m in the northern Champlain Valley (Oxley and 

Kay, 1959), thins westward to ~25 m in the western part of the Ottawa Embayment (Dix et al., 

2013), and to <15 m in a southerly direction before it is absent in the southern Champlain Valley 

(Mehrtens and Selleck, 2008). The term Chazy Group is used informally herein to include all of 

the formations that unconformably overlie the Beekmantown Group, underlie the Black River or 

Ottawa groups, and were deposited in continuity across the Chazyan platform.  

 The Chazy Group in the northern Champlain Valley is split into the Day Point, Crown 

Point, and Valcour formations (Oxley and Kay, 1959). The Day Point Formation is composed of 

the Head, Scott, Wait, and Fleury members (Fig. 3.3). The Head and Wait members are 

predominantly siliciclastics, whereas the Scott and Fleury members are mostly carbonates. The 

Crown Point Formation consists of relatively uniform carbonates and shaley carbonates, and is 

not further subdivided. The Valcour Formation is subdivided into the Hero and Beech members 

(Oxley and Kay, 1959). This three-part formational subdivision of the Chazy-Group is non-

existent in the southern Champlain valley as the package thins, and at the Crown Point Historic 

Site (Fig. 1) the entire 90 m thickness is placed in the Crown Point Formation (Fig. 3; Oxley and 

Kay, 1959; Speyer and Selleck, 1986). Physically structured calcarenites are present in all three 

formations in the Champlain Valley. 

 The group in the Montreal area is composed entirely of the Laval Formation (Hofmann, 

1961, 1963). The Laval Formation is composed of shales and argillaceous carbonates with 

subordinate pure carbonates and sandstones (Hofmann, 1963). The formation has been informally 
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Figure 3.3: Stratigraphic locations of study localities (stars) with stratigraphic correlations and generalized 
lithologies of the Chazyan succession. Not to scale. For discussion on detailed chronostratigraphy and 
biostratigraphy see Speyer and Selleck (1986), and Dix et al., (2013). Abbreviations as in Figure 3.1. 
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subdivided into the lower, middle, and upper members, which roughly correspond to the three 

formations in the Champlain Valley (Fig. 3; Hofmann, 1963; Dix et al., 2013). The basal (lower 

Laval) siliciclastic beds are commonly referred to as the St. Therese Member. 

 The term St. Martin Lithofacies is used to represent a series of calcarenite accumulations 

that are scattered throughout the Laval Formation (Hofmann, 1963; Bolton et al., 1991). They 

occur as isolated lenses or thin tabular beds, are intercalated with fine-grained siliciclastic units, 

and are conspicuously cross bedded. They are present at various stratigraphic positions and 

geographic locations (Hofmann, 1963).  

 Westward in the Ottawa Embayment carbonates of the Laval Formation thin and grade 

laterally into siliciclastics of the Rockcliffe Formation (corresponding to the lower and middle 

Laval Formation), and muddy carbonates of the Hog’s Back Formation (corresponding to the 

upper Laval Formation)(Salad Hersi and Dix, 1996; Dix et al. 2013). The entire (thin) succession 

is siliciclastic west of Ottawa. 

 

3.5 STUDY LOCALITIES AND METHODOLOGY 

 This study examined four sites spread across Ontario, Quebec, Vermont, and New York 

State (Fig. 1; Appendix B). Two of the four sites, Hawkesbury (Bolton et al., 1991) and Lagacé 

Quarry (Hofmann, 1961, 1982), are within the St. Martin Lithofacies of the Laval Formation. The 

third site, at Scott Point on Isle La Motte, Vermont, is located within the Scott Member of the 

Day Point Formation in the northern Champlain Valley (Oxley, 1948; Erwin, 1957; Oxley and 

Kay, 1959; Mehrtens and Cuffey, 2003). The fourth site, Crown Point, is within the Crown Point 

Formation in the southern Champlain Valley, New York State (Baldwin and Mehrtens, 1985; 

Baldwin, 1987; Speyer and Selleck, 1986; Mehrtens and Selleck, 2008). 

 Sections that included the over- and underlying deposits as well as the calcarenites were 

logged at a decimeter scale recording lithology, sedimentary structures, paleocurrent indicators, 

grain size and shape, bed thicknesses, fossil content, and facies relationships including the nature 
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of the contacts between the different facies. The degree of bioturbation was noted using the 

Bioturbation Index (BI) scale of Taylor and Goldring (1993), that ranges from BI 0 

(unbioturbated) to BI 6 (completely bioturbated). Photomosaics were produced from high-

resolution photographs at each locality. 

  Skeletal components, sedimentary textures, and grain sizes were determined, in part, 

from thin sections. Percentages of skeletal components, cements, as well as grain-size 

distributions were estimated using visual comparative charts (cf. Scholle and Ulmer-Scholle, 

2003). Sample collection was not permitted at Crown Point, and petrographic and detailed 

lithologic observations are based on pre-existing literature or field observations, and cited 

accordingly.  

3.6 RESULTS 

Facies  

 Chazyan calcarenites studied here contain a mixture of siliciclastic (up to 50%) and 

carbonate grains (up to 100%). Sedimentary structures, stacking trends, and composition were 

used to subdivide the calcarenites and their enclosing strata (Fig. 3.4) into three facies (Table 

3.1): Facies 1 - cross-bedded grainstone and sandstone; Facies 2 - horizontally bedded, ripple 

cross-laminated, and low-angle cross-bedded echinoderm grainstone; and Facies 3 - horizontally 

bedded, fine-grained mixed siliciclastic and carbonate deposits. Interpretations are based on 

sedimentary structures, paleoecology, and interpretations of similar facies identified in previous 

studies of the Chazyan platform. 

 

Facies 1: Cross-Bedded Grainstone & Sandstone 

Description – This facies, which is the most conspicuous physically structured calcarenite facies 

in the outcrops, consists of sharp-based planar-tabular cross-bedded units with variable 

composition. It is present at all four localities, with maximum thicknesses of 0.6-2.6 m (Figs. 3.4, 

3.5A, 3.6A-C). In the Laval Formation (Figs. 3.6A, 3.6C) it is predominantly echinoderm 
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Figure 3.4: Detailed logs from the four study localities including stratigraphic sections, sedimentary 
structures, paleocurrent orientations (Facies 1 only), and detrital quartz content and grain size. Lithologies 
are carbonate grainstones (calcarenites) unless otherwise indicated. Width of log indicates resistance profile 
of outcrop. Sand grain-size abbreviations: VF = Very fine, F = Fine, M = Medium, C = Coarse, VC = Very 
Coarse. 
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Table 3.1: Lithofacies  

Facies Description Interpretation 
1 – Cross-Bedded Grainstone 

& Sandstone 
Sharp-based, planar-tabular 

cross-bedded units. Lithology 
variable from quartz arenite to 

echinoderm grainstone. 
Contain a component (~5-
50%) of coarse silt to very 
coarse sand-sized detrital 

quartz. Migration directions 
west to north, dip angle 13-

23°. Symmetric and 
asymmetric ripple marks 
present on some foresets. 

 

Migration of subaqueous dune 
fields under predominantly 

unidirectional currents. 
Evidence for opposing 

currents in cross bedding and 
ripples suggests formation by 

residual tidal currents. 

2 – Horizontally Bedded, 
Ripple Cross-Laminated, and 

Low-Angle Cross-Bedded 
Echinoderm Grainstone 

Grainstone with various 
sedimentary structures 
including ripple cross 

lamination, low-angle cross 
stratification, low-angle 

concave up troughs or swales, 
and wavy horizontal bedding. 
Quartz concentration lower 

than Facies 1 (~0-30%). 
Predominantly echinoderms 
and bryozoans but locally 

oolitic. 
 

Deposition in an open-marine 
environment; less tidal 

dominance with increased 
wave-influence. Episodic 
deposition between fair-

weather and storm wave bases. 
Sedimentary structures range 

from unidirectional (cross 
bedding) to oscillatory (wave 

ripples) to potentially 
combined flow (combined 

flow ripples, SCS). 

3 – Horizontally Bedded, 
Fine-Grained, Mixed-
Siliciclastic-Carbonate 

Deposits 

Horizontally bedded, low-
energy fine-grained deposits. 
Underlies the cross-bedded 

facies (Facies 1). Very thin to 
thin-bedded grey-green shales 

and siltstones, very fine to 
fine-grained sandstones, and 
carbonate beds. Carbonate 

beds range from wackestone 
and packstones to grainstones. 
Rare small-scale (<10cm) low-

angle cross bedding in 
sandstone and carbonate beds. 

Low-energy deposition of 
mixed siliciclastics and 

carbonates in a nearshore 
environment. 
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Figure 3.6: Cross-bedded carbonate grainstones (Facies 1) at A) Hawkesbury, B) Crown Point, and C) 
Lagacé Quarry. D) Ripple cross-lamination and swaley cross-stratification in echinoderm grainstones of 
Facies 2 at Lagacé Quarry. 
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grainstone. At the Scott Point outcrop in the Day Point Formation (Fig. 3.5), the lithology varies 

laterally from skeletal quartz arenite to quartz-rich skeletal grainstone (Fig. 3.5B). Biofragments 

in this facies in the Laval and Day Point formations are predominantly echinoderms, with lesser 

amounts of articulate and inarticulate brachiopods, fenestrate bryozoans, trilobites, and ostracods. 

