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Abstract 

The Late Devonian was a significant period in Phanerozoic reef evolution.  Reef 

complexes reached their acme in the Middle Devonian and then declined in numbers and 

complexity thereafter.  This change was accompanied by a shift in reef composition characterized 

by an increase in calcified microbes in the reef milieu.  Late Devonian Nisku Formation reefs in 

the Cynthia Basin at Meekwap, Alberta are composed of calcimicrobes (Renalcis, Epiphyton, 

Girvanella, Rothpletzella, and Wetheredella), stromatoporoids, and corals.  Accessory organisms 

include brachiopods, benthic foraminifera, molluscs, sponges, bryozoans, and crinoids.  

Calcimicrobes generate dorsal or ventral crusts on stromatoporoids, and form oncolites in open 

marine facies.  Dorsal crusts are either Girvanella and Rothpletzella, or non-calcimicrobial, 

spongiostromate or cemented calcisilt encrustations.  Ventral crusts are cryptic and composed of 

Renalcis and Epiphyton.  Oncolites comprise layers of Girvanella and Rothpletzella and occur in 

lagoon and upper-foreslope facies.  Girvanella and Rothpletzella are thought to have been 

photosynthetic because of their preference for interpreted well-lit settings (oncolites and dorsal 

surfaces) and possible competition for light as expressed by alternating layers of Girvanella and 

Rothpletzella as well as domal, accretionary growths of either Girvanella or Rothpletzella in 

oncolites.  Renalcis and Epiphyton are viewed as non-photosynthetic or light sensitive because 

they are rare on upper surfaces and are instead found in cryptic environments.  The abundance of 

calcimicrobes in Meekwap limestones is interpreted to have reflected elevated nutrient levels.  

Nutrients were likely terrestrially sourced and brought onto the shelf via fluvial runoff and 

submarine groundwater discharge.  Geometry of the Cynthia Basin, as well as the presence of 

local nutrient sources at Meekwap is thought to have enhanced more regional nutrification via 

ocean upwelling.  The change in the composition of reefs throughout the Late Devonian is 
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attributed to paleoenvironmental changes, such as a colder climate and falling ocean 

temperatures, as well as increasing nutrient levels, prior to the Late Devonian mass extinction.   
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Chapter 1 

Introduction 

1.1 Introduction  

High sea levels and a global greenhouse in the Devonian led to the construction of the 

largest reef systems of the Phanerozoic (Wood, 1999).  Reef systems reached their acme in the 

Middle Devonian where they extended up to 45-55oS and 50o

Devonian reef complexes were predominantly composed of stromatoporoids (coralline 

sponges) and/or corals.  Calcimicrobes (calcified microbial microfossils) were restricted to either 

cryptic or stressed environments in the Silurian to Early Devonian (Wood, 1999; Adachi and 

Ezaki, 2007).  Towards the end of the Devonian (Frasnian) a shift in reef composition occurred as 

calcimicrobes became more prevalent and began to comprise significant portions of reefs (Wood, 

1999).  Reasons for this shift are poorly constrained largely due to a lack of information regarding 

the calcimicrobes, their evolution and their roles in the environment.   

N of the equator and formed 

numerous carbonate platforms worldwide (Copper, 2002b).  Devonian reefs are known from 

multiple locations around the world.  Devonian reef deposits in North America are found in both 

Canada (Alberta, British Columbia and Northwest Territories) and the United States of America 

(Arizona, Nevada, Idaho and Iowa; Copper, 2002b).  Other notable localities worldwide include 

the Canning Basin (Australia), Russia, Kazakhstan, Thailand, South China, Afghanistan, Iran, 

Italy, Belarus, Spain, Belgium, France, Germany and Morocco (Figure 1; Copper, 2002b).   
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Figure 1: Location of Late Devonian (Frasnian reefs) worldwide. 1: Arizona, USA; 2: Nevada, 

USA; 3: Idaho, USA; 4: Western Alberta and British Columbia, Canada; 5: Eastern Alberta, 

Canada; 6; Northwest Territories, Canada; 7: Banks Island, Northwest Territories, Canada; 8: 

Tuonnakh Range, Russia; 9: Tas-Kayakhtakh Range and Verkhoyansk, Russia; 10: Novaya 

Zemlya, Russia; 11: Timan-Pechora and Polar Urals, Russia; 12: Western Siberia, Russia; 13: 

Urals to Peri-Caspian Depression, Russia and Kazakhstan; 14: Dzungar, Kazakhstan; 15: Pha 

Tok, Thailand; 16: Canning Basin, Australia; 17: South China; 18: Afghanistan; 19: Iran; 20: 

Carnic Alps, Italy; 21: Moravia, Czechia; 22: Volgograd, Russia; 23: Belarus; 24: Cantabria, 

Spain; 25: Belgium, France, and Germany; 26: Morocco; 27: Iowa, USA.  Legend; 1: mountains, 

2: land, 3: shelf, 4: oceans, 5: microbial reefs, 6: algal reefs, 7: stromatoporoid reefs, 8: coral 

reefs, 9: bryozoan reefs, 10: worm reefs, 11: unknown reef builders. (From Copper, 2002b). 
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Devonian aged reef deposits in Canada are predominantly located in the Western 

Canadian Sedimentary Basin (WCSB; Porter et al., 1982; Kent, 2008).  The Frasnian Nisku 

Formation is characterized by abundant reef deposits, with reefs composed of corals, 

stromatoporoids, and calcimicrobes (Watts, 1987).  The Meekwap area of Alberta, in particular, 

provides an opportunity to examine calcimicrobial-stromatoporoid reefs.  The biological 

components are typically well preserved and numerous cores have been drilled in the area and are 

readily available, thus allowing for an in depth investigation of these reefs. 

1.2 Scope and Objectives 

Calcimicrobes are typically restricted to cryptic reef environments or to stressed 

environments, yet in the Late Devonian they are abundant in almost every facies (Adachi and 

Ezaki, 2007; Wood, 1999).  The calcimicrobes are locally so prevalent that they must have 

actively participated in the construction and maintenance of the reefal framework.  The reason for 

this atypical abundance is not well understood because most of the major reef components 

(microbes and stromatoporoids) have since gone extinct and lack modern analogues (Wood, 

1999).  This study aims to address this problem via detailed core and thin section analysis. 

The purposes of this study are: 1) to document the calcimicrobial-stromatoporoid reef 

deposits from the Nisku Formation at Meekwap, Alberta including all biological components and 

their relationships to one another; 2) to interpret the paleoenvironment, paleoecology, and 

lithostratigraphy of these deposits;  3) to examine the extent of calcimicrobes in the Western 

Canada Sedimentary Basin and determine the probable causes for their presence and relative 

abundance; and 4) to determine the significance of Late Devonian reefs in a global context. 
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Chapter 2 

Geological Setting 

2.1 Introduction 

The Western Canada Sedimentary Basin (WCSB) is a subsurface basin composed of an 

extensive, northeast-tapering wedge of sedimentary rocks overlying a crystalline Precambrian 

basement (Figure 2; Porter et al., 1982).  Two distinct depositional phases occurred during the 

development of the basin (Figures 3 and 4).  The first package of sedimentary rocks accumulated 

on a passive margin, platform from the Cambrian to the Mid-Jurassic (Kent, 2008; Porter et al., 

1982).  A second phase persisted from the Mid-Jurassic to the Paleocene and is characterized by 

foreland basin deposits heavily influenced by the formation of the Cordillera orogen (Porter et al., 

1982; Smith, 2008).  The WCSB is of economic importance because it contains most of the 

conventional hydrocarbon reserves in Western Canada, in addition to significant mineral and 

aggregate deposits (Anderson and Machel, 1989; Potma et al., 2001; Hamilton and Olson, 2008; 

Hay, 2008). 

2.2 Crystalline Basement  

Rocks that comprise the crystalline basement in the WCSB are supracrustal and Lower 

Proterozoic in age (2500-1750 Ma; Porter et al., 1982; Burwash et al., 2008).  They have since 

been modified via metamorphism and magmatism related to the Hudsonian Orogeny.  The 

basement is composed mainly of quartzo-feldspathic gneiss, as well as lesser amounts of 

granitoids, granulites, metasedimentary rocks, mylonites and amphibolites (Burwash et al., 2008).  

Basement rocks are overlain by predominantly clastic Proterozoic to Lower Cambrian deposits of 

the Purcell (Belt) and Windermere Supergroups (Porter et al., 1982).
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Figure 2: Geologic map of the Western Canada Sedimentary Basin (From AGS, 2008).  Red star is the approximate location of the study area.
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Figure 3: Stratigraphic divisions in the platform succession (blue dashed line) and the foreland 

basin succession (red dashed line) of the Western Canada Sedimentary Basin.  Location of the 

strata from the study area is highlighted by the red box (From AGS, 2008).



 

 

 

7 

 Figure 4: Stratigraphic succession of the latter half of the cratonic platform and margin.  Red 

box indicates the interval of the study area (From Kent, 2008). 

 

2.3 Platform Phase 

Carbonate sedimentation of the Cambrian-Mid-Jurassic platform phase was governed by 

epirogenic, intracratonic arches that divided the WCSB into numerous “sub-basins” (Porter et al., 

1982).  A continually fluctuating sea level resulted in many transgressive-regressive cycles, but 

overall the passive margin deposits shallow up with the gradual infilling of the basin (Kent, 2008; 

Porter et al., 1982).  



 

 

 

8 

Initiation of the platform phase occurred in the Cambrian with the deposition of the Sauk 

Sequence on the continental margin (Porter et al., 1982; Slind et al., 2008).  The Sauk Sequence is 

predominantly composed of sea-level controlled cycles of clastic rocks (shale, siltstone or 

sandstone depending on location and depth) that grade up into carbonate rocks (Porter et al., 

1982).  The Sauk Sequence terminates in an unconformity which is overlain by the Tippecanoe, 

reflecting a return to deposition on the cratonic platform.  The Tippecanoe sequence was 

deposited from the Middle Ordovician to Early Devonian and is characterized by an initial 

transgressive sandstone followed by shallow water carbonates including biostromal reefs in some 

areas (Norford et al., 2008).  Lesser amounts of clastic deposits, evaporites and basinal shales are 

also present (Norford et al., 2008).  This was followed by a period of exposure in the early 

Devonian lasting approximately 36 million years, after which the Kaskaskia sequence was 

deposited (Devonian to Lower Carboniferous; Kent, 2008).  Initial deposits of the Kaskaskia are a 

mix of siliciclastics, evaporites (anhydrite and halite) and shallow water, platform carbonates 

(Porter et al., 1982).  These rocks are dominated by carbonates deposited in reef and related 

environments.  Mississippian to Triassic sedimentation was instigated by a widespread 

transgression leading to the deposition of dark, organic shales in upward-shallowing cycles 

(Porter et al., 1982).  This stage marks the end of passive margin deposition and is characterized 

by siliciclastic dominated deposits, as well as some carbonates, and erosion (Kent, 2008; Porter et 

al., 1982).  

2.4 Foreland Basin Phase 

Following the passive margin, platform deposition phase, the WCSB was transformed 

into a foreland basin environment from the Mid-Jurassic to Paleocene.  The deposits, in general, 

are dominated by siliciclastics derived from the evolving Cordillera in the west and are typified 
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by upward-coarsening, progradational cycles, which end in non-marine deposits (Porter et al., 

1982; Smith, 2008).  The first record of orogenic activity occurs in Upper Jurassic strata in 

Alberta and eastern British Columbia (Smith, 2008).  Deformation and the loading of thrust 

sheets on the craton associated with the orogeny led to the down-warping and formation of the 

foreland basin (Porter et al., 1982).  Low lying areas were quickly infilled by siliciclastic-

dominated sediments shed from the developing Cordillera (Smith, 2008).  These deposits are up 

to 4000m thick and include the Zuni and Tejas sequences (Porter et al., 1982).   Multiple sea level 

fluctuations in the Cretaceous led to alternating periods of open marine and lowstand deposition 

as well as erosion (Mannville Group, Colorado/Alberta Group; Smith, 2008).  Quaternary 

deposition in the WCSB is comprised of glacial (till), lacustrine, fluvial, aeolian and organic 

sediments deposited in the Interior Platform (Fenton, et al., 2008).   

 

2.5 Geology of the Study Area 

The Devonian WCSB is dominated by extensive carbonate deposits, including well-

developed reefs such as the Keg River, Swan Hills and Leduc reefs, as well as lesser amounts of 

evaporites and shales.  Major stratigraphic packages of this interval in the study area include the 

Elk Point Group, the Beaverhill Lake Group, the Woodbend Group, the Winterburn Group and 

the Wabamun Group (Figure 3).   

Deposits analyzed for this study belong to the Frasnian Winterburn Group of the Upper 

Devonian.  Winterburn sediments vary from 20 to 380m in thickness and overlie the Ireton shales 

and Leduc reefs of the Woodbend Group (Figure 5; Switzer et al., 2008).     They are 

characterized by extensive carbonate shelf complexes, and small pinnacle reefs.    There are four 

major formations in the Winterburn Group; the Nisku Formation, the Calmar Formation, the Blue  
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Figure 5: Formations and members belonging to the Woodbend and Winterburn Groups.  Study 

area is highlighted by the red box (From Switzer et. al, 2008). 

 
Ridge Formation and the Graminia Formation.  This study focuses solely on the Nisku 

Formation, which directly overlies the Ireton Formation of the Woodbend Group (Figure 4). 

The Nisku Formation is characterized by a carbonate shelf that has an areal extent of 

~906 500 km2 and thickens to the northwest and west (Watts 1986; 1987; Anderson and Machel, 

1988).  There are two main stages to Nisku deposition, a lower transgressive stage followed by an 

upper regressive stage (Switzer et al., 2008).  During the transgressive stage, there was extensive 

carbonate deposition in shallow areas of the basin (Zeta Lake Member, Lobstick Member, 

Bigoray Member and Lower Cynthia Member; Chevron, 1979).  The regressive stage is marked 

by a shift in carbonate deposition basinward as accommodation decreased (Switzer et al., 2008). 
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Notable deposits of the regressive stage include the Jean Marie Formation, the Wolf Lake 

Member and the Nisku shelf carbonates at Meekwap.  