The dominant lithology at Crown Point (Fig. 3.6B) has been documented as oolitic limestone 

(Baldwin and Mehrtens, 1985), an observation confirmed herein by outcrop examination. All 

examples of this facies contain detrital coarse silt to very coarse sand-sized quartz grains, ranging 

from ~5% to greater than 50% (Fig. 3.4). Biofragments are abraded, broken, and fine sand to 

granule-sized. Echinoderm particles are generally medium to very coarse sand that is 

hydraulically equivalent to coarse silt to medium sand-sized quartz grains (cf. Savarese et al., 

1996; Chapter 2). Bioturbation is minimal (BI 0-1) except in a thin (<10cm) completely 

bioturbated bed at Hawkesbury (BI 5-6). 

 The amount of lateral exposure varies between outcrops, however, all examples of this 

facies show some degree of lateral thickness variability. At Scott Point, where there is 

approximately 240 m of semi-continuous outcrop, the unit varies from 1.1 m thick to nonexistent 

(Fig. 3.5D). Most occurrences of this facies contain internal discontinuities (bounding surfaces) 

that dip in the same direction as the foresets, producing compound cross bedding. Sets range in 

thickness from decimeters up to the thickness of the entire cross-bedded unit. Foresets are 

accentuated by elevated quartz concentrations in layers that alternate with quartz-poor laminae. 

They are straight, 1-5 cm thick, and possess modern-day dip angles of 13-23°. The basal contacts 

of most foreset laminae are angular, although a small number of sets possess tangential 

terminations.  

 Migration directions are overwhelmingly unidirectional within each outcrop with only 

rare sets dipping in the opposing direction (Fig. 3.4). The unidirectional migration directions vary 

but are dominantly toward the west or north (i.e., broadly onshore). A subordinate southeast-

oriented cross-bedded set is present at Scott Point and migration directions are roughly northeast 
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at Crown Point (Fig. 3.4).  

 Both symmetric and asymmetric ripple marks occur on foresets at Scott Point, with their 

crests orientated approximately parallel to foreset strike. Symmetrical ripples are common in 

toesets and bottomsets of dunes whereas asymmetric (current) ripples are present on foresets, 

with a migration direction opposite to that of the foresets on which they occur (i.e., up-dip 

migration). 

Interpretation – This facies is interpreted to have been formed by the migration of subaqueous 

dunes (simple and compound) under effectively unidirectional currents. There is no evidence of 

lateral accretion, and it is therefore unlikely that the cross-bedded units represent any type of bar 

or ridge on the paleoseafloor (Dalrymple and Rhodes, 1995; Olariu et al., 2012). Forward 

accretion is indicated by similar dip directions of the laminae in individual cross beds and set-

bounding surfaces. This relationship suggests that cross bedding was formed by dunes or a 

subaqueous delta. Flat bases and variable thicknesses (cf. Fig. 3.5D), however, preclude 

formation as subaqueous deltas. 

 Evidence for current bidirectionality is indicated by rare sets of oppositely directed cross 

beds, as well as current ripples migrating up dune lee faces at Scott Point. In addition, Hofmann 

(1961, 1963) noted that paleocurrent directions in the St. Martin Lithofacies (Laval Formation) 

across southern Quebec had two dominant peaks to the northwest and southeast, although with 

considerable scatter. This observation suggests that the dune fields were formed by tidal currents 

that likely exhibited areas of mutually evasive tidal-transport paths across the Chazyan platform. 

Asymmetry in the ebb and flood currents are interpreted to have generated residual unidirectional 

sediment transport in the direction of the dominant current, which was the landward-directed 

flood current for all cases examined in this study.  

 The evidence for tidal-current action does not preclude the existence or influence of other 

unidirectional currents. Wind- (cf. Kubicki, 2008; Harrison et al., 2003) or storm-generated 

currents (cf. Swift et al., 1986; Duke 1990) could have been responsible for some of the 



 

68 

subordinate paleocurrent orientations. 

 The extensive lateral exposure at Scott Point (Fig. 3.5D) shows that the dunes had a crude 

formset appearance, pinching out laterally only to reappear some distance away. It is, therefore, 

assumed that the cross-bedded interval at Scott Point represents a moribund subaqueous dune 

field and not a tabular cross-bedded unit. Irregularities in the upper surface of the unit could have 

been caused by the migration of small simple dunes over larger dunes. Alternatively, subsequent 

reworking of the moribund dune fields by weak tidal currents or wave action could be responsible 

for their irregular shape. 

 Preserved set thicknesses, corrected for burial compaction, imply that the dunes had 

original heights of 1-2 m if the cross-bedded units represent dune formsets, or perhaps as much as 

3.5-5 m if not (cf. Leclair and Bridge, 2001). These dunes were large to lower very large 2-

dimensional subaqueous dunes (Ashley, 1990). At Scott Point, if the cross-bedded unit (cf. Fig 

5D) is indeed a crude formset, water depth would have been at minimum ~9.5 m (cf. Dalrymple 

and Rhodes, 1995). This is likely an underestimation, however, because the dunes were sediment 

starved with underlying units exposed in their troughs, which would have prevented the dunes 

from achieving heights scaled to flow depth. If all cross bedding comprises formsets, water 

depths would have been as little as 7-12 m. If instead the cross beds sets represent only part of the 

original dune height (cf. Leclair and Bridge, 2001) water depths would have been of the order of 

20-30 m. 

 Biofragments in Facies 1 at three of the four sites (Crown Point excluded) indicate 

normal-marine salinity, and potentially cool water (an interpretation supported by the absence of 

ooids at these localities). Marine ooids at Crown Point (and in Facies 2, discussed below) suggest 

deposition in supersaturated warm water (Simone, 1981), the presence of which could have been 

due to a temperature-stratified water column as suggested by the presence of an inferred cool-

water fauna in deeper water facies (cf. James, 1997). Alternatively, ooids might have been present 

due to areas of locally elevated salinity. Dune height and biota, therefore, suggest that the sands 
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accumulated in an open-marine environment. The depositional environment for Crown Point with 

its ooid grainstones might have been shallower or possessed different oceanographic conditions, a 

point discussed in greater detail below.  

 

Facies 2: Horizontally Bedded, Ripple Cross-Laminated, and Low-Angle Cross-Bedded 

Echinoderm Grainstone 

Description – This facies consists of echinoderm grainstones that overlie the cross-bedded units 

(Facies 1; Figs. 3.4, 3.5A, 3.6D). It is grainy and contains abundant sedimentary structures, but is 

not compositionally distinct like Facies 1 because the amount of detrital quartz is minor and much 

lower than in the underlying cross-bedded units (trace to 30%; Fig. 3.4). Skeletal components in 

most examples of Facies 2 are similar to the cross-bedded facies (echinoderms, bryozoans, 

brachiopods; Fig 3.5C); ooids are only present in a single thin bed at Hawkesbury. Echinoderm 

grains are generally medium to very coarse sand sized, which has a hydraulic equivalence to 

coarse silt to fine sand-sized siliciclastic grains (cf. Savarese, 1996; Chapter 2). A single cross-

bedded unit in this facies at Lagacé Quarry contains elongate subrounded pebble to boulder-sized 

clasts of fine-grained dolostone. Facies 2 at Crown Point is composed of skeletal grains, although 

the exact composition could not be documented.  

 Sedimentary structures are less obvious and less prevalent compared to Facies 1, in part 

due to lower quartz concentrations that do not accentuate structures via differential weathering. 

Structures include wave-ripple cross-lamination, low-angle cross-stratification, low-angle 

concave up lamination (troughs or swales), and wavy horizontal bedding. Thin-bedded (<5 cm set 

thickness) cross laminations contain numerous features characteristic of wave ripples including 

parallel to undulatory lamination grading laterally into cross lamination, unidirectional cross 

lamination strongly tangential to the lower bounding surface, bundles of offshooting foresets, 

bidirectional lenses, draping laminations, erosional sets, and undulatory lower set boundaries (Fig 

3.6D; cf. de Raaf et al., 1977). Some individual sets within the ripple cross-laminated packages 
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indicate unidirectional migration over a distance of several meters and/or are up to 10 or 15 cm 

thick and must, therefore, have been formed by small dunes. Where sets possess concave up 

bases, they share many similarities with swaley cross-stratification (SCS; Fig 3.6D; cf. Leckie 

and Walker, 1982; Cheel and Leckie, 1993). Alternatively, some of the “swales,” as well as some 

of the thicker unidirectional cross-bedded sets, could represent trough cross-stratification formed 

by the migration of small 3D dunes. “Swales” or “troughs” are up to one meter wide.  

 Where unidirectional cross bedding is present it is thinner (commonly <40 cm set 

thickness, with one instance up to 90 cm) and less laterally extensive than in Facies 1. Foresets 

are straight, with both angular and tangential terminations, and have dip angles of <17°. 

Migration directions in Facies 2 cross beds are predominantly to the west or northwest, similar to 

Facies 1. Thin, faintly visible sets at Crown Point differ in that migration directions are to the 

northeast, which are similar to Facies 1 at the site.  

 This facies in the Laval Formation at Hawkesbury contains overturned (convex up) 

brachiopod shells with cement filling shelter porosity, and laterally discontinuous horizontal 

layers of cystoid calyces. Discrete thin to medium beds with sharp bases are, rarely, interbedded 

with the echinoderm grainstone; such discrete beds include brachiopod grainstones at Scott Point, 

and a 25 cm-thick structureless oolitic grainstone and 20 cm-thick fenestrate bryozoan rudstone 

with a quartz-silt-rich lime-mud matrix at Hawkesbury. 

 This facies is more bioturbated than Facies 1, although discrete trace fossils are not 

visible. Bioturbation is less (BI 0-3) where wave or current sedimentary structures are present but 

is more significant (BI 2-4) in wavy horizontally bedded intervals. It can be difficult to 

differentiate between locally increased bioturbation and weathering obscuring poorly defined 

sedimentary structures as the cause of the lack of visible internal laminations. 