The Nisku Formation is composed of four, stacked, carbonate ramps (Watts, 1987) where 

deposition was controlled by carbonate production, variations in sea level and basin subsidence 

(Watts, 1986).   The Nisku Formation has been classified as a 3rd order cycle with 4th and 5th

  This study focuses on the Nisku Formation located around Meekwap, Alberta, 

approximately 230km northwest of Edmonton (Township 66, Ranges 15 and 16W5; Cheshire and 

Keith 1977a; 1977b).  The Meekwap shelf developed along the northern margin of the Cynthia 

Basin (Figures 6 and 7; Switzer et al., 2008) and consists of a series of patch reefs, separated by 

channels that extended from shallow water in the north into the Cynthia Basin to the south 

(Hunter, 1995).  Facies described from this area include lagoon, reef, reef slope, open marine and 

 order 

cycles present (Potma et al., 2001).  Reef development takes place during periods of sea level rise 

(transgressive system tract) and/or highs (highstand systems tract), whereas interbedded 

evaporites and siliciclastics are associated with sea level lows (lowstand system tracts; Switzer et 

al., 2008).  Nisku deposits display an overall upward shallowing trend and can contain facies 

from peritidal to deep-water environments.  Nisku reefs are dominated by stromatoporoids, corals 

and microbes (Renalcis, Wetheredella, Girvanella, Rothpletzella; Watts, 1987).  Diagenesis of the 

Nisku Formation is complex and includes dolomitization, leaching, anhydrite plugging, 

cementation, pressure solution and fracturing (Cheshire and Keith 1977a; 1977b, Chevron 1979; 

Watts, 1986; Anderson and Machel, 1988).  Nisku reefs are a significant hydrocarbon resource, 

especially where dolomitized (Chevron, 1979; Potma et al., 2001). By the end of Nisku time, the 

WCSB in the area of the present study had been filled with sediments and only isolated, shallow-

water, depositional areas existed (Switzer et al., 2008). 
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channel fill (Cheshire and Keith 1977a; 1977b).   Dolomitization is less extensive here than in the 

southern part of the Cynthia Basin, and thus more of the original fabric, including microbial 

fabrics, are preserved (Hunter, 1995).   
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Figure 6: The distribution of the Winterburn Group, showing the location of the Meekwap Shelf (red star; modified from Switzer et. al, 2008).
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Figure 7: Cross-section T-T’ shown in Figure 6.  Red boxes indicate the location of the study area. Each well on the cross-section is represented 

by a gamma-log trace.  Vertical exaggeration is 1:3000 (From Switzer et. al, 2008). 
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Chapter 3 

Methods 

 
This study is based on a detailed examination of slabbed cores and thin sections. Cores 

were examined at the ERCB Core Research Centre in Calgary, Alberta and are centred in and 

around Township 66, Range 15W5.  Such cores were selected for their abundance of calcified 

microbes/microbial features, and lack of dolomitization.  The author first visited the research 

centre in December 2008, where 99 samples of core were collected from 12 wells.  From these 99 

samples, 51 thin sections were made by TLG Geological.  Thin sections were chosen based on the 

microbial content visible in hand samples (Renalcis, oncolites etc.), as well on the presence of 

any features that appeared to be microbial.  A second trip to the Core Research Centre was made 

in the summer of 2009, during which 25 cores from the Meekwap area were logged in detail and 

another 39 samples were taken for further analysis.  A template for the core descriptions was 

created using the software application Canvas X, and information regarding the mineralogy 

(percent dolomite), lithology, stratigraphy (bed contacts etc.), biology, sedimentary structures 

present, as well as digenesis was recorded electronically using the Canvas software.  Dr. William 

Martindale helped to design the core logging template as well as the symbol key employed during 

this study (Figure 8).  Core descriptions are presented in Appendix A.  Other cores were also 

examined during the summer of 2009 by the author, but not logged.  These included cores of 

similar age from locations in Alberta and from the Jean Marie Formation in northeastern British 

Columbia, as well as cores from older Devonian reefs of Swan Hills and Leduc age from nearby 

areas. 
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Thin section analysis was conducted using a standard petrographic microscope at 

Queen’s University, Kingston, Ontario.  Information about the matrix composition, and the 

biological constituents, particularly the microbes and their relationship to other biological 

components, was recorded.  Core descriptions were used to separate the deposits into lithofacies, 

which in turn were used to interpret general environmental facies for the study area.  These facies 

were then correlated between cores to construct two general cross-sections through the study area 

as well as create a facies distribution model.    
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Figure 8: Symbol key used during core logging. 
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Chapter 4 

Components 

 

4.1 Introduction  

The organisms and associated biological structures present in the Nisku Formation, at 

Meekwap Alberta are described below.  Their abundance and preservation as well as their known 

environmental preferences are discussed.   

4.2 Calcimicrobes 

The term “calcimicrobe” refers to calcified microbial microfossils that secrete calcium 

carbonate usually in their sheaths (James and Gravestock; 1990). Calcimicrobes play a subtle yet 

significant role in both modern and ancient environments.  Despite their abundance and 

importance, little is understood about their ecological roles and biological evolution (MacNeil 

and Jones, 2008).    The Late Devonian has been the focus of calcimicrobial research because 

microbes were prolific at this time, and made up a significant component of the reef system 

(Riding, 1991).  The majority of these calcimicrobes are extinct and thus have no modern 

analogues.   

Calcimicrobes are found throughout Meekwap Shelf carbonates.  There are five main 

calcimicrobes present: Renalcis, Epiphyton sp., Girvanella sp., Rothpletzella sp. and 

Wetheredella sp.  The term “Renalcis” in this study refers to all members of the Renalcis group 

including the genera Renalcis, Izhella, Shuguria, Tarthinia, and Gemma (Riding, 1991).  

Microbial deposits of Renalcis vary in thickness but can be up to and greater than 10cm, leading 
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to the conclusion that these microbes formed an integral part of the reef structure (Pratt, 1984; 

Wood, 1999).  Girvanella, Rothpletzella and Wetheredella form oncolitic coatings, but can also 

be found loose or in clumps in the matrix.  The biological affinity of these calcimicrobes has been 

debated and in some cases remains uncertain (Riding, 1991).     

 

4.2.1 Renalcis (Figure 9A and B) 

Renalcis are a group of calcimicrobes that existed from the Cambrian to Carboniferous 

(Flügel, 2010).  Their characteristic appearance and lack of a modern analogue has led them to be 

variously interpreted as foraminifera (Riding and Toomey, 1972), or as cyanobacteria (Riding, 

1991; Flügel, 2010).  A foraminiferal affinity was supported initially as it was thought that the 

chambered Renalcis forms were too big to be a single cyanobacterium (Pratt, 1984).  A switch to 

the currently supported, cyanobacterium affinity occurred when it was proposed that the 

chambers represented colonies of cyanobacteria rather than individual cells (Hofmann, 1975). On 

a macroscopic scale, Renalcis is off-white to beige in colour and typically displays a pendant 

growth style.  It is readily identified in thin section as clusters of hollow, reniform bodies that can 

be described as open, tightly clustered or as dense, bush-like clusters.  They are usually well 

preserved in the Nisku Formation at Meekwap, but leaching of the Renalcis can occur, especially 

if the host rock has been dolomitized.  The majority of Renalcis is found on the ventral (under) 

sides of laminar stromatoporoids.  Some Renalcis is, however, present around other fossils, 

especially digitate stromatoporoids and corals (particularly Thamnopora).   Renalcis fragments 

also occur as numerous sedimentary grains in the surrounding wackestone and packstone 

matrixes.  Renalcis is associated with reef environments, and could have provided significant 

support to reef structures (Wray, 1972; Pratt, 1984; Wood, 1998a;b).   
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Figure 9: Calcimicrobes of the Meekwap limestones.  Renalcis can occur as an A) open, 

chambered form (well location: 7-1-67-15W5, depth: 7637ft) or can be B) tightly chambered 

(15-4-66-15W5, 7837.5ft).  Epiphyton (C;D) forms bush-like, branching structures viewable 

only under a microscope (1-2-67-15W5, 7628.25ft; 15-4-66-15W5, 7837.5ft).  Girvanella is 

composed of tubules and is common in oncolitic coatings around E) Thamnopora (Th; 1-2-67-

15W5, 7620.5ft) and F) bryozoan fragments (Br; 1-2-67-15W5, 7653ft).  Pictures taken in plane 

polarized light, scale bar = 0.5mm, arrows indicate up direction. 
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4.2.2 Epiphyton (Figure 9C and D) 

Epiphyton is common in Cambrian to Devonian reef deposits, where they are generally 

found associated with Renalcis (Flügel, 2010).  They have been classified as red algae and as 

cyanobacteria but based on their size and morphology, the latter is more likely (Riding, 1991).  

Epiphyton is only visible at a microscopic scale, growing in and amongst Renalcis.  It is 

composed of thin dendritic filaments that can be shaped like rods, chambers or have a tabular 

appearance (Riding, 1991).  Filaments generally form elaborate branching structures that are 

described as erect or pendant growths (Figure 9C;D; Riding, 1991).  At Meekwap, Epiphyton is 

typically well preserved, but if the rock has been affected by dolomitization, Epiphyton can be 

leached making it difficult to identify.   It has been proposed that Epiphyton and Renalcis are end 

member morphotypes of the same organism (Pratt, 1984).  This is primarily based on the fact that 

they occur intergrown in early Paleozoic (particularly Late Devonian) reef cavities.   

4.2.3 Girvanella (Figure 9E and F) 

Girvanella is the name given to a group of calcimicrobes present in rocks of Cambrian to 

Cretaceous age (Flügel, 2010).  Nicholson and Etheridge first classified the group in 1878 as a 

type of foraminifera.  Similar interpretations followed but were later discredited due to the fact 

that Girvanella is smaller than foraminifera, differs in form and is not agglutinated (Riding, 

1975).   It was later classified as a type of calcareous sponge (Hinde, 1887) but the fact that 

Girvanella does not resemble any known sponge species discouraged this interpretation (Riding, 

1975).  The most accepted interpretation for this calcimicrobe is that it is a member of the 

cyanobacteria, an affinity first proposed by Bornemann in 1886 (Riding, 1975).   

Girvanella is a mass of unbranched, uniform, thin walled tubes that can occur as tangles, 

coils or as aligned tubules (Riding, 1991).  It is abundant in the Nisku Formation at Meekwap, 
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Alberta.  Preservation ranges from well preserved (well defined tubules in the rock) to poorly 

preserved where tubules can barely be discerned.   Girvanella is typically found in oncolitic 

coatings (where they are the dominant calcimicrobe), attached to stromatoporoids, in peloids, or 

as clusters in wackestone and packstone matrixes.  It is generally associated with Rothpletzella, 

especially in oncolitic cortices.   

4.2.4 Rothpletzella (Figure 10A and B) 

Calcimicrobes belonging to the Rothpletzella group are only visible under the microscope 

and appear as flat, curved or encrusting layers of tubes that branch in one plane, and resemble “a 

string of pearls” in oblique section (Riding, 1991; Flügel, 2010).  Previous work has classified 

them as algae or as a form of cyanobacteria and associates them with open marine and restricted 

shelf environments (Riding, 1991; Flügel, 2010).  These calcimicrobes are quite common in the 

Nisku Formation at Meekwap, but are not as abundant as Girvanella.  They are found either as 

long chains in the matrix, as part of oncolitic coatings, or as individual, small clumps in 

wackestone and packstone matrixes.  They are typically well preserved, in close association with 

Girvanella and Wetheredella.   

4.2.5 Wetheredella (Figure 10C and D) 

Wetheredella is a problematic calcimicrobe that has been classified as a cyanobacterium, 

or as a type of foraminifera (Riding, 1991; Flügel, 2010).  It is known in rocks from the Cambrian 

to Late Devonian, and has been shown to be common in Silurian-Devonian carbonate build-ups 

(Riding, 1991; Flügel, 2010).  Wetheredella occurs as short encrusting tubes, which can be 

branched and are hemispherical (almost blister-like) to rounded in cross-section (Riding, 1991).  

They are the least common of the calcimicrobes in the Nisku Formation, at Meekwap and they 
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Figure 10: Calcimicrobes of the Meekwap limestones continued. Rothpletzella is common in A) 

oncolitic coatings (1-2-67-15W5, 7653ft) and in B) the matrix (red arrows; 13-24-66-15W5, 

7671.2ft).  Wetheredella is the least abundant calcimicrobe but does occur in C) oncolitic 

coatings (red arrows; 7-1-67-15W5, 7637.5ft) or as D) build-ups on fossil fragments 

(Thamnopora fragment not shown; 13-24-66-15W5, 7678ft). Scale bars = 0.5mm.  A common 

microbial feature found in the study area is oncolitic coatings shown here in E) hand-sample 

(scale divisions = 1cm; 4-22-66-15W5, 2351.65m) and in F) thin section encasing a 

Thamnopora fragment (Th; scale bar = 1mm; 1-2-67-15W5, 7653ft).  Pictures taken in plane 

polarized light, arrows indicate up direction. 
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are typically found well preserved, in close association with Rothpletzella and Girvanella, 

especially in oncolitic coatings.   

4.3 Oncolites (Figure 10E and F) 

Oncolites are defined as non-concentric to concentric entities consisting of layered 

cyanobacterial casings around a nucleus (Heim, 1916).  The oncolitic coating is composed of 

calcimicrobes and can cover the particle nucleus evenly or vary in thickness.  Sphericity of the 

oncolite depends on the energy it was subjected to during growth (Ratcliffe, 1988).  Periodic 

increases in energy will lead to lopsided oncolites, whereas constant agitation will produce more 

spherical oncolites (Ratcliffe, 1988).  Oncolites can be divided into two main groups; the 

porostromates and the spongiostromates (Peryt, 1981).  Porostromate oncolites are dominated by 

Girvanella and are common in marine subtidal environments from Cambrian to Jurassic.  

Spongiostromate oncolites are composed of a variety of organisms including encrusting 

foraminifera, bryozoans and annelids.  They first appeared in the Cambrian, inhabiting 

environments not occupied by porostromate oncolites (e.g. lacustrine; Peryt, 1981).  They began 

to replace the porostromate oncolites in normal marine environments in the Jurassic and 

flourished until the Eocene when they were replaced by rhodoliths (coralline algae-dominated) in 

marine environments (Peryt, 1981).   

Porostromate oncolitic coatings in the Nisku Formation are common around a number of 

fossil fragments (corals, digitate stromatoporoids, irregular stromatoporoids, bryozoans, and shell 

pieces).  They are dominated by Girvanella but also include Rothpletzella and minor amounts of 

Wetheredella.  They are usually well preserved with the microbes easily visible and vary in 

thickness from a few millimetres to a few centimetres in diameter.  Oncolites are typically 
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associated with subtidal marine environments that have minor to moderate wave/current action 

and slow sedimentation rates (Hofmann, 1973; Peryt, 1981; Riding, 1991).  

4.4 Calcispheres 

Calcispheres are hollow, spheroidal, calcitic microfossils that are generally smaller than 

500μm in diameter (Flügel, 2010; Riding, 1991).  They are primarily interpreted as algal cysts 

and can be classified based on wall structure, size and ornamentation (Riding, 1991; Flügel, 

2010).   They are not common in rocks of the Nisku Formation at Meekwap, however, where they 

do occur, they are typically well preserved due in part to their calcitic casings.   Calcispheres are 

associated with green algae (photosynthetic) and therefore can be used as photic zone indicators 

(Riding, 1991).  They are typically found in shallow lagoons and back-reef carbonate 

environments (Wray, 1972; Riding, 1991).  

4.5 Benthic Foraminifera (Figure 11A-D) 

Benthic foraminifera are small, unicellular, dominantly marine, heterozoan protists that 

have single or multi-chambered tests (Ross, 1967).  Foraminifera can vary in terms of their size, 

habitat, habit, life cycle and morphology (Loeblich and Tappan, 1985).  The majority of 

foraminifera are benthic, and can be free-living, bound to the substrate, or attached to other 

organisms.  There are also some species of foraminifera that are planktonic (post Jurassic), where 

as others have photosynthetic endosymbionts (Loeblich and Tappan, 1985). Most benthic 

foraminifera are believed to inhabit normal salinity waters, with normal oxygen levels, in a range 

of temperatures (Flügel, 2010).  They have been noted in a variety of environments including 

shelves, reefs, slopes, and basins (Edgell, 2004).   

Foraminifera in the Nisku Formation at Meekwap are calcareous benthic varieties and 
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Figure 11: Benthic Foraminifera and ostracods of the Meekwap area.  Benthic foraminifera are 

part of the Superfamily Endothyracea and exhibit two test morphologies; A:B) cone-shaped (red 

arrow, 1-2-67-15W5, 7643.5ft; 10-20-66-15W5, 7658ft) and (C;D) planispiral (10-20-66-15W5, 

7643ft; 13-24-66-15W5, 7678ft).  Scale bar = 0.5mm.    Ostracod shells are rare and are observed 

in E) hand sample (12-16-66-15W5, 7797.25ft; scale divisions = 1cm) and in F) thin section (1-2-

67-15W5, 7653ft; scale bar = 1.0mm).  Thin section pictures taken with plane polarized light, 

arrows indicate up direction. 
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display two main morphologies, cone-shaped and planispiral.  Their calcitic tests are typically 

well preserved and are found with other bioclasts in wackestones, packstones and grainstones.  

The two morphologies noted in the Nisku Formation at Meekwap are believed to belong to the 

Suborder Fusulinia and the Superfamily Endothyracea.  The planispiral forms are part of the 

Family Endothyridae (Figure 11 A,B), while cone-shaped varieties belong to either the 

Nodosinellinae or Colaniellidae Families (Figure 11 C,D).  The Endothyracea are typically 

shallow water benthic foraminifera with Nodosinellidae inhabiting open shelves down to below 

wave base whereas Colaniellidae preferred shallow shelves, and lagoonal environments (Ross, 

1967).   

4.6 Ostracods (Figure 11E and F) 

Ostracods are small, millimeter- to centimeter-sized, bivalved arthropods that evolved in 

the Cambrian (Moore et. al, 1985).  They are typically well preserved with their calcitic shells 

either articulated or disarticulated due to molting.  They are present in the Nisku Formation, at 

Meekwap, but occur in distinct environments.  Ostracods are typically abundant where there are 

few to no other fossils present (generally just brachiopods).   Their small size, disarticulation and 

low abundance as well as the lack of samples taken from the areas they inhabit, makes it difficult 

to identify the species of ostracods present.  There were, however, rare entomozoans noted in the 

wackestones, packstones and grainstones surrounding coral fragments and/or stromatoporoids.  

Ostracod’s wide tolerance of salinity allows them to inhabit a variety of environments including 

freshwater, estuarine, marine and hyper-saline waters (Moore, et. al, 1985; De Deckker et al., 

1988). 
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4.7 Bryozoans (Figure 12A and B) 

Bryozoans are millimetre to centimetre sized colonies of interconnected suspension 

feeding zooids (McKinney and Jackson, 1989). Colonies can vary in size and shape and are 

usually broadly classified into massive, encrusting, stick-like, or some form of a branching 

network (Bone and James, 1993; Flügel, 2010).  Marine bryozoans can be classified into two 

categories; gymnolaemata and the stenolaemata (McKinney and Jackson, 1989).   Stenolaemata 

were dominant in the Paleozoic and differ from the Gymnolaemata by the presence of a 

membranous sac and having their principal axis at an angle to the growth direction of the colony 

(resulting in fragmentation; McKinney and Jackson, 1989).  Paleozoic bryozoans typically exhibit 

erect growth which results in an increase in surface area and a decrease in the area of the 

attachment surface (McKinney and Jackson, 1989).   

Bryozoans in the Nisku Formation at Meekwap are mostly fenestellids which are erect 

colonies constructed of straight branches joined by skeletal bars that fragment at points of 

structural weakness.  They are typical of moderate to low energy environments and generally 

occur near or below fair weather wave base or in cavities (McKinney and Gault, 1980).  They are 

well preserved in the Meekwap limestones because of their calcitic skeletons, although, they are 

typically fragmented.  They are not abundant, and in some cases skeletons are encrusted with 

minor to extensive oncolitic coatings.  

4.8 Echinoderms (Figure 12C) 

Echinoderms in the Meekwap limestones are represent by species belonging to the class 

Crinoidea (here after referred to as crinoids), which are filter-feeding organisms that were 

common throughout the Paleozoic (Hess et. al, 1999).  Crinoids disintegrate into pieces after 

death and were major contributors to the carbonate sediment from the Ordovician to the Permian  
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Figure 12: Bryozoans, echinoderms, and brachiopods of the Meekwap limestones.  Deposits of 

the Nisku Formation at Meekwap contain bryozoans (A;B), which are typically fragmented (red 

arrows; 1-2-67-15W5, 7631ft; 1-2-67-15W5, 7653ft).  Crinoids (C) are present in the deposits 

but are not in abundance (1-2-67-15W5, 7618.7ft).  Disarticulated brachiopods are extremely 

abundant, while articulated examples (D) are rare (atrypid brachiopod,15-4-66-15W5, 

7905.4ft).  Thin sections taken in plane polarized light, scale bar = 1mm.  Scale divisions on 

hand sample photographs = 1cm. Black and white arrows indicate up direction. 
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(Hess et. al, 1999).  They are present, but not overly abundant in the Nisku Formation at 

Meekwap.  They are generally well preserved as single crystals of calcite in wackestones, 

packstones and grainstones.  They are found in all types of environments, but they can only 

tolerate minor fluctuations in salinity, and prefer well-oxygenated environments with minor to 

moderate current action (Hess et. al, 1999). 

4.9 Brachiopods (Figure 12D) 

Brachiopods are sessile, filter-feeding, marine invertebrates known from the Cambrian to 

present with their acme (in terms of diversification) in the Devonian (Copper and Gourvennec, 

1996; Williams et. al, 1996).  Each brachiopod consists of two, non-equivalent shells of low 

magnesium calcite (Flügel, 2010).  Brachiopods are extremely abundant in the Nisku Formation, 

at Meekwap, occurring in virtually all samples.  They are well preserved and occur either as 

disarticulated shells in wackestones, packstones and grainstones or as articulated shells.  Two 

types of brachiopods were identified based on large (1-3cm in diameter) articulated shells; 

spiriferids and atrypids.  Other species may be present and represented by the smaller, 

disarticulated and fragmented shells.  Brachiopods are adaptable and tolerant organisms, allowing 

them to live from shallow waters to great depths (Yudina, 1996). 

4.10 Molluscs (Figure 13A and B) 

Bivalves are suspension feeders that consist of two shells that can be symmetrical.  The 

shells can be composed of calcite, aragonite or a mixture of both depending on the taxa (Flügel, 

2010).  They evolved in the Cambrian and are still present in almost all marine, freshwater and 

brackish water environments (Flügel, 2010).  Bivalves are numerous in the Nisku Formation at 

Meekwap, occurring primarily as small shell fragments or moulds in wackestones, packstones 

and grainstones.  There are some larger forms preserved as moulds, but these are rare, occurring  
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Figure 13: Bivalve, sponges, and pseudo-stromatactis.  Other, rare components of the Nisku 

Formation at Meekwap include: A;B) megalodont bivalves (red arrows; 10-20-66-15W5, 

7630.5ft; 12-30-66-15W5, 2287.5m), C) sponges (13-24-66-15W5, 7671.2ft), and D;E) pseudo-

stromatactis features (red arrows; 10-20-66-15W5, 7649.6ft ;04-28-66-15W5, 2409.62m).  Scale 

divisions = 1cm. Thin section pictures taken in plane polarized light, scale bar = 1mm. White 

arrows indicate up direction. 
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in only a few samples.  Megalodont bivalves are present in a few of the study wells, but are rare.   

Megalodonts are thought to have had photosynthetic symbionts and tend to prefer environments 

with temporary periods of higher energy, such as shallow water, pinnacle reefs, or platform 

margin environments (de Freitas et al., 1993). 

 Gastropods are organisms with a single chambered shell that is typically coiled (Flügel, 

2010).  They exist throughout the Phanerozoic inhabiting environments in marine, freshwater and 

terrestrial realms (Flügel, 2010).  The majority of marine gastropods are mobile, benthic 

creatures, but some are sedentary or pelagic.  They are rare in the Nisku Formation, at Meekwap, 

probably due to their low preservation potential because their shells are composed of aragonite 

and thus typically occur as moulds.    

 

4.11 Sponges (Figure 13C) 

Sponges are benthic, sessile organisms that occur from intertidal to deep marine 

environments throughout the Phanerozoic (Wood, 1998b).  They are composed of spongin fibers 

as well as a spiculate skeleton of silica or calcite (Flügel, 2010).  Typically the most common 

feature preserved is their spicules, which can be used to identify species.  Well 13-24-66-15W5 is 

the only core in the Meekwap area that displays distinct sponge fabric.  Possible spicules and 

fragments of spicules are however, found throughout the study area.   

A mottled (beige, grey), spongy looking texture occurs above some of the dorsal 

calcimicrobial crusts and is here referred to as a spongiostromate crust.  The few thin sections that 

contain this texture were, unfortunately, affected by dolomitization to the degree that much of this 

texture is obscured.  Where it is not, the sediment appears to be dark-coloured, and mud-rich 

(resembles grumeleusic texture).  It is interpreted to be a combination of the dolomitized areas 

(beige) and the dark, dense, mud-dominated sediment (grey) that creates the mottled appearance.      
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4.12 Stromatactis (Figure 13D and E) 

Stromatactis is a feature present in some deposits from the Ordovician to the Jurassic 

(Borque and Gignac, 1983).  The affinity of this feature has been greatly debated and has 

included such theories as marine cement crusts and sediment fill within cavities, moulds left by 

dying and decaying organisms, and microbial mat-like structures (Bathurst, 1959; 1980; 1982; 

Pratt, 82; Flajs and Hüssner, 1993).   Consensus to date favours the formation of stromatactis via 

the death and decay of sponge structures (Borque and Gignac, 1983).  Characteristics of this 

feature include an abundance of sparry calcite, and distinct cavities that occur in swarms 

(Bathurst, 1982).  These cavities have a smooth lower surface with a digitate upper surface and 

are filled with radiaxial fibrous cement (Bathurst, 1959; 1980; Pratt, 1982).  They also have a 

reticulate distribution with spar bridges connecting cavities to form a three dimensional structure 

(Bathurst, 1982).  Associated sediment is typically mud-dominated, bioturbated and can contain 

fragments of crinoids, brachiopods, bryozoans, ostracods and sponge spicules (Bathurst, 1980; 

1982).   Pseudo-stromatactis fabrics (features that display some but not necessarily all of the 

characteristics that define stromatactis) are present but rare in Meekwap deposits.  Cavities 

display similar morphologies to stromatactis (smooth floors and digitate roofs), have none to 

minor amounts of sediment lining the bottom and a few appear to have a minor coating of fibrous 

marine cement. They are uncommon, non-extensive features that occur in and around the reef.   

4.13 Stromatoporoids (Figure 14) 

The affinity of stromatoporoids has long been debated but the current consensus is that 

they are a type of sponge (Wood; 1999; Flügel, 2010).  Stromatoporoids have a calcareous 

skeleton that has horizontal (laminae) and vertical (pillar) structural elements.  They exhibit a 

wide variety of growth forms including digitate, bulbous, domal, columnar, and tabular/wafer  
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Figure 14: Stromatoporoids of the Nisku Formation at Meekwap include digitate and laminar 

forms.  Digitate stromatoporoids consist of A) Amphipora (10-27-66-15W5, 2320.18m), B) 

Stachyodes (red arrow; 1-2-67-15W5, 7654ft), and C) Idiostroma (red arrows; 15-4-66-15W5, 

7863.1ft).  D) Laminar stromatoporoids can be subdivided into tabular (tSt; 15-4-66-15W5, 

7836.8ft) or wafer (wSt) stromatoporoids based on thickness.   Scale divisions = 1cm, black and 

white arrows indicate up direction. 
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(Kershaw, 1998; Stearn et. al, 1999).  Individual stromatoporoids can range anywhere from under 

a centimetre to several metres in diameter.  They were common twice in the earth’s history, first 

in the Paleozoic (between the Ordovician and Late Devonian) and again in the Mesozoic (Jurassic 

and Cretaceous; Kershaw, 1998; Stern et. al, 1999).  Mesozoic stromatoporoids differ from  

Paleozoic varieties, in that they contain spicules.  This section will focus on the Paleozoic 

stromatoporoids relevant to this study.   

There are three distinguishable growth morphologies in the Nisku Formation; digitate, 

laminar (wafer and tabular), and irregular.  Digitate stromatoporoids can be identified as 

Amphipora (Figure 14 A), Stachyodes (Figure 14 B) and Idiostroma (Figure 14 C). Amphipora 

stromatoporoids are small, usually less than 1cm in diameter, have a disorganized structure with 

one central axial canal, are well preserved, and were typical of low energy, shallow waters in 

lagoon and back-reef environments (Kershaw, 1998; Stearn et. al, 1999; Flügel, 2010).  

Stachyodes is another form of digitate stromatoporoid, though not as prevalent as Amphipora in 

the Meekwap limestones.  It is recognized predominantly by the presence of three axial canal 

openings in cross-section and was common on reef flats and platform environments (Kershaw, 

1998; Stearn et. al, 1999).  The third type of digitate stromatoporoid present is Idiostroma, which 

has a very organized structure with one central axial canal opening.  It has the same relative 

abundance as Stachyodes and inhabited similar environments.  

Laminar stromatoporoids vary in thickness from less than a centimetre (wafer; Figure 14 

D, E) to a few centimetres (tabular; Figure 14 D) and, when present, are quite abundant.  They are 

commonly associated with microbes, which occur as dorsal and/or ventral crusts.  Laminar 

stromatoporoids of the Nisku Formation at Meekwap, are interpreted to be members of the 

Stromatoporidae (genus Stromatopora), Actinostromatidae (genus Actinostroma) and/or 
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Trupetostromatidae (genus Trupetostroma or Hermatostroma) families (Stearn et al., 1999).  

There are also irregular stromatoporoids present, which are common but are most likely 

fragments of the laminar stromatoporoids.  All of the stromatoporoids are well preserved with 

only minor leaching in areas of heavy dolomitization.  Stromatoporoids are extremely important 

in the Meekwap reef environment as they create cavities for organisms, and provide a rigid 

surface on an otherwise potentially muddy seafloor, to which organisms can attach (Kershaw, 

1998; Wood, 1998a;b; Stearn et. al, 1999).   

4.14 Corals (Figure 15) 

Paleozoic corals in the Nisku Formation can be divided into two main groups, rugose 

(Figure 15 B,C) and tabulate (Figure 15 A,B,C; Scrutton, 1999).  Rugose corals have a calcitic 

skeleton, are solitary or colonial and can be cup-shaped, conical or cylindrical (Scrutton, 1999).  

They are millimetres to centimetres in size and occur from the Ordovician to the Late Permian 

(Flügel, 2010; Scrutton, 1999).  Paleozoic tabulate corals have similar corallite sizes and 

distribution patterns as modern corals that possess photosynthetic endosymbionts (Coates and 

Jackson, 1987).  Rugose corals, on the other hand, have similar morphologies and distributions as 

deep-water modern corals that do not contain photosymbionts (Coates and Jackson, 1987).  This 

similarity suggests, but does not prove, that the majority of tabulate corals had photosynthetic 

endosymbionts and would therefore be restricted to the photic zone, while rugose corals, which 

likely lacked endosymbionts, could occur throughout the shelf.  Rugose corals in the Nisku 

Formation at Meekwap are well preserved (Figure 14 B,C), but are not as abundant as the tabulate 

types.  There are at least three families of rugose corals present in the Nisku Formation at 

Meekwap, including members of the Phillipsastrea, Endophyllidae and Disphyllidae.  They 

typically occur as fragments in the matrix or as larger, solitary corals in a muddy matrix.   
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C Figure 15: Meekwap corals consist of 

tabulate (Thamnopora, Th) and rugose 

(Ru) types.  Thamnopora (A;B;C) is a 

prevalent component of Meekwap 

limestone, whereas rugosans (B;C) are 

typically less abundant (1-2-67-15W5, 

7654.25ft; 1-2-67-15W5, 7661ft; 7-18-68-

15W5, 7466ft). Scale divisions = 1cm, 

white arrows indicate up direction. 
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Tabulate corals are colonial and also have a calcitic skeleton.  They can be sheet-like, 

domal, branching or chain-like (Flügel, 2010; Scrutton, 1999).  The most abundant tabulate coral 

in the Nisku Formation at Meekwap is Thamnopora (Figure 15 A,B,C).  It is well preserved and 

can be associated with microbial growths such as oncolitic coatings or Renalcis.  Thamnopora is 

known to be a common element of Devonian lagoonal and back-reef environments (Flügel, 

2010).  Other tabulate corals, Aulopora and Syringopora, are present but are not as abundant as 

Thamnopora.   

4.15 Grumeleuse Texture 

Grumeleuse texture was first described by Cayeux (1935) as a microbial-related texture 

composed of tubes (Girvanella) encased by micrite and microspar (Coniglio and James, 1985).  It 

is thought to be the result of the growth of calcite crystals through micrite (Cayeux, 1935; 

Bathurst, 1970; Turner et al., 2000) or by the merging of grains (peloids).  Merging of grains 

could be due to excess aragonite micrite produced during photosynthesis of algal filaments 

(Bathurst, 1970).  This micrite could adhere to the peloids or obfuscate their boundaries and 

thereby cause them to merge (Bathurst, 1970).  Grumeleuse texture in the Nisku Formation at 

Meekwap Alberta, is easily distinguished from the otherwise clean (non-microbial) mud, as it 

appears clotted in hand sample and out-of-focus in thin section.  The Girvanella varies from 

being abundant and well defined to being sparse where only a few fragments of the tubes are 

observed.   