Interpretation – This facies is interpreted as having formed in a more variable energy 

environment than the cross-bedded facies (Facies 1). Instead of large, distinct cross-bedded units 

as in Facies 1, this facies comprises thinner cross beds interlayered with wave-generated and 
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combined-flow sedimentary structures, which suggests tidal currents were somewhat less 

important, whereas waves and storm-generated currents were more important. Increased 

bioturbation also suggests that the high-energy processes capable of mobilizing the sediment were 

episodic. Cross-bed sets are interpreted to be thin due to shorter periods of unidirectional current 

dominance, or weaker currents producing dunes at the lower limit of the dune stability field 

(Southard and Boguchwal, 1990).  

 The high carbonate and low siliciclastic content, in addition to the presence of a filter-

feeding biota and only a single occurrence of ooids, suggest that most of the carbonate sediment 

in Facies 2 formed in open-marine environments, potentially in cool-water conditions as 

suggested by the biota, although there are no abiotic indicators that support this postulation. The 

thin, anomalous, ooilitic bed at Hawkesbury, and the fossil-rich beds interbedded with the open-

marine carbonates at Scott Point and Hawkesbury suggest that oceanographic or environmental 

conditions were variable across the platform, or temporally, during deposition of this facies. 

 

Facies 3: Horizontally Bedded, Fine-Grained, Mixed-Siliciclastic-Carbonate Deposits 

Description – This facies is a diverse suite of horizontally bedded, fine-grained sedimentary 

rocks. They underlie the cross-bedded facies (Facies 1; Figs. 3.4, 3.5A) at three of the four 

localities and are, for the most part, not calcarenites. They contain interbedded very thin to thin-

bedded gray-green shales and siltstones, very fine to fine-grained sandstones, and thin limestone 

beds. Limestone beds range from wackestone and packstone (Scott Point) to grainstone 

(Hawkesbury and Lagacé Quarry). Carbonate allochems include echinoderms (primarily 

pelmatozoans, but at Lagacé Quarry echinoid plates are also present), articulate and inarticulate 

brachiopods, bryozoans, trilobites, ostracods, and peloids. Local sandstone, and to a lesser extent 

limestone, beds at Lagacé Quarry contain small-scale (<10 cm) low-angle cross bedding, 

including herringbone cross-stratification, with both broadly east and west paleocurrent 

directions. Bioturbation is sparse to moderate (BI 0-3) in all beds. 
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Interpretation –	  This facies is similar to that described by Hofmann (1961, 1963) as greenish-

gray illite-bearing shales that occur throughout the lower Laval Formation. It is also similar to the 

greenish-gray interbedded to laminated arenite and siltstone facies of Dix et al. (2013). These 

facies are interpreted as tidal sands and muds deposited in relatively shallow water (Hofmann, 

1963) down to storm wave base (Dix et al., 2013). The underlying deposits at Scott Point contain 

less green shale, and have been interpreted by Merhtens and Cuffey (2003) as being deposited in 

a low-energy platform-interior “lagoon.”  

 The fine-grained nature of this unit suggests deposition of mixed siliciclastics and 

carbonates in a predominantly low-energy depositional setting. The sedimentary structures 

suggest episodic or occasional weak to moderate-energy tidal currents and wave action. The high 

siliciclastic content of this facies suggests that it accumulated close to land, given than such 

material does not move very far from the terrestrial source (cf. Plint, 2010).  

 

3.7 DEPOSITIONAL MODEL 

 At the studied outcrops these three facies form a characteristic motif as they are stacked 

in a recurring succession: 1) low-energy deposits (Facies 3), 2) cross-bedded grainstones and 

sandstones (Facies 1), and 3) the variable-energy grainstones (Facies 2)(Fig. 3.4). There are two 

potential depositional models that could explain the juxtaposition of high-energy carbonate dune 

fields (Facies 1) immediately over low-energy mixed-lithology deposits (Facies 3). In the first, 

low-energy inner-platform sedimentation occurred landward of submerged topographically 

elevated carbonate sand accumulations on the inner to mid platform (cf. Martindale and Boreen, 

1997; Mehrtens and Cuffey, 2003) that are represented by the carbonate dune fields. In this model 

the inner-platform is colloquially referred to as a “lagoon” and the sand barriers referred to as 

“shoals.” In the second model, an emergent barrier-island complex fronted the low-energy 

deposits and the carbonate dune fields formed seaward of the barrier-island complex (cf., 

Cattaneo and Steel, 2003; Boyd, 2010). In both models the inner-platform is protected from high-
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energy marine processes, allowing the deposition of fine-grained sediment that contains 

significant quantities of siliciclastic material because of its land-proximal depositional setting. 

 The contact between Facies 1 and 3 in outcrop is sharp, with no evidence of the 

interfingering or lateral adjacency of the deposits that would be expected if subtidal sand bodies 

fronted a low-energy inner platform. This contact most likely formed by large-scale erosion. In 

addition, at least some of the dune fields were sediment starved and it is unlikely, given their 

limited thickness, that they were large enough to have provided any sort of barrier to high-energy 

open-marine processes. Finally, many of the detrital quartz grains in Facies 1 are too coarse (fine 

to very coarse sand) to have been transported a significant distance offshore by either marine 

(Nittrouer and Wright, 1994), or aeolian processes (Nickling and Neuman, 2009). If subtidal sand 

bodies fronted the low-energy inner-platform it would, therefore, be difficult to explain how the 

quartz grains were transported across the low-energy inner platform to the carbonate sand bodies, 

especially without widespread accumulation of similar grain-size deposits in the landward 

deposits (Facies 3). Some of the quartz grains could have been sourced from local Precambrian 

highs, but similar coarse quartz grains are not present in the low-energy “lagoonal” deposits at the 

same locations, suggesting the highs were not the immediate source. These pieces of evidence 

suggest that contemporaneous inner-platform, low-energy sedimentation with seaward, 

submerged sand shoals is unlikely, and that the studied successions were instead produced by the 

landward migration of a barrier-island complex. 

 The deposits themselves, particularly the common stacking pattern and contacts between 

each facies at all four sites (Fig. 3.4), support the migrating barrier-island interpretation, as 

discussed in further detail below. Based on this interpretation, a simplified facies succession of 

transgressive deposits is proposed herein (Figs. 3.7, 3.8). The trend of the succession is one of 

progressive deepening, from lagoonal deposits (Facies 3) into a cross-bedded normal-marine unit 

(Facies 1) and subsequently to further offshore open-marine carbonates (Facies 2).  

 The detrital quartz grains in Facies 1 (Fig. 3.4) would have been originally sourced from 
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Figure 3.7: Simplified depositional succession for Chazyan transgressive deposits. Legend as in Figure 3.4. 
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Figure 3.8: Simplified cross-section of the depositional environments during transgression as sea-level rise 
progresses from A) to B). The resultant facies succession represented by the gray box (bottom left) is seen 
in Figure 3.7. Abbreviations: FWWB = Fair-weather wave base, LST = Lowstand systems tract, SWB = 
Storm wave base, WRS = Wave Ravinement surface. 
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the Precambrian Shield or from local fault-bounded basement highs. The grains were brought out 

onto the Chazyan platform, presumably by fluvial or aeolian processes, prior to deposition of the 

calcarenites and are interpreted to have been deposited in falling-stage and lowstand fluvial and 

shoreface deposits. The lowstand shoreline on the Chazyan platform must have, therefore, been 

seaward of the study localities. The flooding of the platform that followed is what is recorded in 

the calcarenites and associated deposits presented here (Figs. 3.7, 3.8). 

 Sea-level rise allowed for the formation of a subaerially exposed barrier island and a 

back-barrier lagoon, a geomorphology that is very common on wave-dominated shorelines 

(Cattaneo and Steel, 2003). Lagoonal sediments were protected from energetic waves and tidal 

currents by the barrier islands, allowing accumulation of predominantly fine-grained sediments 

(Facies 3). Siliciclastic sediment was likely supplied by rivers and deposited mainly on the 

landward side of the lagoon. Calcareous sediment accumulated in more seaward locations, in both 

muddy low-energy environments and in higher-energy environments where tidal currents or 

waves winnowed the fines (cf. Mehrtens and Cuffey, 2003; Dix et al., 2013), producing grainy 

deposits. Absence of any indicators of restriction (high salinity) suggests the lagoon was broad 

and possessed relatively open connections to the sea, probably through tidal inlets or other gaps in 

the chain of barrier islands. Marine and lagoon waters exchanged through these inlets would have 

maintained normal-marine salinity in, at least, the seaward portion of the lagoon. The presence of 

abundant tidal inlets is implied by the evidence of tide dominance on parts of the platform (Facies 

1). Lagoonal deposits could have been patchy in distribution due to preexisting topography on the 

Chazyan platform as well as variable erosion during subsequent ravinement, with only local 

preservation. This would explain their absence at Crown Point. The coarse lowstand deposits 

would lie at the level of, or immediately below, the lagoonal deposits of Facies 3, although they 

too would be patchy across the platform.  

 Continued sea-level rise is interpreted to have caused retreat of the barrier islands and 

landward migration of the coastline and lagoon. Erosion on the shoreface during landward 
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migration of the barrier island would have truncated pre-existing deposits, and created a wave-

ravinement surface, which is recognized in this study as the sharp contact between Facies 3 and 

Facies 1 (Fig. 3.7). The barrier islands were likely composed of both siliciclastic and carbonate 

grains sourced from the lowstand (siliciclastic) shoreface, underlying (siliciclastic) fluvial 

deposits, and (mixed lithology) lagoonal deposits by transgressive erosion (cf. Swift, 1975, 1976), 

and landward transport of open-marine carbonates. At least at the localities in this study, 

ravinement was sufficient to completely cannibalize the barrier-island and any tidal-delta 

deposits, although they might be preserved elsewhere. None of the skeletal fragments in the 

Chazyan facies show evidence for any originally aragonitic components. This lack of aragonite, 

in combination with the potentially high siliciclastic content of the shoreface, as well as 

possibility that migration of the barrier island was fairly rapid (cf. Sanders and Kumar, 1975a,b) 

might explain the absence of evidence of any early cementation on the barrier island. 