4.16 Inceta Sedis (Figure 16)   

This category encompasses all other components that have been observed, but whose 

affinities are unknown.  Organisms belonging to this group are depicted in Figure 16 (A-E).   
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A B 

C D 

E 

St 

St 

St 

Figure 16: Inceta Sedis.  Components whose affinities are unknown (indicated by red arrows).  

They can be found attached to A;B;C) stromatoporoids (St; 10-20-66-15W5 7653.5’; 10-20-66-

15W5 7653.5’; 12-30-66-15W5 2282.87m) or  D;E) loose in the matrix (14-7-66-15W5 

7599.5’; 15-4-66-15W5 7829.5’). Pictures taken with plane polarized light, scale bar = 0.5mm, 

black and white arrows indicate up direction 
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Three of the organisms (A, B and C) encrust stromatoporoids, while the other two (D and E) 

occur as grains in wackestone/packstone matrixes.  A and C appear similar and have elongated, 

lobate structures and exhibit internal laminations.  B and E are also quite similar (except that B is 

encrusting) as both of these are hemispherical to domal and are composed of what appears to be 

layers that do not exhibit any internal features.  D is different from the others because it has three 

parts/branches and may be similar to coralline red algae.  It is possible that the majority of these 

(all but D) are some form of Keega.  Keega is a genus that occurred in the Late Devonian and is 

associated with stromatoporoids, Renalcis, Epiphyton, Girvanella, Rothpletzella and 

Wetheredella (Riding, 1974).  It was initially believed to be a form of coralline algae, but was 

reinterpreted as being a basal layer of laminar stromatoporoids that had undergone some 

structural modifications (Riding, 1974).  The key difference between Keega and the organisms 

seen in the Nisku Formation at Meekwap is that Keega occurs as a layer, while these are 

separated, individual organisms.   
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Chapter 5 

Lithofacies 

5.1 Introduction 

Thirteen lithofacies are differentiated in this study based on the presence and relative 

abundance of biological components as well as different matrix compositions.  Lithofacies are 

grouped into broader categories with similar fossil content and are herein termed megafacies. 

Wackestones and packstones, as well as floatstones and rudstones have been merged together to 

minimize redundancy as these textures are composed of the same fossils and differ only in the 

amount of mud present.  Dolomitization has occurred in the study area and therefore, rocks 

comprising these lithofacies have undergone minor to extensive alteration (preferential 

dolomitization of the matrix is common).  It should also be noted that there are little to no 

synsedimentary fibrous marine cements in these deposits.  Cements are present in a few cores but 

these occurrences were rare and in all cases, only a minor amount of cement was present.  The 

lithofacies are described below in terms of their fossil content and matrix, a summary of which 

can be found in Table 1. 

5.2 Mudstone Megafacies (M; Figure 17) 

5.2.1 Finely Laminated Mudstone (M1, Figure 17A) 

Description: Finely laminated mudstones are beige in colour with planar, millimetre scale 

laminations.  They are devoid of fossils and have undergone minor to pervasive dolomitization.   

Interpretation: Previous studies (Wilson, 1975; DaSilva and Boulvain, 2004) have classified this 

lithofacies as being a peritidal to restricted lagoon deposit.  Abundance of mud and planar  
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Table 1: Lithofacies 

Lithofacies Components Matrix Environment 
of Deposition 

Interpretation 

Mudstone Megafacies 

Laminated Mudstone 
(M1) 

Fine-scale (mm), planar 
laminations 

• Mud • Shallow, 
low 
energy 

• Peritidal 

Bioturbated Mudstone 
(M2) 

Bioturbation, few 
disarticulated brachiopods, 
ostracods, and calcispheres 

• Mud • Shallow, 
stressed 
marine 

• Peritidal 
 

Nodular Lime 
Mudstone 

(M3) 

Brachiopods, Thamnopora 
fragments and rugose 
corals 

• Mud • Deep 
water, 
low 
energy 

• Lower 
foreslope, 
basin 

Fossiliferous Megafacies 

Fossiliferous 
Wackestone/Packstone 

(F1) 

Shells (brachiopods, 
gastropods, ostracods and 
bivalves), benthic 
foraminifera, and 
calcispheres 

• Mud – clean 
to clotted  

• Low 
energy 

• Lagoon  

• Shallow 
to deep 

• Mid- to 
lower-
foreslope 

Fossiliferous 
Grainstone 

(F2) 

Shells (disarticulated 
brachiopods, bivalves, 
gastropods), corals 
(Thamnopora, Aulopora, 
Syringopora and rugose), 
calcispheres, peloids and 
oncolitic coatings  

 • High 
energy 

• Lagoon to 
back reef 
 

Thamnopora 
Floatstone 

(F3) 

Thamnopora, oncolitic 
coatings 

• Mud – clean 
or clotted 

• Fossiliferous 
Wackestone/
Packstone  

 

• Low to 
moderate 
energy 

• Lagoon 
 

• Shallow 
to deep 
water 

• Foreslope 

Fossiliferous 
Floatstone/Rudstone 

(F4) 

Shells (disarticulated and 
articulated brachiopods, 
bivalves, gastropods), 
corals (Thamnopora, 
Aulopora, Syringopora and 
rugose), stromatoporoids 
(digitate: Amphipora, 

• Mud – clean 
or clotted 

• Fossiliferous 
Wackestone/
Packstone  

• Fossiliferous 
Grainstone 

• Low to 
moderate 
energy 

• Lagoon  
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Idiostroma and 
Stachyodes; 
irregular/fragmented and 
bulbous), crinoids, benthic 
foraminifera, bryozoans 
calcispheres, peloids, rare 
sponge spicules/texture and 
oncolitic coatings  

• Shallow 
to deep 
water 

 

• Foreslope 

Stromatoporoid Megafacies 

Amphipora 
Floatstone/Rudstone 

(S1) 

Amphipora, disarticulated 
brachiopods, and 
calcispheres 

• Mud  
• Fossiliferous 

Wackestone/
Packstone  

 

• Low 
energy 

• Shallow 
water 

• Lagoon 

Laminar 
Stromatoporoid 

Floatstone 
(S2) 

Laminar and irregular 
stromatoporoids, Renalcis, 
Epiphyton, Girvanella, 
Rothpletzella, shells 
(brachiopods and bivalves 
– including some 
megalodonts), crinoids, and 
coral pieces (Thamnopora, 
Aulopora, Syringopora and 
rugose) 

• Mud – clean 
or clotted 

• Fossiliferous 
Wackestone/
Packstone 
 

• Low to 
moderate 
energy 

• Shallow 
to 
somewhat 
deeper 
waters 

• Back reef 
• Upper 

foreslope 
• Reef  

Stromatoporoid-
Renalcis Framestone 

(S3) 

Laminar stromatoporoids, 
Renalcis, Epiphyton, 
Girvanella, Rothpletzella, 
shells (brachiopod, and 
bivalves), crinoids, coral 
pieces (Thamnopora, 
Aulopora, Syringopora and 
rugose) and  benthic 
foraminifera 

• Mud – clean 
or clotted 

• Fossiliferous 
Wackestone/
Packstone 

 

• Low to 
moderate 
energy 

 

• Reef 

Microbial Megafacies 

Renalcis-
stromatoporoid 

Floatstone/Rudstone 
(C1) 

Laminar and irregular 
stromatoporoids, Renalcis, 
Epiphyton, Girvanella, 
Rothpletzella, shells 
(brachiopod, and bivalves), 
crinoids, Thamnopora 
pieces and  benthic 
foraminifera 

• Mud – clean 
or clotted 

• Fossiliferous 
Wackestone/
Packstone 

 

• Low to 
moderate 
energy 

 

• Reef 

Renalcis Boundstone 
(C2) 

Renalcis, Epiphyton, minor 
Girvanella and 
Rothpletzella, laminar 
stromatoporoids, 
disarticulated brachiopods, 
coral fragments (typically 
Thamnopora), and crinoids  

 • Low to 
moderate 
energy 

 

• Reef 
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Oncolitic Floatstone 
(C3) 

Girvanella, Rothpletzella, 
Wetheredella, 
Thamnopora, irregular 
stromatoporoids, peloids, 
bivalves, and rugose corals 

• Mud – clean 
or clotted 

• Fossiliferous 
Wackestone/
Packstone  

• Fossiliferous 
Grainstone 

• Low to 
moderate 
energy 

• Lagoon 
 

• Shallow 
to deep 
water 

• Upper to 
middle 
foreslope 
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A B 

C Figure 17: Mudstone Megafacies; A) 

Laminated mudstone (4-29-66-15W5, 

7578ft), B) Bioturbated mudstone (10-20-

66-15W5, 7606.5ft), and C) Nodular lime 

mudstone (11-23-66-15W5, 2349.95m). 

Scale divisions = 1cm, black and white 

arrows indicate up direction. 
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laminations indicate that it was a low energy environment. Lack of fossils is indicative of a highly 

stressed environment, probably due to partial and frequent exposure, possible freshwater input or 

hypersaline conditions (cf: Walker and Laporte, 1970; Wilson, 1975; Whalen et. al, 2002; 

DaSilva and Boulvain, 2004). 

5.2.2 Bioturbated Mudstone (M2, Figure 17B) 

Description: This lithofacies is characterized by deposits that are beige in colour, that contain 

evidence of bioturbation (mottling), that can have fenestral pores, and that typically contain a few 

peloids.   There is evidence of planar laminations, however these become more disorganized with 

depth.  The few fossils present are in the form of small, disarticulated brachiopods, ostracods, and 

calcispheres.  

Interpretation: This lithofacies is interpreted to represent deposition in a stressed, shallow marine 

environment, peritidal, based on the occurrence of fenestral pores, the abundance of ostracods and 

the low diversity of other fossils.  The most likely environmental stress for this lithofacies was 

hypersalinity as waters are shallow and ostracods, which can inhabit and flourish in schizohaline 

environments, are abundant (cf: Wilson, 1975; De Deckker et al., 1988; DaSilva and Boulvain, 

2004). 

5.2.3 Nodular Lime Mudstone (M3, Figure 17C) 

Description: As its name suggests, this lithofacies is characterized by light to dark, grey, nodular 

lime mudstone.   Fossil content is limited to layers of fossils composed primarily of the tabulate 

coral Thamnopora, rugose coral pieces, and a few brachiopods.  Argillaceous material is also 

present locally. 

Interpretation: The mud indicates that this was a tranquil environment.  Low fossil abundance 

and low diversity suggests that the environment was under stress (anoxic to disoxic).  The main 
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fossils (brachiopods) do not require light, and the fragmentation and random orientation of the 

coral pieces could be indicative of downslope transportation.  The nodular lime mudstone 

lithofacies is interpreted to have been a deep-water, lower foreslope facies (cf: Stearn et. al, 1987; 

Whalen et. al, 2002).   

5.3 Fossiliferous Megafacies (F, Figure 18) 

5.3.1 Fossiliferous Wackestone/Packstone (F1, Figure 18A) 

Description: The fossiliferous wackestone/packstone lithofacies is defined by the presence of a 

variety of small fossils, fragments and whole fossils in a muddy matrix.  Skeletons range from 

shell fragments composed of bivalve, brachiopod, and ostracod pieces, to calcispheres, gastropod 

moulds, and benthic foraminifera.  The matrix is typically carbonate mud that is either clean or 

clotted (grumeleuse texture), and Girvanella and Rothpletzella can be present in the matrix.   

Interpretation: There are two general environmental interpretations for this lithofacies based on 

fossil composition and location.  1)  The presence of calcispheres and ostracods suggests a 

lagoonal environment because calcispheres are products of green algae and therefore require light 

(Riding, 1991).  2) A deep-water, foreslope environment is implied from the lack of 

photosynthetic organisms (cf: Wilson, 1975; Stearn et. al, 1987; Caplan and Bustin, 2001; 

Whalen et. al, 2002; DaSilva and Boulvain, 2004). 

5.3.2 Fossiliferous Grainstone (F2, Figure 18B and C) 

Description: Fossiliferous grainstones are composed of a variety of different fossils.  Typical 

allochems include brachiopods, bivalves, and ostracods along with gastropod moulds, and 

fragments of tabulate (Thamnopora, Syringopora, and Aulopora) and rugose corals.  Some grains  
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Figure 18: Fossiliferous Megafacies; A) Fossiliferous (shell fragments and tabulate corals with 

minor oncolitic coatings; red arrows) wackestone/packstone (4-29-66-15W5, 7620.7ft), B;C) 

Fossiliferous (Thamnopora, shell and stromatoporoid fragments) grainstone (7-1-67-15W5, 

7633ft), D) Thamnopora floatstone (04-28-66-15W5, 2401.65m), and E) Fossiliferous (shells, 

crinoids, and fragmented stromatoporoids in a mudstone matrix) floatstone/rudstone (15-4-66-

15W5, 7844.9ft). Scale divisions = 1cm. Thin section picture taken in plane polarized light, 

scale bar for C = 1mm.  Black and white arrows indicate up direction. 
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can have thin (<1cm) to thick (>2cm) oncolitic coatings.  Calcispheres and peloids are present 

locally.   

Interpretation: These rocks are indicative of a high energy environment because there is little 

mud and the majority of bioclasts are fragmented.  Such high energy levels may have been 

periodic (storms) because oncolites are present, and they require regular quiescent periods in 

order to form (cf: Ratcliffe, 1988; Whalen et. al, 2002; DaSilva and Boulvain, 2004). 

5.3.3 Thamnopora Floatstone (F3, Figure 18D) 

Description: Thamnopora pieces that characterize this lithofacies are typically fragmented and 

are locally concentrated in layers.  Thamnopora can have thin to thick oncolitic coatings (<1cm to 

2cm) composed predominantly of Girvanella and Rothpletzella.  The matrix, where not 

dolomitized, is composed of mud (clean or clotted) or is a fossiliferous wackestone to packstone.   

Interpretation: There are two interpretations for this lithofacies based on the fossils that are 

present in the matrix.  1)  This lithofacies is interpreted as being shallow water if calcispheres, 

and/or ostracods are present, if not, then 2) it is interpreted as a deeper-water environment. Higher 

energy conditions and/or transport of the fossil pieces from up-slope are indicated by fragmented 

Thamnopora (cf: Copper, 2002a; Wierzbicki et. al, 2008). 

5.3.4 Fossiliferous Floatstone/Rudstone (F4, Figure 18E) 

Description: The fossiliferous floatstone/rudstone lithofacies contains a variety of fossils, whose 

composition and abundance varies throughout the region. Coral pieces are common (tabulate 

Thamnopora, Syringopora, and Aulopora, as well as rugose corals) along with fragments of 

brachiopods (articulated and disarticulated), and bivalves (ranging from small up to megalodonts 

in size).  Stromatoporoids are typically present as digitate forms (Amphipora, Stachyodes, and 

Idiostroma), but irregular, bulbous, and fragmented wafer stromatoporoids are also present.  
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Crinoids, bryozoans, benthic foraminifera, gastropod moulds, sponge spicules/textures, 

calcispheres, and peloids can also be present, but are typically not abundant.  The larger fossils 

(particularly the digitate stromatoporoids, Thamnopora and bryozoans) can have a thin (<1cm) to 

thick (>2cm) oncolitic coating composed of Girvanella and Rothpletzella. The matrix ranges 

from mud (clean or clotted), to a fossiliferous wackestone, packstone, or grainstone. 