 As sea level continued to rise, an erosively based, upward-deepening package of 

sediments was deposited on the wave ravinement surface (Facies 1 and 2). On many siliciclastic 

transgressive margins, the post-ravinement shelf is sediment starved (Cattaneo and Steel, 2003). 

On the Chazyan platform, however, in situ carbonate production caused continued accumulation 

on the platform, in part because siliciclastic sediment sourced from the coast was trapped in the 

lagoon. As the carbonate factory on the platform started up, early bioclastic particles were 

intermixed with siliciclastic grains contained in the transgressive lag that had been created during 

ravinement. These early, mixed siliciclastic-carbonate, post-ravinement deposits were shaped by 

residual tidal currents, producing carbonate dune fields (Facies 1). The dune fields were localized, 

as suggested by lateral discontinuity of the calcarenites at the regional scale (cf. Hofmann, 1963; 

Oxley and Kay, 1959), either due to spatial variability in the strength of the currents or local 

sediment accumulations controlled by hydrodynamic processes. 

 Continued inundation caused open-marine carbonate production to become more prolific, 

burying the dunes. The gradual deepening led to decreased relative importance of tidal currents, 
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caused by either weakened tidal currents, increased wave action, or a combination of both. Open-

marine carbonates (Facies 2) infilling the troughs of the dunes suggest that these large dune fields 

became moribund with time. The change from tidally dominated dunes to mixed-energy, open-

marine carbonates in the majority of the studied outcrops suggests a common reason for the 

motif, which was probably continued sea-level rise, as opposed to local tectonics or a specific 

regional event in each individual succession. Detrital-quartz concentrations are greatest in the 

cross-bedded unit (Facies 1) and decrease upward (Fig. 3.4), because in situ carbonate production 

that generated Facies 2 diluted and ultimately buried the transgressive lag and any exposed 

underlying siliciclastic deposits. 

  Tidal currents persisted but were somewhat weaker during the deposition of Facies 2. 

Wave action was intense enough, at least episodically, to disrupt dune formation and produce 

oscillatory and combined-flow bedforms across the seafloor. In addition, bioturbation increased in 

these open-marine deposits, likely due to extended periods of quiescence between high-energy 

events. 

  The wave-generated sedimentary structures in Facies 2 constrain deposition for the sands 

in this study (Crown Point excluded) to areas above storm wave base. Sediments on the Chazyan 

platform accumulated on a gentle, seaward sloping surface, the geometry of which would likely 

be best described as a ramp (cf. Burchette and Wright, 1992). As such, the calcarenites were most 

likely deposited on the mid ramp, above storm wave base, but below the bottom of the shoreface 

and fair-weather wave base.  

 The interpreted succession in these calcarenites represents a transgressive systems tract 

(TST). The sequence boundary is interpreted to lie at some location below Facies 3, representing 

the subaerial exposure surface that was inundated by the encroaching lagoon as relative sea level 

rose. The surface at the base of the cross-bedded facies (Facies 1) is a flooding surface and a 

wave ravinement surface (cf. Cattaneo and Steel, 2003). It likely also represents an offshore tidal 

ravinement surface (cf. Reynaud et al., 2003; Reynaud and Dalrymple, 2012) caused by tidal-



 

79 

current erosion in the troughs of the dunes. The maximum flooding surface lies in or above the 

open-marine carbonates of Facies 2. The transgressive origin of the dune fields agrees with 

previous interpretations of individual calcarenites in the basin (Mehrtens and Cuffey, 2003), as 

well as the regional transgressive nature of the lower and middle Chazy Group (Hofmann, 1963; 

Dix et al., 2013). 

 

3.8 DISCUSSION 

 A number of components in the above interpretation require further discussion. These 

include: 1) the reason for tidal dominance on part of the platform, 2) the stratigraphy of the 

calcarenites, 3) the variations on the model in the Chazyan, 4) comparison with any analogues, 

and 5) the broader implications and relations of the Chazyan deposits to both siliciclastic and 

carbonate sedimentary rocks.  

 

Tidal-Current Amplification 

 Tidal currents were the dominant process responsible for the transgressive dune fields 

(Facies 1). Overlying open-marine, and to a lesser extent the lagoonal deposits, however, show 

evidence of both waves and tides. Additionally, the barrier-island shoreface was wave dominated. 

The nature of the significant tidal-current velocities that were present, at least locally, on the 

platform must therefore be addressed.  

 Basin geometry could have amplified tidal currents at the regional scale. This mechanism 

is likely as evidence suggests the Ottawa Embayment maintained, or attained, a funnel shape (Fig. 

3.2B; Hofmann, 1963). Paleoccurrent data in this study (Fig. 3.4) and in other calcarenites in the 

St. Martin Lithofacies (Hofmann, 1963) show currents flowing west-northwestward into the 

Ottawa Embayment, supporting this supposition. Funnel-shaped embayments are capable of 

significantly amplifying the tidal range and the associated currents (Dalrymple, 2010), and are 
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responsible for some of the largest tidal ranges on modern shelves (Archer and Hubbard, 2003). 

Whether or not the entire platform was within the funnel-shaped embayment, as well as location 

within the embayment, would have affected the strength of tidal currents and the pervasiveness 

and size of dune fields at various locations across the platform. In addition, the distribution of the 

dune fields was likely related to sediment availability and the resultant distribution of bedforms 

on the tide-swept seafloor (cf. Belderson et al., 1982).  

 Local tidal-current amplification caused by bathymetric constrictions (i.e., either 

between, around, or on top of local bathymetric highs or fault blocks) could have also created 

local areas of elevated tidal-current velocities, especially if combined with regional increases in 

tidal-current strength.   

 

Calcarenite Stratigraphy 

 Three of the four outcrops studied (Crown Point excluded) occur at broadly similar 

stratigraphic positions in the Chazyan succession. The carbonate sands directly overlie the basal 

Chazyan siliciclastic formations or members (i.e., at the base of the Scott Member, atop the lower 

Laval Formation siliciclastics, or overlying either the Rockcliffe Formation or St. Therese 

Member). This relationship suggests that all of these calcarenites were deposited during the initial 

major flooding of the platform. The surface on which they formed would then be a broad, lower-

order regional flooding surface, and likely a diachronous ravinement surface. The patchy nature 

of the dune cross-bedded facies (Facies 1) is a result of local tidal amplification or due to the 

presence of local hydrodynamic sediment accumulations as noted above. Other cross-bedded 

intervals within the Chazyan succession are not restricted to the initial inundation of the margin 

but occur at other stratigraphic horizons. This disposition suggests that multiple sea-level 

fluctuations, potentially of varying order, occurred through Chazyan time with individual 

transgressive calcarenite successions (including dune fields) generated by separate pulses of 

transgression caused by higher-order sea-level fluctuations. 
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Variations on the General Model in the Chazy 

 Chazyan outcrops exhibit variability not incorporated explicitly in the proposed 

environmental succession (Figs. 3.7, 3.8).  

Crown Point Historic Site – The Crown Point section is a less complete succession compared to 

the other study localities (Fig. 3.4) in that the lagoonal deposits (Facies 3) are absent and the 

cross-bedded unit (Facies 1) is instead underlain by horizontally bedded carbonates of Facies 2. In 

addition, the cross-bedded unit is an oolite (Fig. 3.4; Baldwin and Mehrtens, 1985) rather than a 

heterotrophic skeletal grainstone. This demonstrates that transgressive dunes can also form in 

areas with photozoan skeletal and non-skeletal grains. This observation suggests that as long as 

the hydrodynamic conditions for formation of subaqueous dune fields are met, regardless of 

whether the grains are siliciclastic or carbonate, the biota and the paleo-oceanographic conditions 

are irrelevant. The presence of ooids could be due to a temperature-stratified water column with 

formation of dunes above the thermocline in local areas of shallow water (i.e., perhaps on top of a 

fault block), with the non-oolitic deposits of Facies 2 representing the sub-thermocline deposits. 

A block-fault interpretation would explain the absence of low-energy lagoonal deposits (and also 

the underlying Day Point Formation; Fig. 3.3), either because the lagoon did not form on the horst 

or was removed by subsequent ravinement. 

Hawkesbury – At Hawkesbury, thin (10-15 cm thick) horizontally bedded, normally graded 

grainstone beds with minimal (<5%) fine sand-sized quartz (Facies 2?) occur between the 

lagoonal deposits (Facies 3) and the cross-bedded unit (Facies 1; Fig. 3.4). Skeletal fragments in 

the beds are unabraded and coarse grained. These beds are similar to some of the limestone beds 

in Facies 3. They might have been deposited on the seaward side of the lagoon where depositional 

conditions were essentially open-marine, and preserved due to shallow erosion along the 

ravinement surface. Alternatively, they could have formed adjacent to the dunes and were 

subsequently over-ridden, but not eroded, by dune migration, as is suggested by the presence of a 

component (although small) of detrital quartz.  
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Lagacé Quarry – The cross-bedded unit (Facies 1) at Lagacé Quarry is overlain by 30-40 cm 

thick greenish-gray shale, which is in turn covered by a unit that, although cross-bedded (Facies 

2), contains subrounded, elongate, pebble to small boulder-sized clasts of fine-grained (<40 µm) 

dolomite (Fig. 3.4).  This unit is, in turn, overlain by more open-marine deposits of Facies 2 that 

lack these clasts. It is possible that the clasts were eroded from an unexposed, nearby fault-

bounded uplift of the underlying Carillon Formation or a lower part of the Beekmantown Group. 

Alternatively, the succession could represent a minor relative-sea-level fall following formation 

of the subaqueous dunes, followed by renewed transgression that returned the locality to low-

energy lagoonal conditions similar to the underlying Facies 3. In this case, presumably 

somewhere relatively nearby, lime mud was accumulating in the lagoon, which was at some later 

time dolomitized. The base of the dolomite-bearing cross beds would in this situation be a second 

ravinement surface, providing a source for the dolomite clasts in the subsequent cross-bedded 

unit. 

 

Analogues 

 Carbonate and siliciclastic subaqueous tidal dunes analogous to those on the Chazyan 

shelf have been described in both the rock record and in modern environments (Dalrymple, 2010; 

Reynaud and Dalrymple, 2012). Examples occur in embayments or straits with high tidal-current 

velocities (e.g., Harris, 1988; Malikides et al., 1988; Reynaud and James, 2012; Olariu et al., 

2012; James et al., 2014) and in open-shelf environments (e.g., Stride et al., 1982; Berné et al., 

2002; Harrison et al., 2003).  

 The carbonates on the West Florida Shelf (Edwards et al., 2003; Harrison et al., 2003) are 

a particularly relevant analogue for the Chazyan platform as interpreted here. The West Florida 

Shelf is covered with a thin layer of mixed siliciclastic-carbonate sand, and was flooded by post-

glacial sea-level rise (Harrison et al., 2003). The inner shelf is locally covered by a variety of sand 

ridges and subaqueous dunes that are in places sediment starved (Harrison et al., 2003; Edwards 
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et al., 2003). Older, post-glacial sediment preserved underneath the surficial sand layer is an 

organic-rich mud that accumulated before formation of the ridges and subaqueous dune deposits, 

and is interpreted as having accumulated in back-barrier lagoons or open-marine inner-shelf 

environments (Edwards et al., 2003). These muds are compositionally similar to Facies 3 of this 

study, and both are interpreted as having accumulated in a back-barrier lagoon. In addition, 

Edwards et al. (2003) note that those underlying lagoonal sediments are separated from the 

overlying sand layer by a ravinement surface. Finally, the ridges have a much greater carbonate 

content than the beaches along the coast (Edwards et al., 2003). This offshore trend to decreasing 

detrital quartz content is similar to the upward decrease that occurs from the cross-bedded unit 

(Facies 1) into the overlying deposits (Facies 2) in the Chazyan examples. 

 Hydrodynamic accumulations of carbonate sand in both successions formed during sea-

level rise. The physical processes responsible for the ridges and dunes on the West Florida Shelf 

are interpreted as being a combination of tidal currents, storm-generated flows, and seasonally 

developed surficial (wind-driven) currents (Harrison et al., 2003). Although tidal currents are 

interepreted here as the dominant processes on the Chazyan platform it is possible that similar to 

the West Florida Shelf, wind- and storm-generated currents also played a role. The modern West 

Florida shelf is a stable platform in an icehouse time, whereas the Chazyan platform was 

tectonically active in a greenhouse time, demonstrating the widespread applicability of this 

model.  

 

Absence of Submarine Sand Ridges on the Chazyan Shelf 

 Sand ridges, large-scale elongate sand bodies that do not scale with flow depth and can be 

on the order of kilometers in length, are found on many modern, recently flooded shelves 

(Snedden and Dalrymple, 1999). Recent workers have proposed that many ridges, including those 

on the modern West Florida Shelf formed by the coalescence of large dunes (Harrison et al., 

2003; Schwarz, 2012).  
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 The Chazyan dunes in the studied outcrops became moribund and did not evolve into 

sand ridges. The most likely reason for the lack of ridges in these outcrops is that there was 

simply not enough sediment for ridges to form, as is suggested by the sediment starvation at Scott 

Point. Ridges on the West Florida Shelf developed in a fairly short time period, so rapid 

inundation across the broad Chazy platform could have been only a secondary reason for the 

absence of ridges. It is also possible that reversing tidal currents slowed the accumulation of sand, 

and thereby inhibited ridge development (cf. Snedden and Dalrymple, 1999).  

 These conditions explain the absence of ridges in sediment-starved locations such as 

Scott Point, but it remains possible that at certain times, or at certain locations across the 

platform, the sediment availability was sufficient to allow ridges to form. Some of the numerous 

examples of the St. Martin Lithofacies identified by Hofmann (1961, 1963) in southern Quebec 

could be ridges; but further research is needed to confirm this suggestion. The patchy distribution 

of the St. Martin Lithofacies would be reasonable for ridges, which commonly occur in groups 

with regular spacing (Off, 1963; Snedden and Dalrymple, 1999).  

 

Broader Implications 

 The Chazyan platform was a tropical, mixed-energy transgressive system with 

contemporaneous siliciclastic and carbonate sedimentation. A number of important broad 

implications can be drawn from its study.  

Transgressive, Wave-Dominated Siliciclastic Shorelines – Most importantly, the deposits and 

facies succession share strong similarities with those of transgressive, wave-dominated, 

siliciclastic shorelines (cf. Cattaneo and Steel, 2003; Boyd, 2010). The depositional model 

presented in this study is, therefore, likely to be broadly applicable, given that most shorelines 

around the world are wave dominated, even in macrotidal areas (Yang et al., 2006; Dalrymple, 

2010). Unlike siliciclastic systems, carbonate transgressive deposits do not necessarily fine 
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upwards above the ravinement surface because there is no simple correlation between water 

depth, energy level, and grain size in carbonate systems. 

Similarity to Siliciclastic Sands – Although some carbonate sands differ from siliciclastic 

equivalents because of in situ grain production, variable aggradation rates, and complex spatial 

distributions of grain sizes (e.g., Chapter 2), grain composition did not affect the resultant sands 

on the Chazyan platform. This suggests that as long as carbonate grains behave hydrodynamically 

similar to siliciclastics, they will produce similar products.  

Dominant Hydrodynamic Processes – The depositional reconstruction provided here would 

have generated a unique juxtaposition of variable process dominance across the transgressive 

Chazyan platform. Lagoonal deposits contained evidence of both wave and tidal influence, 

although both processes were relatively weak. The barrier-island shoreline would have been 

wave-dominated, creating a wave-ravinement surface during transgression. At the same time, 

numerous tidal inlets, caused by the appreciable tidal flux that is implied by the inferred tidal 

origin of the dunes that overlie the ravinement surface, likely dissected the barrier islands. Tidal 

currents, however, did not dominate sedimentation everywhere, or throughout the entire 

transgression. As shown by the sedimentary structures in Facies 2, seaward locations experienced 

episodic wave action capable of dominating sedimentation. This relationship suggests that there 

was a fine balance between tidal currents and wave action across the platform, producing a 

complex mixed-energy depositional spectrum. If one of the two processes was weaker, the 

resultant deposits would have been different. If tides were weaker, the lagoon could have been 

restricted (i.e., tidal inlets would have been fewer and more widely spaced, leading to the 

possibility of developing elevated salinity in the lagoon). In addition, tidal currents might not 

have been important immediately following transgressive ravinement, and instead wave and/or 

combined-flow deposits would immediately overlie the ravinement surface. 

Significance of Detrital Quartz – Detrital quartz grains in the Chazyan calcarenites are 

interpreted to have been sourced from underlying falling-stage and lowstand deposits. This 
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interpretation can be expanded to isolated horizons in other carbonate successions that contain 

detrital siliciclastic material that is “anomalous” (i.e., more abundant and/or coarser than in 

adjacent units). In these instances the detrital quartz must be associated with a previous sea-level 

fall, and creation of a sequence boundary, on which lowstand (primarily fluvial) deposits are 

subsequently reworked. This relationship can be applied to carbonate successions elsewhere to 

help reconstruct sea-level history. 

Applicability to Other Carbonate Sands – Transgressive carbonate sand sheets deposited 

during the landward-migration of barrier islands have only been rarely interpreted in the rock 

record (e.g., the Mississippian High Tor limestone of southwest Britain; Burchette et al., 1990). 

Comparatively, modern carbonate systems with subaerially exposed barrier islands have been 

documented in a number of locations including the Persian Gulf (e.g., Evans et al., 1973) and the 

Balearic Sea (e.g., Fornos and Ahr, 1997), although little work has been done on their formation 

and response to sea-level change. The depositional model and interpretation of the Chazyan 

calcarenites, along with the presence of modern carbonate barrier islands, suggest the possibility 

that barrier-island complexes and the associated transgressive sand sheets might be an under 

attributed and unexplored interpretation for some inner- to middle-shelf carbonate sands 

(commonly referred to as shoals). The transgressing barrier-island model provides an alternate 

explanation for these calcarenites, as opposed to assuming, as is often done, that they represent 

platform-margin shoals (i.e., Bahamas; Rankey and Reeder, 2012). Transgressive carbonate 

systems, whether there is contemporaneous siliciclastic sedimentation or not, might, therefore, 

mimic transgressive siliciclastic systems more than has been previously interpreted. Modern 

carbonate barrier-islands that are interpreted as being progradational, such as those in the Persian 

Gulf (Evans et al., 1973), could be examples of what were originally transgressive carbonate 

barrier-island systems that have begun to accrete on their seaward face during the current sea-

level stillstand (cf. Boyd, 2010). In addition, ancient sand bodies that are interpreted as being 

submerged on the inner to middle shelf (i.e., not subaerially exposed barrier islands) might 
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represent transgressive submergence of barrier islands, and their subsequent reworking, due to 

rapid relative-sea-level rise (cf. Sanders and Kumar, 1975a,b; Penland et al., 1988).  