Interpretation: This lithofacies is indicative of three environments ranging in depth from lagoon 

to deep-water foreslope.  1) Digitate stromatoporoids (especially Amphipora) and/or calcispheres 

(light-dependent) are characteristic of lagoonal environments (Riding, 1991; Kershaw, 1998; 

Stearn et. al, 1999).  2) Fragmented fossils, irregular to wafer stromatoporoids and a relatively 

grainy matrix (low mud content), is indicative of a high-energy environment close to the reef 

(back reef or upper foreslope).  3) Deeper-water facies are characterized by an abundance 

bryozoans, articulated brachiopods and thin wafer stromatoporoids in a mud dominated matrix, as 

well as the absence of digitate stromatoporoids and calcispheres (cf: Wilson, 1975; Whalen et. al, 

2002; DaSilva and Boulvain, 2004).  

5.4 Stromatoporoid Megafacies (S, Figure 19) 

5.4.1 Amphipora Floatstone/Rudstone (S1, Figure 19A) 

Description: This lithofacies is dominated by Amphipora with few other macro-fossils.  The 

matrix tends to be dark-brown in colour (can range up to medium brown) and is typically either 

mud or fossiliferous wackestone to packstone composed predominantly of shells (brachiopods, 

bivalves and ostracods) and calcispheres.    

Interpretation: This lithofacies is interpreted as a shallow water, low-energy environment where a 

dark-coloured matrix, with little to no other fossil content, is indicative of low oxygen conditions 

(Kershaw and Brunton, 1999).  An abundance of mud (low-energy), as well as the presence of  
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Figure 19: Stromatoporoid 

Megafacies; A) Amphipora 

floatstone/rudstone (7-18-68-15W5, 

7436.78ft), B) Stromatoporoid (St) 

floatstone/rudstones (6-3-67-15W5, 

7523.56ft), and C) Stromatoporoid 

(St)-Renalcis (R) framestone (14-7-

66-15W5, 7598.2ft). Scale divisions 

= 1cm, white arrows indicate up 

direction. 
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calcispheres (light-dependent) further supports this interpretation (cf: Wilson, 1975; Kershaw, 

1998; Pohler, 1998; Potma et. al, 2001; Whalen et. al, 2002; DaSilva and Boulvain, 2004).   

5.4.2 Laminar Stromatoporoid Floatstone/Rudstone (S2, Figure 19B) 

Description: This lithofacies is dominated by laminar stromatoporoids and less abundant, 

irregular stromatoporoids.  Stromatoporoids are typically horizontal and many are fragmented.  

The matrix is usually mudstone or fossiliferous wackestone to packstone and contains 

brachiopods, bivalves, crinoids, coral pieces (Thamnopora, Aulopora, Syringopora and rugose 

corals), benthic foraminifera and peloids.   

Interpretation: The laminar stromatoporoid (Stromatoporidae, Actinostromatidae and/or 

Trupetostromatidae) floatstone/rudstone lithofacies is interpreted as a reef crest, reef flat, back-

reef, or upper-foreslope environment.  The thickness of the stromatoporoids present can provide 

insight into the energy level of the environment.  Thicker, more massive stromatoporoids, as well 

as any that are fragmented or irregular, suggest moderate to high energies (Wilson, 1975; 

Kershaw, 1998).  Thinner, laminar (wafer) stromatoporoids, as well as a high abundance of mud, 

indicates a lower energy environment (cf: Wilson, 1975; Kershaw, 1998; Potma et. al, 2001; 

Wierzbicki et. al, 2008).  

5.4.3 Stromatoporoid-Renalcis Framestone (S3, Figure 19C) 

Description: This lithofacies is characterized by thick (1-3cm) laminar (wafer to tabular) 

stromatoporoids typically with thick under-coatings of Renalcis and Epiphyton (typically in 

excess of 2cm).  The stromatoporoids are predominantly sub-horizontal but can be vertical, and 

they may or may not have a visible microbial crust composed of Girvanella and Rothpletzella.  

The matrix between the stromatoporoids, predominantly in the shelter cavities, is a geopetal 

wackestone to packstone composed of coral pieces, shell fragments, crinoid pieces, benthic 
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foraminifera and even some fragments of Renalcis.  Mud in the matrix can be clean or have a 

grumeleuse texture.  Preferential dolomitization of the cavity fill is common.   

Interpretation: Thick stromatoporoids as well as extensive microbial coatings (especially the 

Renalcis) suggests an adaptation to, and growth in, high energy conditions such as those found on 

and around a reef crest (cf: Wood, 1998a;b; Copper, 2002a; Whalen et. al, 2002; Wierzbicki et. 

al, 2008) 

5.5 Calcimicrobial Megafacies (C, Figure 20) 

5.5.1 Renalcis Stromatoporoid Floatstone/Rudstone (C1, Figure 20A) 

Description: This facies is characterized by relatively thick Renalcis (and Epiphyton) coatings 

(typically >2cm) on the ventral side of thin, horizontal to vertical, laminar stromatoporoids.  The 

stromatoporoids are typically less than one centimetre thick and can have dorsal microbial crusts 

composed of Girvanella, Rothpletzella and Wetheredella that are similar in appearance to 

oncolites (composed of layers of calcimicrobes).  Renalcis coatings are relatively even in 

thickness and are also present on other fossils, if present, such as Thamnopora pieces and 

megalodont bivalves, if they are present.  Minor amounts of Girvanella and Rothpletzella can also 

occur on the ventral part of the laminar stromatoporoid between the stromatoporoid and the 

Renalcis crust.  The matrix can be composed of a mudstone or internal sediment consisting of 

fossiliferous wackestone to packstone possibly containing coral pieces, shells (brachiopods and 

bivalves), gastropod moulds, crinoids, benthic foraminifera, bryozoans, and microbial pieces 

(Girvanella, Rothpletzella and Renalcis fragments).   

Interpretation: This lithofacies is interpreted as a reef framework (behind or in front of the reef 

crest) due to the abundance of Renalcis, Epiphyton and wafer stromatoporoids (Wood, 1998a;b; 

Wierzbicki et. al, 2008).  Thin wafer stromatoporoids and the abundance of mud, suggests a  
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Figure 20: Microbial Megafacies; A) Renalcis (R)-stromatoporoid (St) floatstone/rudstone with a 

spongiostromate crust (SC) and pseudo-stromatactis features (pSt; 10-21-66-15W5, 2396.1m), B) 

Renalcis boundstone (15-4-66-15W5, 7845.2ft), and C) Oncolitic floatstone (tabulate coral 

fragments in a wackestone matrix; red arrows; 6-3-67-15W5, 7534ft). Scale divisions = 1cm, 

white arrows indicate up direction. 
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lower energy environment for this lithofacies (cf: Stearn et. al, 1987; Wood, 1998a;b; Wierzbicki 

et. al, 2008). 

5.5.2 Renalcis Boundstone (C2, Figure 20B) 

Description: Calcimicrobial boundstones consist of Renalcis and Epiphyton coatings on the 

underside of stromatoporoids that are so thick and pervasive (>5cm) that there is nothing else 

present in the core.  Typically the area in and around the microbes is clean and fossil free 

(occupied by burial cement) but the occasional disarticulated brachiopod shell, coral piece and/or 

crinoid does occur.  There is little to no internal sediment because the microbial growth 

monopolizes the space between the thin, laminar stromatoporoids.  Small geopetals occur 

throughout the microbial mass and some Girvanella and Rothpletzella (and rare Wetheredella) 

occur between the stromatoporoids and the Renalcis and Epiphyton.   

Interpretation: This facies is interpreted as being part of the reef environment dominated by 

moderate energy levels.  Due to the extensive nature of microbial coatings, it is thought that they 

must have provided an element of support to the reef structure allowing it to endure higher wave 

and storm energies (Pratt, 1984).  Geopetals within the microbial mass suggest early 

lithification/calcification (cf: Pratt, 1984; Stearn et. al, 1987; Wood, 1998b; DaSilva and 

Boulvain, 2004). 

5.5.3 Oncolitic Floatstone (C3, Figure 20C) 

Description: Oncolites are numerous in some locations, encasing almost every fossil fragment 

present.  Oncolitic coatings are composed predominantly of Girvanella and Rothpletzella, but 

Wetheredella is also present locally.  Oncolitic coatings tend to be fossil specific, encrusting 

larger fossil pieces, such as Thamnopora and stromatoporoid fragments, but not smaller fossil 
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components.  The matrix is typically muddy, grumeleuse texture is common, and can contain 

fragments and/or clusters of Girvanella and Rothpletzella.  The matrix is also somewhat grainer 

in areas (fossiliferous wackestone, packstone or grainstone) and can include a variety of fossils 

including peloids (containing Girvanella), bivalves, brachiopods, rugose corals and Thamnopora.  

Interpretation: The abundance of mud, as well as the thickness of the onocolitic coatings which 

require fluctuating quiet and energetic periods to form (Ratcliffe, 1988), implies a low- to 

medium-energy environment.  Two possible environmental interpretations exist based on fossil 

content. 1)  A shallow water environment is suggested by high coral content and calcispheres 

whereas 2) a deep-water, downslope environment is implied from an abundance of brachiopods, 

bryozoans and fragmented corals (cf: Wilson, 1975; Potma et. al, 2001; Whalen et. al, 2002, 

Wierzbicki et. al, 2008). 

  



 

 

 

58 

Chapter 6 

Lithostratigraphy 

A suite of four distinct paleoenvironments are recognized from the Meekwap area (Figure 

6): peritidal, lagoonal, reef, and foreslope.  Five north-south and six east-west cross-sections 

through the study area (Figure 21) were planned and were to be created based on the correlation 

of core descriptions and the lithofacies they contained.  The core descriptions were zeroed to try 

and compensate for topography changes between wells.  Cores were aligned by identifying peaks 

in their corresponding gamma-ray logs that are thought to represent the boundary between the 

Nisku and Calmar Formations (Figures 22 and 23).  The creation of multiple cross-sections based 

exactly on core descriptions was unrealistic because wells were in a variety of locations, the depth 

of the facies varied due to the topography of the basin, and reefs are three-dimensional, non-

continuous features that vary in size, shape and presence across the study area.  Instead, two 

general cross-sections, one north-south and one east-west, were constructed through the 

approximate middle of the study area (Figure 21).  The north-south cross-section (Figure 24) 

shows a trend from shallower water (peritidal and lagoon) deposits in the north, to deeper water 

facies (foreslope) in the south.  The east-west cross-section (Figure 25) illustrates the uniformity 

of the facies across the region, although it is possible that the thickness and existence of the facies 

(particularly the reef facies) varies locally.  There is also an unknown sub-facies (part of the 

fossiliferous floatstone facies) that occurs in the midst of what should be the reef environment 

(12-16-66-15W5).  It is a fossiliferous floatstone with Thamnopora, stromatoporoid and 

brachiopod fragments in mudstones, wackestone and packstones.  This is interpreted as a channel 

that ran between or through the reefs.   
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Figure 21: Map of the Meekwap area depicting locations of wells drilled to the Nisku.  Black, 

filled-in circles are wells that were examined for the study, while open circles represent wells that 

were not examined.  Line N-S is the approximate location for the general north-south cross 

section (Figure 24), whereas line W-E is the approximate location for the general east-west cross-

section (Figure 25). 
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Figure 22: Correlation along a north-south transect through the study area using core descriptions and gamma-ray logs.  Numbers associated with 

the core descriptions refer to the depth of the cored interval.  Red arrows indicate the peaks used for correlating the Calmar-Nisku boundary. 

Bolded lines in the gamma-ray logs were drawn by the company drilling the well and indicate the placement of formation boundaries as 

determined by the company. 
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Figure 23: Correlation along an east-west transect through the study area using core descriptions and gamma-ray logs. Numbers associated with 

the core descriptions refer to the depth of the cored interval.  Lighter colours represent transitional facies that were difficult to classify into the four 

main environmental facies described.  Light red corresponds to a back-reef facies while light purple is a, slightly deeper, fore-reef facies.  Red 

arrows indicate the peaks used for correlating the Calmar-Nisku boundary.  Bolded lines in the gamma-ray logs were drawn by the company 

drilling the well and indicate the placement of formation boundaries as determined by the company.
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Figure 24: General North-South cross-section of the Nisku Formation through the approximate 

middle of the study area (Figure 21) with some well locations shown (black boxes) and their 

corresponding gamma-ray logs.   
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Figure 25: General east-west cross-section of the Nisku Formation through the approximate middle of the study area (Figure 21) with some well 

locations shown (black boxes) and their corresponding gamma-ray logs. 
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On the basis of the foregoing two models for the distribution of the lithofacies were 

created using the cross-sections (particularly the north-south cross-section).  These models run 

north-south through the study area and represent one of two cycles that have been recognized (see 

following; Figures 26 and 27).  Peritidal deposits occur in the northernmost regions and are 

characterized by laminated mudstones (M1) grading laterally (south) into bioturbated mudstones 

(M2).  The peritidal facies passes into the slightly deeper-water lagoonal facies characterized by 

either a fossiliferous wackestone (F1), fossiliferous floatstone (F3) Thamnopora floatstone (F4), or 

an oncolitic floatstone (C3).  These deposits (typically) grade into Amphipora 

floatstones/rudstones (S1), fossiliferous floatstones/rudstones (F4), and oncolitic floatstones (C3).  

Back reef facies are characterized by higher energy lithofacies such as laminar-stromatoporoid 

floatstones (S2) and fossiliferous grainstones (F2).  Stromatoporoid-calcimicrobial lithofacies are 

typical of the reef environment and include stromatoporoid-Renalcis framestones (S3), Renalcis-

stromatoporoid floatstones/rudstones (C1), and Renalcis boundstones (C2).  Reef facies pass into 

the deeper-water foreslope environment where laminar-stromatoporoid floatstones (S2) and 

fossiliferous floatstones/rudstones (F4) are common.  These pass gradationally into lower 

foreslope fossiliferous wackestones/packstones (F1), Thamnopora floatstones (F3), fossiliferous 

floatstones (F4), and oncolitic floatstones (C3).  The deepest deposits are characterized by nodular 

lime mudstones (M3).   

The cross-sections further show that there are two cycles present, both of which shallow 

upwards and are progradational (Figure 28).  The lower, older cycle (cycle 1) consists of 

foreslope deposits, overlain by reef deposits which are in turn overlain by lagoon deposits.  This 

organization of deposits is repeated in the upper cycle (cycle 2) and is overlain by peritidal 

deposits.  Cycle 2 is capped by a hardground/erosional surface above which lie deposits of the 
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Bioturbated Mudstone (M2) Oncolitic Floatstone (C3) Renalcis-Stromatoporoid Floatstone (C1) Nodular Lime Mudstone (M3) 

Laminated Mudstone (M1) Amphipora Floatstone (S1) Fossiliferous Grainstone (F2) Renalcis Boundstone (C2) 
7-1-67-15W5 7627ft 4-29-66-15W5 7585.5ft 7-18-68-15W5 7442.8ft 1-2-67-15W5 7624.5ft 

10-20-66-15W5 7607.5ft 7-1-67-15W5 7678.4ft 10-20-66-15W5 7634.2ft 7-18-68-15W5 7477.8ft 

Figure 26: Facies distribution model showing paleoenvironments and possible associated lithofacies.  Scale divisions in photos = 1cm, arrows=up. 
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Figure 27: 3D facies distribution model for the Meekwap shelf.
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6-20-67-13W5 7552.46ft 

14-7-66-15W5 7610.25ft 

15-4-66-15W5 7836.8ft 14-7-66-15W5 7642.5ft 

14-7-66-15W5 7627.8ft 

7-1-67-15W5 7660.37ft 

4-29-66-15W5 2594.9m 

Oncolitic Floatstone (C3) 

Fossiliferous Grainstone (F2) 

Fossiliferous Floatstone (F4) 

Amphipora Floatstone (S1) Laminated Mudstone (M1) 

Renalcis Boundstone (C2) 

Stromatoporoid-Renalcis Framestone (S3) 

Figure 28: Components and some lithofacies associated with the different paleoenvironments in 

both the lower (cycle 1) and upper cycles (cycle 2). Scale divisions = 1cm, white arrows = up. 
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Wolf Lake Member and Calmar Formation.  Both cycles are similar with respect to lithofacies 

composition. 
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Chapter 7 

Calcimicrobial Associations 

7.1 Introduction 

Calcimicrobes are integral components of Devonian reefs (Pratt, 1984).  To better 

understand these calcimicrobes, as well as their role in the reef community, their locations and 

interactions with other reef components is analyzed.   There are two main types of calcimicrobial 

associations identified in the Nisku deposits at Meekwap: crusts associated with laminar 

stromatoporoids, and oncolites.  These associations can be broken down into subtypes based on 

their locations and compositions (Figure 29). 

 

 

 

 

 

 

 

 

 

 

 

Figure 29: A breakdown of the calcimicrobial associations observed in the Meekwap limestones. 
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7.2 Crusts 

Calcimicrobial crusts, in general, occur on the dorsal or ventral surfaces of 

stromatoporoids.  Dorsal crusts can be divided into two main types based on composition: 

calcimicrobial (Figure 30A and B) and non-calcimicrobial (Figure 30C and D).  Calcimicrobial 

dorsal crusts are composed of Girvanella and Rothpletzella.  Girvanella occurs as clusters or 

layers of tubules that can vary in size and shape, but the thickness of the tubules remains fairly 

constant.  Rothpletzella generally occurs as chain-like elements composed of ovoid to spherical 

“links” in dorsal calcimicrobial crusts. The calcimicrobial crusts can vary in length and thickness, 

and typically have a layered appearance.   

Non-calcimicrobial dorsal crusts can be described as either spongiostromate or 

homogenous in nature.  Spongiostromate crusts can occur directly on the dorsal surfaces of 

laminar stromatoporoids or on top of dorsal microbial crusts (Figure 20A).  The spongiostromate 

crusts typically have a mottled appearance where the lighter sections (beige in colour) have been 

dolomitized, and the darker sections (dark grey) are mud-rich.  Possible sponge spicules have also 

been noted in these crusts.  Another sub-type of the non-calcimicrobial crusts are domal in nature, 

appear to be homogenous to slightly laminated, and occur in contact with the laminar 

stromatoporoid’s dorsal surface.   

   Calcimicrobial crusts on the ventral surfaces of stromatoporoids are typically composed 

of Renalcis or Renalcis and Epiphyton (Figure 31A and B), and formed in reef cavities created by 

the overlapping of stromatoporoids.  Renalcis and Epiphyton encrustations vary in thickness 

throughout and exhibit a pendant growth form, growing down and away from the stromatoporoid.  

Renalcis, described from these crusts has three morphologies: 1) open-chambered, 2) tight-

chambered, where layers are closer together and appear to be stacked, and 3) bush-like.   
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Figure 30: Crusts on the dorsal surfaces of stromatoporoids (St) are either (A;B) calcimicrobial 

(MC; 14-7-66-15W5, 7601ft) or (C;D) non-calcimicrobial (14-19-66-15W5, 2331.32m).  Non- 

calcimicrobial crusts are either spongiostromate or domal crusts which can be homogenous to 

slightly laminated (DC).  The dorsal crusts in these examples are overlain with downward 

growing Renalcis (R) or covered by internal sediment (IS). Core photographs are on the left, 

whereas illustrations of the core photographs are on the right.  Scale divisions = 1cm, arrows 

indicate up direction. 
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Figure 31: Ventral crusts on stromatoporoids (St) are typically composed of (A;B) Renalcis (R) 

and Epiphyton growths (10-20-66-15W5, 7634.2ft) underlain by internal sediment (IS).  C;D) 

Thin crusts of Girvanella (Gi) and Rothpletzella (Ro) can precede the Renalcis and Epiphyton 

growth in rare cases (1-2-67-15W5, 7621ft). Space in and around the Renalcis is burial cement 

(BC).  Scale division on core sample = 1cm. Thin section picture taken in plane polarized light, 

scale bar = 1mm. Arrows indicate up direction. 
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The bush-like form typically appears as if out-of-focus in thin section and can be difficult to 

distinguish from Epiphyton, which occurs as rod-shaped segments joined together to form 

branching structures.  Renalcis growths are not restricted to the ventral surfaces of laminar 

stromatoporoids; they are also uncommonly found on the ventral surfaces of Thamnopora 

fragments and megalodont bivalve shells in the Meekwap reef deposits.  Furthermore, Renalcis 

infrequently occurs encompassing laminar stromatoporoids, encrusting both the ventral and 

dorsal surfaces.    

Thin crusts of Girvanella and Rothpletzella are also present on the ventral surfaces of 

stromatoporoids (Figure 31C and D).  This is rare, but where it does occur, Girvanella and 

Rothpletzella are located on the immediate ventral surface, preceding the Renalcis and Epiphyton.  

The thickness and continuity of the Girvanella and Rothpletzella crusts can range from patchy, 

discontinuous deposits to thick (several layers), laterally continuous crusts.    

7.2.1 Crustal Associations 

Based on the above descriptions regarding calcimicrobial and non-calcimicrobial crusts, 

nine relationships (labeled A-I) involving the crusts and the skeletal reef components are present 

in the reef deposits at Meekwap.   

Type A: Type A consists of Renalcis, stromatoporoids, dorsal crusts (calcimicrobial or 

non-calcimicrobial), and internal sediment (Figure 32A and B).  The laminar stromatoporoids 

have ventral crusts consisting of Renalcis, as well as dorsal calcimicrobial or non-calcimicrobial 

crusts.  Internal sediment is composed of mud and fossil fragments that accumulated within the 

shelter cavity created by the stacking of stromatoporoids (between the Renalcis and the microbial 

laminations on top of the lower stromatoporoids). 
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Figure 32: Crustal Associations – Type A and B. A;B) Type A is characterized by wafer 

stromatoporoids (St) that have dorsal (in this case, domal crusts DC) and ventral crusts composed 

of Renalcis (R).  Internal sediment (IS) is present (15-4-66-15W5, 7837.5ft, scale bar = 1cm). 

C;D) Type B is similar to Type A but lacks cavities (10-20-66-15W5, 7659ft). Scale division = 

1cm, arrows indicate up direction. 
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Type B: Type B consists of laminar stromatoporoids with Renalcis on the ventral side and 

a crust (calcimicrobial or non-calcimicrobial) on the dorsal surface (Figure 32C and D).  This 

type characterizes situations where either the microbial crust or the Renalcis growth is so thick 

that it intersects the other (internal sediment is absent), or where the stromatoporoids are widely 

spaced, and no obvious cavities are present. 

Type C: Type C is characterized by Renalcis growth on the ventral side of the 

stromatoporoid, internal sediment accumulation in the cavity, and the absence of dorsal crusts 

(calcimicrobial or non-calcimicrobial; Figure 33A and B).   

Type D: Type D is composed of laminar stromatoporoids with Renalcis growing on their 

ventral side; internal sediment and dorsal crusts are absent (Figure 33C and D).  This type is seen 

in cases where the Renalcis is so thick and dense that it extends down from the stromatoporoid 

above until it reaches the stromatoporoid below, occupying the entire space between the two 

stromatoporoids and thereby excluding sediment from the cavity. 

Types E and F: Types E and F describe situations where Renalcis is absent.  Type E 

occurs when the space in the cavity is occupied by a dorsal crust that is overlain by internal 

sediment (Figure 34A).  Type F characterizes situations where either the microbial crust is so 

thick that it monopolizes the cavity (internal sediment is absent), or where the stromatoporoids 

are widely spaced, and no obvious cavities are present (Figure 34B).  Neither type has been 

observed in the cores analyzed for this study; wherever there is a dorsal crust growing on a 

stromatoporoid, there is always Renalcis growing ventrally.  

Type G: Renalcis is found on both the ventral and dorsal sides of stromatoporoids as well 

as the edges in type G (Figure 34C and D).  Stromatoporoids are relatively abundant in type G 

and so shelter cavities are common and internal sediment is present. 
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Figure 33: Crustal Associations – Type C and D.  A;B)  Type C involves wafer 

stromatoporoids (St) with Renalcis (R) occurring ventrally and internal sediment (IS) 

dorsally, microbial crusts are absent (4-22-66-15W5, 2346.165m). C;D) Type D is 

characterized by thin wafer stromatoporoids (St) and extensive Renalcis (R) excluding 

both internal sediment and microbial crusts (12-30-66-15W5, 2284m). Scale divisions = 

1cm, arrows indicate up direction. 
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Figure 34: Crustal Associations – Types E, F and G.  A) Type E lacks Renalcis and is 

characterized by stromatoporoids (St) with dorsal crusts (in this case, non-microbial, domal 

crusts; DC) overlain by internal sediment (IS;).  B) Type F is similar to type E but the 

stromatoporoids (St) are more spaced out and therefore no obvious cavities are formed.  

C;D) Type G describes situations where Renalcis (R) occurs on both the ventral and the 

dorsal surfaces of stromatoporoids (St) and internal sediment (IS) occurs in between (10-

21-66-15W5, 2397.15m). Scale divisions = 1cm, arrows indicate up direction. 
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Type H: Type H is similar to Type G (Figure 35A and B).  Renalcis are able to 

encompass the entire stromatoporoid (grow up and around it).  Laminar stromatoporoids are 

typically widely spaced and thus cavities are unable to form. 

Type I: Type I characterizes Renalcis that are growing on other organisms in the reef 

other than stromatoporoids, such as ventrally on bivalves (specifically megalodonts) or around 

fragments of coral (e.g. Thamnopora; Figure 35C and D). 

7.3 Oncolites 

Oncolites are most abundant in the lagoon or upper-foreslope paleoenvironments and are 

rare to absent in the reef deposits (Figure 36).  Oncolites are composed of layers of Girvanella 

and Rothpletzella, and can contain minor amounts of Wetheredella (Figure 37).  The size and 

shape of Wetheredella varies making it difficult to distinguish between large Rothpletzella pieces 

and smaller, obliquely cut Wetheredella.    Girvanella and Rothpletzella appear to be independent 

of each other as they grow in distinct layers or clusters that are typically composed solely of one 

type of calcimicrobe (Figure 37).  Rothpletzella occurs either as chain-like elements in oncolitic 

coatings or as distinct clusters or build-ups on the margins of the fossil nuclei.  Girvanella in 

oncolites is typically more continuous than Rothpletzella, forming a relatively even coat around 

the fossil nuclei.   

7.4 Interpretations 

Interpretations of the biology and ecology of the calcimicrobes at Meekwap are based on 

the associations discussed above.  Details regarding their location in the deposits (e.g. ventral 

growths), abundance, and known associations and relationships to other components can provide 

information on the calcimicrobes as well as the paleoenvironments they inhabited.  This 
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Figure 35: Crustal Associations – Type H and I. A;B) Type H is similar to Type G but the 

stromatoporoids (St) are more spaced out and therefore no obvious cavities are formed 

(1-2-67-15W5, 7638ft).  Renalcis growths are overlain by non-calcimicrobial growths 

(domal crusts; DC) in this example.  C;D) Type I is when Renalcis (R) is found growing 

on other components, in this case on the underside of both shells of a megalodont bivalve 

(pseudo-stromatactis (PS) features are also present in this sample; 10-20-66-15W5, 

7629.8ft). Scale divisions = 1cm, arrows indicate up direction. 
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Figure 36: A distribution map of oncolites on the Meekwap shelf. 
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Figure 37: A;B) Oncolites are composed of layers of Girvanella (Gi) and Rothpletzella (Ro) 

surrounding a fossil nucleus (in this case a fragment of Thamnopora, Th; 1-2-67-15W5, 

7653ft). C) The layering is typically distinct with Girvanella and Rothpletzella occurring in 

separate layers (1-2-67-15W5, 7625ft).  Pictures taken in plane polarized light, arrows 

indicate up direction, scale bar = 1mm.  C is an illustration of the oncolite shown in B. 
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information offers additional insights into the calcimicrobes, most of which are poorly 

understood, and can also provide greater details on the existence, function and demise of 

Devonian reef systems. 

7.4.1 Crusts 

Girvanella and Rothpletzella are thought to have been photosynthetic as they typically 

grew in well-lit areas such as on the dorsal surfaces of stromatoporoids and as oncolites.  The 

domal, homogenous to slightly laminated crusts appear similar to modern crusts described from 

crypts within Belize barrier and atoll reefs (James and Ginsburg, 1979).  James and Ginsburg 

(1979) note the similar appearance between the Belize crusts and domal, algal stromatolites, but 

upon inspection, the Belize crusts were found to be composed of cemented calcisilt (contains 

peloids, sponge spicules, and microbioclastic debris).  Laminations, if present, are attributed to 

minor variations in grain-size, packing, or cement.  If these domal features noted in the Meekwap 

reefs are indeed created by the cementation of fine-grained sediment, then they would contain no 

photosynthetic components and therefore could have formed in crypts.   

Ventral calcimicrobial crusts composed of Renalcis and Epiphyton occur in shelter 

cavities where light levels should have been lower.  This implies that Renalcis and Epiphyton 

were either not photosynthetic or that they were sensitive to light, preferring low light levels 

typical of cavities.  If they were not photosynthetic, they would have had to obtain nutrients from 

the water column.  Modern, non-photosynthetic, aerobic microbes rely on respiratory processes 

that consume oxygen to metabolize organic material and gain energy (Karl, 2002; DeLong, 

2004). The presence of internal sediment within shelter cavities suggests that water flow through 

the cavities was common and therefore could provide a mechanism for the transport of resources 

to the calcimicrobes.  It appears that when the sediment fill reached a certain point the 
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calcimicrobes stopped growing.   This could be due to the accumulation of infilling sediment as it 

impeded water flow and interfered with their living and feeding conditions, or simply buried them 

alive.  Epiphyton is only found amongst Renalcis, but Renalcis does not always occur with 

Epiphyton.  These calcimicrobes are either end members of the same species (Pratt, 1984) or 

separate species that share the same niche, have the same ecological requirements and 

sensitivities, and would have been competing for ecospace and resources.   

The presence of a thin crust composed of Girvanella and Rothpletzella on the immediate 

ventral surface of some stromatoporoids, before colonization by Renalcis and Epiphyton, could 

suggest that Girvanella and Rothpletzella were extremely adaptable, and a type of pioneer 

organisms that were the first to inhabit new surfaces.  If this was the case, however, ventral layers 

of Girvanella and Rothpletzella should be more common.  It is more probable that the cavities 

where these crusts occurred had sufficient light levels to support photosynthesis, allowing 

colonization by Girvanella and Rothpletzella.  With continuing overgrowth of stromatoporoids, 

light levels would have decreased, resulting in the replacement of the photosynthetic 

calcimicrobes by non-photosynthetic Renalcis and Epiphyton.   

7.4.2 Oncolites 

Oncolites typically form in shallow environments with low sedimentation rates (Ratcliffe, 

1988), which further supports the interpretation that their constituents, Girvanella and 

Rothpletzella, were photosynthetic.  This would also imply that the oncolites found in the 

Meekwap foreslope environments were either still in the photic zone or were washed downslope 

into sub-photic environments.  Oncolites of the Meekwap limestones are typically composed of 

both Girvanella and Rothpletzella, suggesting that these calcimicrobes inhabited the same niche 

and therefore could have been in competition for the same ecospace and resources (substrate, 
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nutrients, light, etc.).  This hypothesis is further supported by the observed Girvanella-

Rothpletzella layering and the micro-mound-shaped growths of Rothpletzella, which could have 

formed as a response to competition for light.  The layering could, however, also result from the 

calcimicrobes encrusting at different times in different micro-environments.  For example, 

Girvanella appears to inhabit muddier, calmer environments (grumeleuse texture), while 

Rothpletzella tends to occur in more energetic environments as suggested by grainier deposits.  

Therefore, if the overall environment was low-energy, Girvanella might have been the dominant 

calcimicrobe.  Alternatively, if energy levels were slightly higher growth of Rothpletzella could 

have been favoured.  This assumption would further imply that Rothpletzella was either more 

robust than Girvanella or more tolerant of higher energy conditions. 