 

3.9 CONCLUSIONS 

1) Chazyan sand bodies and their encasing rocks were deposited during sea-level rise on a 

tropical, mixed-energy platform with both siliciclastic and carbonate sedimentation. The deposits 

represent a balance between wave and tidal processes across the platform. 

2) Barrier islands and back-barrier lagoons formed during sea-level rise. Lagoonal deposits were 

fine-grained, low-energy mixed carbonates and siliciclastics. The salinity in the lagoon was close 

to normal marine, at least in the seaward part, because of the likely presence of tidal inlets that 

allowed free water exchange. 

3) Subaqueous carbonate tidal dune fields formed seaward of the barrier islands. The deposits 

abruptly overlie lagoonal sediments at a wave ravinement surface formed by the landward 

migration of the barrier-island complex. Barrier-island deposits are not preserved at the study 

localities. The cross-bedded carbonates contain between 5-50% detrital quartz that is believed to 

have been sourced from lowstand fluvial and shoreface deposits that were reworked during 

transgressive erosion, concentrating coarse grains in a transgressive lag that was reworked and 

incorporated into the carbonate dune fields.  

 Localized dune fields formed under effectively unidirectional residual tidal currents in 

mutually evasive flow patterns across the platform. Tidal-current velocities might have been high 

due to amplification in the funnel-shaped Ottawa embayment, and/or in local bathymetric 

constrictions on the seafloor associated with block faulting. Dunes were too sediment starved to 

evolve into ridges at the localities in this study. Sand ridges could have, however, existed at other 

localities across the Chazyan shelf.  

4) As sea-level rise proceeded, in situ carbonate production buried the dunes, the relative 

importance of tidal currents decreased, and wave-influenced, open-marine carbonate sands 
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accumulated. Burial of siliciclastics on the seafloor resulted in lower detrital quartz 

concentrations in the overlying open-marine carbonates.  

5) The general motif of the Chazyan transgressive deposits is similar to that formed by 

transgressive, wave-dominated siliciclastic coastlines and, as a result, this model is likely to be 

broadly applicable to inner- and mid-ramp carbonate successions of all ages.  It is an alternative 

to the subaqueous-shoal model that has been widely used in other calcarenite successions.   
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Chapter 4 

DISCUSSION AND CONCLUSIONS 

4.1 GENERAL DISCUSSION OF CALCARENITES 

 Analysis of the Mississippian and Ordovician calcarenites described in the preceding 

chapters confirms that not all physically structured carbonate sands fit the paradigm of inner-ramp 

or platform-margin deposition. Additionally, this study has demonstrated that the relationships 

between carbonate and siliciclastic equivalents are not always straightforward. Carbonate sands 

share many similarities with siliciclastic sands formed under similar hydrodynamic regimes. 

However, disparity between the two occurs when the hydrodynamic processes and resulting 

products are sensitive to variability in those parameters that differ between siliciclastic and 

carbonate sediments. These parameters include accumulation rate, the spatial distribution of grain 

size as a function of water depth, and the hydrodynamic behavior of the grains. The Chazyan 

dune-field deposits were similar to siliciclastic analogues despite the difference in grain 

composition, demonstrating the result in situations where there are only minimal differences in 

the aforementioned parameters. Comparatively, large differences between siliciclastics and the 

carbonate sediment in the Mississippian sediments lead to a dissimilar organization of 

sedimentary structures, as well as facies successions that differ from those that would be expected 

in siliciclastics deposited under similar conditions. 

 

4.2 COMPARISON OF MISSISSIPPIAN AND CHAZYAN CALCARENITES 

 The Mississippian and Chazyan calcarenites both represent subtidal high-energy 

deposition of carbonate sands, but they differ in a number of aspects, specifically: 1) the detrital 

quartz concentrations; 2) the dominant hydrodynamic processes; 3) the sea-level history; and 4) 

the size and thickness of the deposits. 
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Detrital Quartz Content 

 A significant difference between the two successions is the presence of detrital quartz 

grains in the Chazy and their absence from the Mississippian. Quartz content is important not 

only for its usefulness in defining sedimentary structures in outcrop, but also because its presence 

can provide important information that cannot be gained from the carbonate grains about the sea-

level history, and the nature of coastal processes. 

 Detrital quartz grains are an important indicator of proximity to the coast or other 

contemporaneous sources of siliciclastic sediment, and sea-level history as it relates to sediment 

distribution across a platform. The Mississippian sediments in this study were deposited below 

fair-weather wave base, and the lack of quartz grains suggests they were too far offshore to be 

supplied with detrital quartz grains from the Precambrian craton to the east (Fig. 2.2). In addition, 

the margin had been flooded for so long that any nearby sources of siliciclastic sediment were 

buried by open-marine carbonates. By contrast, the Chazyan calcarenites contain abundant 

detrital quartz grains at specific horizons (Fig. 3.4). Their presence provides strong evidence that 

the coastline lay seaward of the study sites at some time preceding deposition of the quartz-

bearing carbonate units, a key piece of evidence used to determine the relative-sea-level history of 

the deposits (i.e., the preceding lowstand and subsequent transgression). The presence of multiple 

quartz-rich units throughout the Chazyan succession suggests that there might have been multiple 

times during which the shoreline was at a further seaward location.  

 

Hydrodynamic Processes 

 Wave action and storm currents were the most important hydrodynamic processes during 

deposition of the Mississippian sands, whereas the Chazyan deposits were influenced by both 

waves and tides, with tidal currents dominating sedimentation in the most prominent facies, the 

dune fields. The factors that lead to this dissimilarity are likely 1) the paleoclimatic setting and 

other controls on storm and wave frequency and intensity, 2) the coastal geography and 
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topographic settings, and their relation to tidal currents, and 3) water depths. Similar reasoning 

explains areas of varying process dominance on modern shelves (e.g., Swift and Thorne, 1991; 

Harris and Coleman, 1998; Porter-Smith et al., 2004; Daylander et al., 2013).  

1) The difference in process dominance between the two areas might have been due to the 

absolute difference in wave energy, as dictated by storm and swell frequency and intensity. 

The frequency and intensity of these events might be caused by the climate belts the two 

study areas were situated in. Abundant oscillatory and combined-flow deposits on the 

Mississippian mid ramp indicate that wave events (storm and swell) were common. Evidence 

for wave events in the Chazyan deposits is, however, comparatively less. The paleolattitude 

and paleogeography of the Chazyan platform (Fig. 3.2A), however, suggest that tropical 

storms and even occasional winter storms should have affected the area (Marsaglia and Klein, 

1983).  

 One explanation for the lack of wave deposits on the Chazyan platform is the funnel-

shape of the Ottawa embayment (cf. Fig 3.2B), which would have partially sheltered a 

portion of the platform from ocean-generated swell and wind-driven currents approaching 

from certain directions. The presence of Gondwana and other microcontinents to the south 

and southwest of the Laurentian margin, as well as the presence of the offshore island arc 

(Fig. 3.2A) would have also restricted the approach directions and fetch of ocean swell 

during the Chazyan. In comparson, the Mount Head Embayment on the Mississippian 

margin was less funnel-shaped and more open to swell approaching from multiple directions 

than the Chazyan platform. The proto-Pacific Ocean offshore from the Mississippian coast 

was also much larger and more open than the Iapetus Ocean south of the Chazyan Platform. 

The orientations of the margins, and the width of the platforms would have also dictated 

whether waves reached the shallower portions of the platform. The Chazyan platform was 

broad, at least 220km wide, which might have meant the largest of waves were damped out 

before reaching the mid-ramp where the dune fields were being deposited. These 
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postulations suggest that any wave action on the Chazyan platform was likely less intense 

overall than that on the Mississippian ramp. 

 In addition, because wave action was less intense, tidal currents, which were more 

temporally active on the Chazyan platform, could have inhibited formation or preservation of 

abundant wave-generated features. The lack of significant tidal influence on the 

Mississippian mid ramp, comparatively, allowed for preservation of oscillatory and 

combined-flow deposits there.  

2) As previously mentioned, the different process dominance was likely, in part, caused by 

either the presence or absence of high-velocity tidal currents. There is no evidence for 

significant tidal-current velocities, nor any obvious mechanism by which tidal currents would 

have been amplified, on the relatively straight, morphologically simple Mississippian mid 

ramp. The Chazyan platform, by contrast, had a funnel-shaped coastline geometry, created by 

the presence of the Ottawa Embayment (cf. Fig. 3.2), that was favourable for the acceleration 

of tidal currents. In addition, there were paleotopographic basement highs extending into the 

sea, as well as significant local seafloor structural complexity, both of which would have been 

capable of causing increased tidal currents by constricting flow and increasing the tidal prism 

(cf. Reynaud and Dalrymple, 2012). Thus, there were more mechanisms by which to amplify 

tidal currents on the Chazyan platform than on the Mississippian ramp; consequently, tidal 

currents dominated sedimentation, potentially independent of the wave climate.  

3) Water depth might also have contributed to the relative importance of wave and tidal 

processes on the two platforms. Sands in both successions are interpreted as being deposited 

below the photic zone and between storm and fair-weather wave bases. The absolute depths 

of these sites, however, would have differed depending on the wave climate. On the Chazyan 

platform, if waves were less intense and/or common, both fair-weather and storm wave bases 

would have occurred in shallower water than on the Mississippian ramp, especially as swell 

wave base on the Mississippian ramp was likely fairly deep. As such, it is possible that the 
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Chazyan sands were deposited in shallower water than the Mississippian sands were, even 

though both were deposited between fair-weather and storm wave bases. The local presence 

of ooids in the Chazyan succession supports this postulation as it suggests that the platform 

was relatively proximal to the thermocline. In combination with the funnel-shaped 

embayment and topographic complexity, this would have made amplification of tidal currents 

more likely on the Chazyan platform (cf. Reynaud and Dalrymple, 2012).  

 In the Mississippian succession tidal currents could have dominated in similar water 

depths that, due to the different wave climate, were instead above fair-weather wave base. 

Tidal currents have been interpreted to be important in contemporaneous Mississippian 

shallow-water inner-ramp sediments (Turner Valley Formation; Murray and Lucia, 1967), 

suggesting the mid-ramp carbonate sands studied here were simply too far offshore to be 

influenced by tidal currents.  

  

Relative Sea-Level Histories 

 The two successions studied here had different sea-level histories; Mississippian 

sediments were deposited during a second-order relative sea-level fall and Chazyan sediments 

accumulated during an equal or higher-order relative sea-level rise. Sea-level history was 

important for the generation of these two successions because it dictated the amount of time 

during which sediment accumulated prior to formation of the studied calcarenites themselves. In 

the Mississippian there was a marine carbonate factory for a significant period of time on the mid 

ramp prior to deposition of the Livingstone Formation calcarenites. The fine hydraulically 

equivalent grain size of the Livingstone echinoderm grains allowed them to be constantly and 

frequently reworked as compared to siliciclastic grains of the same diameter that were present at 

the beginning of the sand accumulation on the Chazyan platform. This could have inhibited 

marine-cement formation on the Mississippian ramp, meaning there was constantly significant 

amounts of loose sediment available to be reworked across the ramp. By contrast, most Chazyan 
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sands accumulated during the transition from shallow-water siliciclastic deposition to the initial 

carbonate production on more seaward parts of the margin. As a result, there was less carbonate 

sediment to be reworked and likely less sediment in general as is suggested by the sediment 

starvation of some dunes. The amount of sediment might play an important role also in the lateral 

extent of the calcarenites as discussed further below. 

 Furthermore, sea-level history determined water depth, and, as discussed previously, this 

would have had an influence on the dominant physical processes on the two margins. If Chazyan 

sea-level rise had continued over the long term, thick swell- and wave-dominated deposits similar 

to those in the Mississippian could have formed, although wave action was less intense and so 

wave ripples would likely have been more common with less SCS and HCS. If wave action on 

the Chazyan platform had been more intense, however, Chazyan Facies 2 could have resembled 

the Livingstone Formation deposits. 

 A final point of comparison is how directly high-frequency relative sea-level fluctuations 

impacted the sedimentation in the calcarenite successions. Relative sea-level fluctuations on the 

Chazyan platform very clearly controlled sedimentation directly due to formation of the lowstand 

shoreface, and the subsequent formation and migration of the barrier island. In the Mississippian 

deposits, however, it can only be speculated that high-frequency sea-level changes affected the 

sedimentation, and if so it was not as direct or as significant as on the Chazyan platform. 

Mississippian relative sea-level fluctuations might have been responsible for moving the various 

wave bases up and down, which would have potentially caused changes in the resultant bedforms 

produced. Variation in other factors, such as climate and sediment production rates, could have 

also produced the same variability in the deposits, and it is impossible, at least based on the small 

sample size of this study, to determine which is responsible. 

 Additionally, the Mississippian mid ramp was likely broad, and covered in its entirely 

with storm- and swell-dominated echinoderm grainstones. As a result, the deposits across the 

Mississippian mid ramp were likely less differentiated than the deposits associated with the 
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migration of the Chazyan barrier islands, which likely changed over relatively short distances, 

and produced distinct facies (cf. Table 3.1). As such, sea-level fluctuations on the two platforms 

might have been more clearly expressed in the deposits on the Chazyan platform than those on 

the Mississippian mid ramp, even if the fluctuations were of similar magnitude and frequency.  

 

Scale of the Calcarenite Deposits 

 The calcarenites in the two study areas also differ in scale: the Mississippian deposits are 

laterally extensive for hundreds of kilometers, whereas the Chazyan calcarenites are laterally 

discontinuous over a few kilometers. The relatively uniform lithology present across large areas, 

and the significant thickness of the Livingstone Formation (e.g., Richards et al., 1993; Brandley, 

1993) suggest that the mid-ramp grainy sediments were deposited over a widespread, 

morphologically homogeneous area during a significant amount of time (Brandley and Krause, 

1997; Martindale and Boreen, 1997). By contrast, the Chazyan calcarenites have inferred areal 

dimensions as small as a few hundred meters to a couple of kilometers. The extent of the 

calcarenite deposits is influenced by 1) the lateral pervasiveness of the controlling hydrodynamic 

process, 2) the ability of sediment to record that process, and 3) vertical and lateral amalgamation 

or superposition of successive beds. 

1) The lateral pervasiveness of waves and tides is a key factor controlling the lateral extent of 

the grainy deposits. Individual hydrodynamic accumulations are almost always smaller than 

the controlling hydrodynamic processes (e.g., Belderson et al., 1982; Snedden and 

Dalrymple, 1999). Event beds can, however, have similar areal dimensions to the 

hydrodynamic processes if there is sufficient sediment available. Individual swell events or 

large cyclonic storms can occur over large areas producing event beds of similar size (cf. 

Snedden and Nummedal, 1991). Tidal currents can also be relatively widespread if current 

amplification is due to regional controls. Alternatively, tidal currents accentuated by local 
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constrictions, as is proposed for the Chazyan margin, can be fairly localized, potentially 

limiting the size of some of the resultant deposits. 

2) A second control that dictates the lateral extent of the deposits is sediment availability and 

type; if there is insufficient sediment, or there is no sandy sediment, the resultant 

hydrodynamic accumulations, whether tabular or localized, will be of limited size, regardless 

of the lateral pervasiveness of the controlling process. For example, tidal currents could have 

dominated large areas of the Chazyan platform but grain size might have been too fine to 

form dunes in some locations, leaving no evidence of the elevated tidal currents (cf. Yoshida 

et al., 2007).  The limited availability of sediment also leads to the development of localized 

hydrodynamic accumulations that are separated from each other by sediment-starved areas 

(e.g., Belderson et al., 1982). 

3) In the Mississippian Livingstone Formation it is impossible to correlate individual beds 

(events) between sections, however all sections contain similar high-energy grainstone and 

packstone beds. As a result, it appears that individual beds, or “events,” were more 

widespread and larger than they likely were, due to the superposition of individual events, 

and amalgamation throughout the succession. Each Mississippian event bed might have 

originally been no more laterally extensive than the individual Chazyan dune fields. Swell 

approaching from multiple directions, variable storm tracks, and other climatic variability 

could have caused successive events (storm or swell) that continually reworked different 

portions of the margin, producing calcarenite deposits that are more extensive than any one 

individual event could produce. In the Chazyan, however, where local constrictions are 

interpreted to have been partially responsible for tidal current amplification, deposits could 

have been constrained to specific locations, with a lack of deposition in laterally adjacent 

areas. Increased deposition in specific locations could have also, in part, been caused by 

sediment availability and grain size. Additionally, current velocities in the Chazyan were only 
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sufficient to produce large dune fields for a finite time, which limited the vertical thickness of 

the resultant deposits. 

 

4.3 CONCLUSIONS 

 Calcarenites in the Mississippian Livingstone Formation and middle Opal Member in the 

Western Canada Sedimentary Basin and the Ordovician Chazy Group in the Appalachian Basin 

were, prior to this study, poorly understood. Results of this study suggest that the sands in the two 

successions accumulated in high-energy subtidal depositional settings that were dominated by 

two different hydrodynamic regimes. 

 

The Mississippian Deposits in the Western Canada Sedimentary Basin 

 The Mississippian sediments were deposited on a cool-water, normal-salinity, nutrient-

rich, mid to outer ramp that was located below the thermocline and photic zone. Echinoderm 

ossicles, which composed the majority of the sediment particles, behaved hydraulically equivalent 

to significantly smaller siliciclastic grains. This fine-grained equivalence of the sediment allowed 

it to be easily reworked by both storm processes and long-period swell waves. Storms, although 

episodic, were likely rare across the study area, due to the low-latitude location on a continental 

west coast, allowing swell to play an important role in deposition. Wave action was therefore the 

predominant mechanism of grain reworking, producing oscillatory and combined-flow 

sedimentary structures across much of the ramp. Isotropic and anisotropic swaley and hummocky 

cross-stratification, as well as upper plane bedding produced by oscillatory and combined-flow 

currents are present throughout the calcarenites. Some storms were capable of generating 

offshore-directed unidirectional downwelling currents producing dunes across the upper portion 

of the mid ramp. Fair-weather deposits and sediment deposited below storm wave base are 

structureless lime mudstones, wackestones, and rare packstones. The thick, predominantly 
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grainstone packages were produced by the aforementioned processes across large areas of the 

Mississippian ramp.   

 The Mississippian deposits also support two large-scale conclusions about the differences 

between carbonate and siliciclastic wave-dominated depositional systems: 1) swaley cross-

stratification can form in a wide range of water depths across the carbonate platform and is not 

restricted to the shoreface as is the case in siliciclastics, and 2) carbonate sediments are more 

likely to record and preserve deposits created by swell waves because of in situ grain production. 

 

Quebec Embayment Chazyan Deposits 

 The studied Chazyan rocks were deposited during pulsed inundation of the Chazyan 

platform. A barrier-island system formed landward of the lowstand shoreface on the mid to outer 

platform and migrated landward as relative sea level rose. Landward of the barrier island, there 

was a broad lagoon in which low-energy mixed siliciclastic-carbonate sediments accumulated. 