7.5 Summary 

There are two main calcimicrobial associations at Meekwap: calcimicrobial crusts 

associated with stromatoporoids, and oncolites.  Calcimicrobial crusts on stromatoporoids are 

either dorsal or ventral.  Dorsal crusts are composed of either Girvanella or Rothpletzella, or are 

similar to modern crusts formed from calcisilt cementation.  These crusts would have developed 

in well-lit environments implying that Girvanella and Rothpletzella were most likely 

photosynthetic.  Dorsal crusts occur in shelter cavities created by stromatoporoids and are usually 

composed of Renalcis and Epiphyton.  Light conditions would be low, or “gloomy,” suggesting 

that Renalcis and Epiphyton were either not photosynthetic or were sensitive to light.  Rare 

encrustations of Girvanella and Rothpletzella occur on the immediate ventral side of 

stromatoporoids, preceding Renalcis and Epiphyton.  It is here interpreted that Girvanella and 

Rothpletzella would have inhabited the surface in the initial stages of cavity development when 

light levels were sufficient for photosynthesis.  Light levels would have then decreased due to 
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overgrowth of stromatoporoids, and when levels dropped below the threshold for photosynthesis, 

Girvanella and Rothpletzella would have been replaced by non-photosynthetic Renalcis and 

Epiphyton.   

 Oncolite nodules are common in the Meekwap limestones, occurring in the lagoon and 

upper-foreslope.  They are composed predominantly of Girvanella and Rothpletzella, which 

typically form distinct layers or accretions around fossil nuclei.  The observed layering and domal 

accretion could be evidence of competition for light, or could also be the result of environmental 

changes that would promote the growth of one calcimicrobe over another.   

7.6 Biologic Paragenesis of the Reef Structure (Figure 38) 

Based on the interpretation that Girvanella and Rothpletzella were photosynthetic and 

that Renalcis and Epiphyton were non-photosynthetic organisms, the following sequence of 

events is thought to have formed calcimicrobial-stromatoporoid reefs at Meekwap: 

Stage 1: A laminar stromatoporoid (Strom 1) grew on a sediment or lithologic substrate. 

 Stage 2: The dorsal surface of Strom 1 was encrusted by calcimicrobial (Girvanella and 

Rothpletzella) or non-calcimicrobial growth (Dorsal Crust 1).  The stromatoporoid may have been 

dead when this occurred, but if not, then it would have died shortly thereafter due to isolation 

from light and the water column by the growing crust.   

 Stage 3: A new laminar stromatoporoid (Strom 2) grew over the dying or deceased Strom 

1 creating a cavity. 

 Stage 4: Simultaneous activity occurred on three separate surfaces of Strom 1 and Strom 

2: 

1) Renalcis and Epiphyton nucleated on and extended downward from the 

cavity ceiling (ventral surface of Strom 2) until they filled the cavity or their  
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Figure 38: An illustration of the interpreted four stages of reef paragenesis at Meekwap, 

Alberta. Stage 1) A stromatoporoid (Strom 1) grew on a substrate. Stage 2) Strom 1 became 

encrusted with a dorsal crust (Dorsal Crust 1). Stage 3) A new stromatoporoid grew (Strom 2) 

creating a cavity. Stage 4) Strom 2 became encrusted with a dorsal (Dorsal Crust 2) and ventral 

crust (Ventral Crust 1), growth of Dorsal Crust 1 ceased, if calcimicrobial, due to reduced light 

levels, and the cavity accumulated internal sediment.   
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geostrophic growth was interrupted by accumulating internal sediment 

(Ventral Crust 1). 

2) The dorsal crust on the cavity floor stromatoporoid (Strom 1) would be 

subject to progressively lower light levels.  Growth of the crust would cease 

if it was calcimicrobial because light levels would be insufficient for 

photosynthesis.  Growth would have continued if the crust was non-

calcimicrobial, and thus non-photosynthetic. 

3) The dorsal surface of Strom 2 becomes encrusted with calcimicrobial or non-

calcimicrobial growth (Dorsal Crust 2). 

This growth model can be further utilized to explain other calcimicrobial associations. 

Girvanella and Rothpletzella could have initially encrusted the ventral surface of Strom 2 if light 

levels were sufficient during its formation (Figure 39).  As growth of the reef structure continued, 

light levels in the cavity would gradually become too low for photosynthetic Girvanella and 

Rothpletzella, and so light-independent Renalcis and Epiphyton took over.  Similar light-driven 

changes in cryptic communities are recognized in the Pleistocene of Barbados, where encrusting, 

photosynthetic algae gave way to heterotrophic foraminifera and worms when sedimentation and 

overgrowth reduced light levels (Martindale, 1992).  Renalcis at Meekwap is locally found 

growing on all surfaces of the stromatoporoid (Strom 2).  This is interpreted as having resulted 

from the growth of the reef structure in perpetually low-light conditions that would not support 

the development of dorsal calcimicrobial crusts.  Such conditions could have been produced from 

rapid reef growth where overhead stromatoporoids grew quickly and prevented light via reaching 

cavities farther inside the reef. 
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Figure 39: An illustration of the interpreted initial colonization of the ventral surface of Strom 2 

during its growth by Girvanella and Rothpletzella.  Girvanella and Rothpletzella gave way to 

Renalcis once light levels in the cavity became too low to support photosynthesis due to the 

continued growth of Strom 2. 
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Chapter 8 

Paleoenvironmental Controls 

8.1 Calcimicrobes in the Western Canada Sedimentary Basin (WCSB) 

Calcimicrobes formed a significant portion of the Meekwap reefs, and likely contributed 

to the integrity of the reef structure.  Various reef localities were compared in the present study 

via a literature review of Mid to Late Devonian reefs in the WCSB and the author`s own 

investigations, in order to determine the presence and extent of the calcimicrobes on a regional 

scale in Western Canada.  Localities that were investigated occurred prior to, at the same time as, 

and after the Nisku reefs, and are summarized in Table 2.  Cores were examined if available, but 

were not logged in detail.   

The presence or absence of key biological components are noted from the various reefs 

and blanks in the table occur when that specific component was not mentioned or was not visible 

(in pictures) in the literature.  This could indicate its absence from the reef deposit, or the failure 

of the authors to mention it or identify it.  As the information was obtained from various sources, 

certain assumptions were made for the sake of simplicity.  For example, authors used a variety of 

adjectives for the morphologies of the stromatoporoids.  Laminar stromatoporoids in Table 2 refer 

to both wafer and tabular stromatoporoids, and bulbous morphologies include all stromatoporoids 

that were described as bulbous, massive, or hemispherical.  Furthermore, some of the studies are 

quite dated and, therefore, certain elements (especially the calcimicrobes) could have been 

classified under different names.  Pictures from the studies were used to verify the 

presence/absence of these components.  This was however difficult since the majority of the 
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Table 2: Key Components of Mid to Late Devonian reefs of the Western Canada Sedimentary Basin  
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calcimicrobes are only visible in thin section.  “Solenoporids” are mentioned frequently in the 

older studies and could have included Rothpletzella.   

A shift in the makeup of the reef community is apparent from the literature review and 

analysis of reefs in the WCSB.  Older reef locales, such as the Swan Hills and Leduc reefs, are 

dominated by corals and stromatoporoids and contain only minor calcimicrobes.  Throughout the 

Frasnian, the abundance of skeletal reef builders (corals and stromatoporoids) decreases where as 

calcimicrobes become more prolific, especially in the Jean Marie and Nisku (Meekwap) deposits.  

Wabamun deposits are post Frasnian-Famennian extinction deposits and they are dominated by 

calcimicrobes.  Corals are absent from the Wabamun, although some patch reefs exist containing 

stromatoporoids of the order Labechiida, the most common type of post-extinction 

stromatoporoid (Stearn et al., 1987).  Lack of skeletal reef builders and the continued 

proliferation of calcimicrobes into the Famennian suggests that the shift in the reef system noted 

in the Frasnian, continued throughout the Late Devonian.  There are several paleoenvironmental 

changes that could have caused this shift in the nature of the Devonian reef communities in the 

WCSB.     

Paleoenvironmental conditions at the local Meekwap level need to be established before 

the changes in the paleoenvironment that led to the shift in the reef biota can be determined.  The 

Meekwap reefs are Late Frasnian and contain an abundance of calcimicrobial deposits.  Since 

calcimicrobes appear to increase, whereas skeletal reef builders decrease during the Late 

Devonian, determining the environmental factors that would have promoted these changes in the 

Meekwap will provide insights into the changing paleoenvironment at a larger scale (WCSB).   
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8.2 Paleoenvironmental Controls on the Meekwap Shelf 

Microbes associated with reefs have typically been restricted to cryptic habitats (reef 

cavities) in build-ups as old as Early Cambrian (James and Kobluk, 1978; Kobluk and James, 

1979; Wood, 1993).  These cavities are typified by Renalcis, Epiphyton and Girvanella growths 

on the ceiling, and internal, geopetal sediment on the cavity floor.  Calcimicrobes are so prolific 

in the Meekwap reefs, that their growth is not only limited to thin coatings in cavities but can be 

up to, and in some cases in excess of, 10 cm in thickness.  Environmental factors that would 

promote the proliferation of calcimicrobes are investigated and include: salinity, temperature, 

depth, light, and energy, as well as nutrients, sedimentation, and turbidity. 

8.2.1 Salinity 

Most organisms can typically withstand small variations in salinity but hypersaline or 

hyposaline conditions can create a stressful environment, which restricts most macro-organisms 

and allows for colonization by microbes (Browne et al., 2000).  The Meekwap shelf runs along 

the edge of the Cynthia and Karr basins (Switzer et al., 2008).  If circulation into the basins 

became restricted, salinity levels would have increased as evaporation rates exceeded the influx 

of open marine waters, resulting in a high-salinity stressed environment.  Alternatively, rivers 

could have transported fresh water into the area resulting in brackish conditions.  The deposits, 

however, contain echinoderms (crinoids), which indicates that the environment must have been of 

normal marine salinity throughout (Hess et al., 1999), although, these crinoids are not abundant.  

Salinity levels could therefore have varied, perhaps temporally, or could have been slightly 

elevated or depressed but never to extreme levels.  Furthermore, biodiversity is moderate 

throughout the region implying that the Meekwap reefs did not inhabit a salinity-stressed 

environment.  Although evaporites occur locally in the WCSB, they are not significant in the 
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Meekwap area (Hunter, 1995).   It is therefore possible that the salinity levels were slightly 

elevated or depressed in the Late Devonian Meekwap area, but were not high or low enough to 

cause significant environmental stress.   

8.2.2 Temperature 

Microbes are found in all environments on Earth, at temperatures ranging from polar 

(Smith and Clement, 1990) to those of hydrothermal vents (Jannasch et al., 1985; Browne et al., 

2000).  There is, however, no indication that the Meekwap area was subjected to any extreme 

temperature conditions during the time of deposition.  Modern and ancient reefs, including 

stromatoporoid-microbial reefs, are typically limited to tropical to sub-tropical climates (Wood, 

1999).  Studies on paleo-latitude show that during the Late Devonian the North American 

continent was straddling the equator, suggesting that the paleoenvironment of the WCSB was 

warm (Van der Roo, 1988), which is further supported by the presence of warm water fauna, such 

as tabulate corals, in the Meekwap limestones. 

8.2.3 Depth, Light and Energy 

The presence of photosynthetic organisms (calcispheres and most likely tabulate corals) 

in the Nisku Formation at Meekwap suggests that water depths were relatively shallow, and that 

the calcimicrobial reefs were located in the photic zone (Coates and Jackson, 1987; Riding, 1991; 

Flügel, 2010).   Additionally, the presence of oncolites, which are characteristic of shallow, 

agitated waters (Ratcliffe, 1988), and shallow-water forms of benthic foraminifera supports this 

interpretation (Ross, 1967).  The marine environment is inferred to have been moderate to 

energetic based on the fragmented fossils found near and on the reef crest, by the presence of 

oncolites, and by the abundance of fine-grained sediment in off-reef facies.  Brief, higher energy 
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periods associated with storm activity likely contributed to the fragmentation and toppling of 

fossils.   

As discussed previously, light levels appear to have influenced the location of the 

calcimicrobes.  Renalcis is typically found in cavities and this may be due to either it being light-

independent or to it being extremely light sensitive, similar to some forms of modern coralline 

(red) algae (Adey et al., 1982; Hanelt, 1998).  This distribution also suggests that Girvanella and 

Rothpletzella were photosynthetic because they occur on the top of stromatoporoids, or as 

oncolites.  The calcimicrobes in early Paleozoic shelter cavities have been correlated to varying 

light levels (James and Kobluk, 1978; Kobluk and James, 1979).  Renalcis and Epiphyton 

growths are common in “gloomy” (low light level) Cambrian cavities, whereas Girvanella is 

indicative of well lit crypts.  It is therefore interpreted that the Meekwap reefs formed in a 

shallow, low to moderate energy environment where light levels in exposed (non-cryptic) areas 

were sufficient for photosynthesis. 

8.2.4 Nutrients 

Nutrients refers to nitrogen, iron, phosphorus, silica and other trace elements that occur in 

forms that are used by organisms for necessary biological functions (Hallock, 1987; Mutti and 

Hallock, 2003).  Microbes are typically located in environments where nitrogen, phosphorus, and 

iron are readily available (Lobban et al., 1985; Arrigo, 2005).  Furthermore, modern reef models 

and analogues show a positive correlation between the amount of nutrients available and the 

abundance of microbes (Littler and Littler, 1984; Arrigo, 2005).  Precise nutrient levels are 

difficult to determine in limestones because most organisms can survive in somewhat elevated 

(mesotrophic) and depleted (oligotrophic) conditions (Hallock, 1987; Wood, 1993).  Abundances 

of microbes, however, have been correlated with elevated nutrient levels (Whalen et al., 2002).  
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MacNeil and Jones (2008) concluded, via a process of comparison and elimination, that elevated 

nutrient levels were responsible for an increase in calcimicrobes between two reefs of the Late 

Devonian Alexandra Formation, Northwest Territories.  High levels of nutrients (eutrophic) have 

also been associated with the death of reef builders (especially corals) and are thought to be 

responsible for the demise of some reefs systems (Hallock and Schlager, 1986; Caplan et al., 

1996).   It is therefore reasonable to conclude that elevated nutrient levels may have played a role 

in the abundance of calcimicrobes in the Meekwap reefs. 

8.2.5 Sedimentation and Turbidity 

An excess of sediment being introduced into an environment can limit the number of 

organisms that are capable of living there, especially if they are filter feeders or have respiratory 

pores (Coates and Jackson, 1987; Acevedo et al., 1989; Rogers, 1990; Scrutton, 1999).  Modern 

corals are known to inhabit environments of low sedimentation (Coates and Jackson, 1987; 

Scrutton, 1999), as most corals cannot shed sediment easily and because its accumulation in their 

polyps prevents feeding and leads to death (Logan, 1988; Hoeksema, 1993; Wood, 1993).   

Suspended sediment also inhibits light penetration and therefore hinders photosynthesis (Wood, 

1993).  Sedimentation rates are interpreted to have been low in the Meekwap environment.  This 

interpretation is supported by the presence of filter-feeders and inferred photosynthetic 

organisms, as well as by an abundance of oncolites in the limestones, as oncolites have been 

correlated to low sedimentation rates (Peryt, 1981).  Although there is mud and fine sediment in 

the deposits, the turbidity in the water column would have been low to moderate and tolerable to 

most of the biota.  
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8.3 Summary 

A variety of environmental factors can promote the proliferation of calcimicrobes.  The 

presence of some echinoderms implies a slightly depressed to slightly elevated salinity 

environment while paleo-latitude and warm water fauna suggests a warm climate for the 

Meekwap reefs.  These reefs are interpreted to have grown in the photic zone, and shallow water 

organisms, as well as minimal fragmentation, suggests a relatively shallow environment with low 

to moderate energy.  Furthermore, the abundance of filter feeders and oncolites implies that 

sedimentation rates were low and turbidity was tolerable.  The decrease in skeletal reef builders 

and proliferation of calcimicrobes is therefore, by elimination, most likely due to abnormal 

nutrient levels as none of the other paleoenvironmental conditions are interpreted to have been 

extreme enough to have produced this result.   