Carbonate and mixed-lithology sands in the Middle Ordovician Chazy Group were deposited 

seaward of the barrier islands. Sediment transport and deposition immediately seaward of the 

barrier islands was by residual tidal currents in mutually evasive flow patterns between storm and 

fair-weather wave bases. Tidal currents could have been amplified by either local topography or 

the regional coastal morphology (i.e., the presence of the structurally controlled funnel-shaped 

Ottawa Embayment). Bioclasts were predominantly echinoderms, bryozoans, and brachiopods, 

and are interpreted as being deposited under normal-marine conditions. Rare oolitic beds suggest 

some locations had elevated seawater salinity and temperature, perhaps due to shallower-water 

deposition in areas above a thermocline.  

 Due to formation during a transgression, a characteristic succession of units encases the 

tidal-dune-field deposits in all of the studied outcrops. Low-energy, mixed siliciclastic and 

carbonate lagoonal deposits occur at the base of the succession. Sea-level rise caused landward 

migration of the barrier-island system, with wave ravinement of the barrier-island and lagoonal 
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deposits. A transgressive lag of coarse siliciclastic grains was deposited on the ravinement 

surface.  These grains were mixed with newly produced carbonate grains, and the mixture was 

sculpted into the tidal dune fields. The dune fields became moribund with continued sea-level 

rise, and decreased tidal-current importance. Mixed-energy open-marine carbonates containing 

unidirectional cross bedding, ripple cross-lamination, swaley cross-stratification, and wavy 

horizontal bedding accumulated above the cross-bedded units. These sedimentary structures 

suggest a decreased relative importance of tidal currents and increased influence of wave action 

as sea level rose.  

 Detrital quartz grains are present in high amounts (up to 50%) in the cross-bedded unit, 

but are negligible in overlying open-marine carbonates. Detrital quartz concentration trends 

reflect a change from erosion associated with transgressive ravinement to in situ carbonate 

production, which buried siliciclastics on the seafloor. The high abundance of coarse quartz 

grains in the transgressive lag compared to the underlying lagoonal deposits suggests that the 

preceding lowstand shoreface was seaward of the study localities and were (partially) 

cannibalized during transgressive erosion. Coarse lowstand fluvial and shoreface deposits could 

be preserved locally across the platform but are not present at any of the studies sites. These 

deposits were reworked into the barrier island shoreface during ravinement, and were then 

incorporated into the carbonate-dune-fields.  

 The Chazyan calcarenites are similar to those on the modern West Florida Shelf. The 

deposits and facies succession also share strong similarities with those of transgressive, wave-

dominated, siliciclastic shorelines, suggesting that this motif might be broadly applicable to 

transgressive carbonate deposits and could be an alternative to the more widely used subaqueous 

“shoal” depositional model for the interpretation of inner- to mid-shelf carbonate sands and sand 

bodies. In addition, the interpreted depositional model demonstrates a fine balance of tidal and 

wave dominance, resulting in a juxtaposition of variable process dominance across a transgressive 

platform with contemporaneous carbonate and siliciclastic sedimentation.  
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 All of the conditions required for growth of sand ridges are thought to have been present 

on the Chazyan platform, suggesting they were possibly present at some locations on the 

platform. Some sites have evidence for sediment starvation, which likely inhibited ridge growth. 

There is no direct evidence for ridges in the Mississippian sediments either. Similarly to the 

Chazyan, however, all of the necessary requirements for growth, including abundant sediment 

supply, were likely present on the Mississippian ramp. As a result, the Mississippian margin 

seafloor might have not been as featureless as the small outcrops and depositional model of this 

study (Fig. 2.14) imply, even though discrete evidence is lacking. 

 

General Conclusions 

 High-energy, physically structured calcarenites accumulate in a diverse spectrum of 

depositional environments and oceanographic settings. Additionally, the diversity of carbonate 

grains, ranging from ooids to skeletal fragments, results in a wide range of possible expressions. 

These deposits share many similarities with siliciclastic sands but can also differ, and as such, 

deserve their own critical examination and interpretation. With such critical examination 

physically structured calcarenites can be important tools in reconstructing the paleo-environments 

and sequence-stratigraphic subdivisions of carbonate successions.  
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Appendix A 

Western Canada Sedimentary Basin Study Sites 
Site Name: Three Lakes Valley  

Coordinates: 50° 49’ 34.9” N  

           115° 16’ 23.1” W 

Location/Access: Hike up to Chester Lake from Smith Dorrien Trail. On the north side of lake 

take the trail up into valley to the northeast. This is the Three Lakes Valley. Hike past first large 

lake up the steeper slope to the relatively flat axis of the valley. The studied outcrop was a large 

elevated “mound” located just west of the third lake in the valley. Hike is technically easy, but 

moderately long (approx. 7km each way) with moderate elevation gain. 

Stratigraphic Section: Figure 2.9 

Images of Section: Trekking pole (1m) for reference (circled in white). BOS = Base of Section. 

TOS = Top of Section. 
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Site Name: Cougar Creek – Livingstone Section 1 (L1)  

Coordinates: 51° 06’ 09.4” N 

           115° 18’ 27.1” W 

Location/Access: Located on Cougar Creek, just east of Canmore. Hike up from intersection 

with Elk Run Boulevard. Outcrop in main creek valley. 

Stratigraphic Section: Figure 2.9 (furthest left) 

Images of Section:  

 

View of section from Cougar Creek 
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Site Name: Cougar Creek – Livingston Section 2 (L2) 

Coordinates: 51° 06’ 4.3” N 

            115° 18’ 28.7” W 

Location/Access: Located on Cougar Creek, just east of Canmore. Hike up from intersection 

with Elk Run Boulevard. Outcrop in main creek valley. 

Stratigraphic Section: Figure 2.9 (furthest right) 

Image of Section:  

 

Looking west toward section from Cougar Creek.
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Site Name: Cougar Creek – Livingston Section 3 (L3) 

Coordinates: 51° 06’ 08.1” N 

           115° 18’ 22.9” W  

Location/Access: Located on Cougar Creek, just east of Canmore. Hike up from intersection 

with Elk Run Boulevard. Outcrop in main creek valley. 

Stratigraphic Section: Figure 2.9 (center) 

Image of Section:  

 

View of section from Cougar Creek. 
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Site Name: Cougar Creek – Middle Opal 

Coordinates: 51° 05’ 49.7” N 

           115° 18’ 57.3” W 

Location/Access: Located on Cougar Creek, just east of Canmore. Hike up from intersection 

with Elk Run Boulevard. Outcrop is located in a small tributary valley that cuts to the southeast 

from the main creek. The first exposure is at the base of the tributary, right where it cuts off from 

the main creek. Continued exposures (mostly bedding plane) progressively up the tributary. 

Moderately steep but easily accessible if dry. 

Stratigraphic Section: Figures 2.10 & 2.11 

Images of Section: See photomosaic of cross-bedded inlier in Figure 2.7 and swaley cross-

stratified interval in Figure 2.8. 

 

Lower portion of section at intersection with Cougar Creek. 

 
 

 

Photomosaic of upper portion of section with contact between the middle and the upper Opal 

member. 
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Appendix B 

Appalachian Basin Study Sites 

Site Name: Hawkesbury (Ontario) 

Coordinates: 45° 34’ 20.3” N  

           74° 31’ 36.2” W 

Location/Access: On Hwy 17 immediately west of intersection with Hwy 12 (Golf Club Road). 

Outcrop on both sides of highway. Lower portions of the section exposed in now flooded quarry 

immediately to the south of the roadcut. See Bolton et al. (1991) for stratigraphic section of the 

quarry. 

Stratigraphic Section: Figure 3.4 

Images of Section: 

 

Outcrop on North side of road. Second row is a continuation to right of first row.
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Site Name: Scott Point (Vermont) 

Coordinates: 44° 49’ 57.5” N 

           73° 21’ 15.2” W 

Location/Access: Located on southern tip of Isle La Motte, Vermont. Access from West Shore 

Road. Hike on trails towards the south and then move along the shoreline towards Scott Point 

(southwest corner of island). See Erwin (1957) for map of island geology and geographic 

locations. See Oxley and Kay (1959) for stratigraphic section of larger interval than logged in this 

study. 

Stratigraphic Section: Figures 3.4 and 3.5 

Images of Section: See Figure 3.5 

 

Image (below) of section from approximately 0-6m on Figure 3.5D. 

 
 

Image (below) of section from approximately 36-63m on Figure 3.5D. 
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Image (below) of section from approximately 215-220m on Figure 3.5D. 
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Site Name: Crown Point (New York State) 

Coordinates: 44° 01’ 31.7” N 

           73° 25’ 33.9” W 

Location/Access: Located at Crown Point Historic Site in New York State. Permission and 

permits must be gotten from New York State Office of Parks, Recreation and Historic 

Preservation and the New York State Department of Environmental Conservation. The studied 

outcrop is a long, partially discontinuous ridge located between Hwy 185 and the main park road, 

immediately west of the park entrance. 

Stratigraphic Section: Figure 3.4 

Images of Section:  

 

Portion of the cross-bedded ridge immediately east of the park road. 

 
 

Cross-bedded ridge to the west of the park road. 
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Site Name: Lagacé Quarry (Quebec) 

Coordinates: 45° 33’ 31.5” N 

           73° 44’ 24.2” W 

Location/Access: This section is located in an abandoned quarry in Laval, QC southwest of the 

intersection of Hwy 15 and Boulevard Saint-Martin. The site is owned by the city of Laval. It is 

used for snow storage and other landscaping activities. Access to the quarry is from any of the 

surrounding roads. The section is located on all sides of a large elevated ridge in the north part of 

the quarry, to the west of the large flooded pit.  

Stratigraphic Section: Figure 3.4 

Images of Section:  

 

Base of section at Lagacé Quarry. 
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Upper portion of section at Lagacé Quarry. 

 

 

 

 

 

 

 

 