An excess of nutrients is a viable explanation for the calcimicrobial abundance at 

Meekwap because microbes are typically restricted to environments where nutrients are readily 

available.  The upper layers of the water column, where reefs proliferate, are typically 

oligotrophic (James, 1997; Mutti and Hallock, 2003), suggesting that nutrient levels must have 

been above normal in the Meekwap reefs to account for the presence of so many calcimicrobes 

within the reefs.  The temporal shift in reef community, coral-stromatoporoid reefs to 

calcimicrobial-dominated reefs, interpreted from the analysis of reefs in the WCSB could also be 

explained by an increase in nutrients, as elevated nutrient levels would have promoted the 

proliferation of calcimicrobes and would have put the skeletal reef builders (corals and 

stromatoporoids) under stress due to an increase in turbidity and a decrease in light penetration 

associated with microbial blooms (Wood, 1993; McManus and Polsenberg, 2004; MacNeil and 

Jones, 2008).   
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8.4 Nutrification Mechanisms  

Oceanic surface layers, where reefs occur today, are typically depleted with respect to 

trophic resources, with nutrients usually residing in deeper waters (James, 1997; Mutti and 

Hallock, 2003).  If elevated nutrient levels were the principal cause of the abundance of 

calcimicrobes at Meekwap, then they must have been introduced onto the shelf.  Various 

processes for the transport of nutrients onto carbonate shelves and platforms have been described 

in studies of modern and ancient systems (Hallock and Schlager, 1986; Mutti and Hallock, 2003; 

MacNeil and Jones, 2008).  These include terrestrial runoff, nutrient-rich groundwater infiltration, 

upwelling, deepening of the mixing layer, storm activity, and atmospheric-related contributions. 

8.4.1 Terrestrial Runoff 

Water that runs off the land and onto carbonate platforms can be nutrient-rich and replete 

in organic matter (Hallock and Schlager, 1986; Wood, 1993; Mutti and Hallock, 2003).  This 

mechanism can be frequent but episodic, as it is usually associated with climatic events such as 

seasonal rain or storms, or can be ongoing such as river processes (Hallock and Schlager, 1986; 

Mutti and Hallock, 2003).  The emergence of the first true forests and root systems in the 

Devonian would have drastically impacted terrestrial runoff (Copper, 2002b).  These forests, 

particularly their roots, would have changed the composition of the soils and their stability.  Such 

changes would have affected the availability of the nutrients in the soil and the manner in which 

the nutrients entered the water system, as well as the physical pathway of the river.   

Rivers are an important conduit of terrestrial runoff in modern environments but, 

unfortunately, information on paleo-river systems in and around the Meekwap area is scarce.  An 

area of sandstone deposits occurs in the Nisku to the northeast of Meekwap and might be 

indicative of fluvial activity (Figure 6).  It is thought that this sandstone deposit could represent 
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the trapping of fluvial sediments at the shore, while lighter components (mud and nutrients) 

travelled farther onto the shelf.  Furthermore, there is evidence of possible fluvial activity in the 

southern portion of the Cynthia Basin suggesting that rivers were indeed active in the area during 

Meekwap deposition (W. Martindale personal communication, 2010).        

8.4.2 Nutrient-rich Groundwater  

Groundwater seepage has been documented as an effective method of nutrification for 

carbonate platforms (Lewis, 1987).  It involves the transport of freshwater that contains high 

concentrations of nutrients particularly in nitrogen, from organisms in the soil through permeable 

confined aquifers out onto the shelf (D’Elia et al., 1981).  The effectiveness of this mechanism 

varies with sea level, tides, and seasonal changes (wet versus dry season; Johannes, 1980; Lewis, 

1987).  Reef systems, past and present, can contain a significant amount of decaying organic 

matter (nutrient-rich) that is picked up by the percolating groundwater and moved further out onto 

the platform (MacNeil and Jones, 2008).  There are two, shallowing up cycles of deposition 

observed in the Meekwap area, both of which are strongly progradational.  Significant periods of 

reef deposition are noted from both cycles and cross-sections through the area show that the two 

reefs overlap.  Groundwater had to have been discharged under the reefs so it could percolate up 

through the reefs, providing nutrients, in order for this to be a viable mechanism in the Meekwap 

area.   

8.4.3 Upwelling 

Upwelling is a well-documented mechanism for bringing deeper, nutrient-rich waters 

onto shallower shelves and platforms (Hallock and Schlager, 1986; Wood, 1993).  It is largely 

dependent on the geometry of the basin as well as on local oceanic circulation (Deleersnijder, 

1989; Kawase, 1993; Rodrigues and Lorenzzetti, 2001).  This mechanism is capable of providing 
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a significant and constant supply of nutrients to shallow water communities (Hallock and 

Schlager, 1986; Wood, 1993).  Based on paleo-reconstructions, the Cynthia Basin appears to be 

somewhat isolated from the open ocean (Switzer et al., 2008; Figure 6), making upwelling an 

unlikely mechanism for the nutrification of the Meekwap reefs.   

8.4.4 Deepening of the Mixing Layer 

A small decrease in temperature by a few degrees in modern tropical environments can 

result in a deepening of the upper mixed layer of the ocean (Genin et al., 1995).  The process is 

particularly effective in environments where stratification is weak.  A decrease in temperature 

will cause the oxygen-rich, near-surface water to sink and mix with deeper, nutrient-rich waters 

(Genin et al., 1995).  This results in convective transport of nutrient elements upward into the 

photic zone to replace shallower, warmer, oligotrophic waters.  A decrease in temperature 

associated with the Late Devonian mass extinction event, makes this a possible mechanism for 

the introduction of nutrients onto carbonate shelves in the Late Devonian (McGhee, 1996; 

Copper, 2002a;b).   

8.4.5 Storm Activity 

Another possible method of nutrification is storm activity.  Storms mix the upper layer in 

the ocean, which is usually nutrient poor, with deeper, nutrient-rich waters (Holloway et al., 

1985; Shiah et al., 2000).  Such processes are short-lived (estimated to last 1 to 3 weeks), but 

seasonal storm activity could lead to a stacked and prolonged effect (Holloway et al., 1985).  

Storms can also disrupt off-shore nutrient sinks and bring the nutrient elements onto the platform 

(Holloway et al., 1985).  Such sinks contain significant amounts of iron and typically exist above 

storm wave base.  Storms are also known to induce upwelling (Holloway et al., 1985) and are 

associated with heavy rains, which results in an increase in runoff and groundwater seepage 



 

 

 

100 

(Shiah et al., 2000).  MacNeil and Jones (2008) point out that storms can be devastating to a reef 

community.  They can physically destroy corals and stromatoporoids which require time to 

recover (McManus and Polsenberg, 2004).  It is possible that while typical reef builders (corals 

and stromatoporoids) at Meekwap were recovering, the microbes took advantage of the 

temporarily vacated ecospace and filled the empty niche.  Death and decay of these reefal 

organisms as a result of storm activity, would also have contributed nutrients into the system 

(McManus and Polsenberg, 2004).   

The Meekwap reefs were composed of thin, laminar stromatoporoids, which would have 

been susceptible to storm damage. There is however little evidence of breakage in the analyzed 

core, and so it would appear that the storms affecting the Meekwap reefs would have been 

relatively minor.  Another explanation could be that the calcimicrobial growths observed on the 

stromatoporoids may have strengthened the reef structure reducing the impact of storms on the 

reefs of the Meekwap area in the Late Devonian.   

8.4.6 Atmospheric-related Deposition 

Nutrients can also enter the ocean via the atmosphere.  Events such as volcanic eruptions 

(Hallock, 1987), meteor impacts (Hallock, 1987), and wildfires (McManus and Polsenberg, 2004) 

add nutrients and particulate matter into the air, where they are transported and deposited in the 

ocean (Mutti and Hallock, 2003).  Furthermore, these events would impact nearby groundwater 

and surface water systems.  Atmospheric deposition is typically short-lived and episodic; it is 

therefore unlikely to result in the observed microbial abundance, which would require sustained 

nutrient input.  Meekwap reefs could have been affected by atmospheric deposition from 

volcanism associated with the Antler Orogeny, which was occurring simultaneously to the west 

of the shelf (Speed and Sleep, 1982). 
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8.5 Summary 

The interpreted oceanic nutrification in the Meekwap area was most likely due to more 

than one of these mechanisms; a combination of several factors probably led to the elevation in 

nutrients that allowed for calcimicrobe proliferation (Figure 40).  A better understanding of the 

connection between the Cynthia Basin and the open ocean to the west would help ascertain where 

the most likely source of nutrients was located and the most probable mechanisms for its 

transport onto the Meekwap Shelf.  If the connection was open during Meekwap deposition, then 

a marine source of nutrients that was brought onto the shelf by upwelling or a deepening of the 

mixing layer would be possible.  On the other hand, if the connection to the ocean was closed or 

limited during the Late Devonian, then a terrestrial source of nutrients is more likely.  Nutrients 

brought in via rivers or submarine groundwater discharge in and around the Meekwap area would 

result in an abundance of microbial deposits.  The latter of these two scenarios is more likely as 

paleoreconstructions of the WCSB show a narrow connection between the Cynthia Basin and the 

Paleo-Pacific Ocean (Switzer et al., 2008).  This connection would have become narrower as the 

Cynthia Basin and the WCSB shallowed during the Late Devonian.  The shallowing of the basin 

would have further enhanced terrestrial runoff as more land to the north and east became exposed 

and susceptible to erosion.  This erosion would increase the amount of loose sediment, which 

contains nutrients, available for transport out onto the shelf by either runoff or wind (MacNeil and 

Jones, 2008).   Furthermore the presence of sandstones to the north and possible rivers noted in 

the south of the Cynthia Basin lend support to a terrestrial sourced nutrification of the Meekwap 

area, where nutrients were brought onto the shelf by rivers, runoff, and submarine discharge of 

groundwater.  A terrestrial source of nutrients may not have been the case for all calcimicrobial-

stromatoporoid reefs in the WCSB.  It is possible that the geometry of the Cynthia Basin as well 
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Figure 40: Summary figure illustrating the most probable mechanisms, terrestrial runoff and submarine groundwater discharge, for nutrification of 

the Meekwap Shelf in bold.  Other mechanisms, such as upwelling and deepening of the mixing layer (thin arrows) are less likely based on 

paleoreconstructions of the Meekwap area. 
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as the presence of local nutrient sources and transport mechanisms at Meekwap enhanced an 

overall regional nutrification via upwelling.
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Chapter 9 

Significance of the Western Canada Sedimentary Basin in a Global 

Context  

9.1 Introduction 

A greenhouse world coupled with high sea levels in the Devonian led to the expansion of 

areally extensive reef systems.  Corals and stromatoporoids of the WCSB reached their acme in 

the Middle Devonian and gradually became replaced by calcimicrobes into the Late Devonian 

(Birkeland, 1987; Caplan et al., 1996; Wood, 1999; Shen et al., 2010).  This shift in reef makeup 

is not restricted to western Canada, but is present in time-equivalent deposits around the world 

(Table 3).  Though the amount of microbes can vary between locations, it is clear that by the Late 

Devonian (end Frasnian) the era of Paleozoic coral and stromatoporoid reefs was at an end and 

calcimicrobial reefs and carbonate mud mounds dominated.  This worldwide change in reef 

communities is a prelude to a major global event, the Late Devonian mass extinction.   

9.2 The Late Devonian Mass Extinction Event 

The Devonian extinction was a biological catastrophe.  It is counted among the “Big 

Five” mass extinction events in Earth’s history with estimates of up to a 75% loss in diversity 

(McGhee, 1996; Wood, 1999).  The Late Devonian extinction is composed of three events; the 

Taghanic event in the Givetian, the Kellwasser event at the Frasnian- Famennian boundary, and 

the Hangenberg event in the Late Famennian, of which the Kellwasser event was the most severe 

(Figure 41; Wood, 1999).  The mass extinction event affected pelagic and benthic faunas and  
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Table 3: Locations of Late Devonian Calcimicrobial-Dominated Reefs 

Location Age References 
Kazakhstan Late Devonian and 

Early Carboniferous 
Cook et al., 2002 

South China Givetian to Famennian Shen et al., 1997; Chen and Tucker, 
2003; Shen and Webb, 2004; Shen et 
al., 2010 

Australia Givetian to end Frasnian Wood 1998a; b; George and Chow, 
2002; Playford et al., 2009  

Europe (Belgium and 
Germany) 

Pragian to Famennian Krebs, 1974; Tsien, 1979; Kreutzer, 
1989; Racki, 1990; Racki and 
Sobstel, 2004 

Russia Pragian to Famennian Antoshkina, 1998 
 

 

Figure 41: Placement in the geological timescale of the three events comprising the Late 

Devonian mass extinction event.  Placement of the events is based on Wood, 1999. 
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caused major losses in both the terrestrial and marine realms (Wood, 1999).  Losses were 

particularly severe in benthic, sessile, tropical communities (McGhee, 1996; Wood, 1999; 

Copper, 2002a).  A general summary of the diversity losses in organisms is summarized in Table 

4.  Although the effects are greatest at the Frasnian-Famennian boundary, diversity, especially of 

reef building corals and stromatoporoids, had been in decline since the Middle Devonian 

(Fagerstrom, 1994).  The exact cause for the Devonian mass extinction is still the subject of 

debate, and has come down to three competing theories: a global cooling theory and a nutrient 

drowning theory. 

9.2.1 The Global Cooling Theory 

The first of the three theories cites cold atmospheric and ocean temperatures coinciding 

with sea level lowstands as the principal cause of the Frasnian-Famennian mass extinction.  The 

drop in temperature is generally attributed to evolution of the first forests in the Late Devonian 

(Copper 2002b).  The presence of these forests caused a significant reduction of carbon dioxide 

and increased the amount of oxygen in the atmosphere, resulting in a reverse greenhouse effect, 

lowering atmospheric temperatures to fatal levels (Copper, 2002b).  Earlier advocates of this 

theory thought that the decline in temperatures may have been caused by the suturing of 

Gondwanaland to Laurasia, closing the Tethyan seaway (Copper, 1986).  It was postulated that 

this suturing would have disrupted the flow of tropical easterly currents and allowed for higher-

latitude, cooler waters to flow down to the equator.  Data that has emerged since, suggests that 

Gondwanaland and Laurasia remained separated during the Devonian but that the Tethyan 

seaway could have been restricted (Stanley, 1988).         
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Table 4: Diversity losses from the Frasnian-Famennian (Kellwasser Event) Mass Extinction 

Organism Effect of Extinction References 
Corals - 
Tabulate 

Lost 80-90% of genera. McGhee, 1996 

Corals – Rugose Diversity decreased, deep-water benthic 
forms were unaffected. Rugosans made a 
comeback to pre-extinction diversity levels 
in the Carboniferous. 

Wood, 1999; Copper, 
2002a 

Stromatoporoids 46-50% of genera, only primitive orders 
survived the Frasnian-Famennian event. 

Stearn 1987, Copper, 
2002a 

Brachiopods 75% of genera, mainly tropical varieties 
affected – high latitude brachiopods were 
largely unaffected.  Recovered in Late 
Famennian. 

McKinney, 1985; 
McGhee, 1996; Wood, 
1999; Copper 2002a 

Foraminifera 45% of those with calcareous tests 
eliminated, families with siliceous tests or 
with primitive structures survived. Greatest 
losses in benthic foraminifera. 

McKinney, 1985; 
Wood, 1999; Copper, 
2002a 

Bryozoans 33% of genera lost, quick recovery and 
increased in diversity throughout 
Carboniferous. Were prominent features of 
Carboniferous mud mounds. 

McKinney, 1985; 
McGhee, 1996; Wood, 
1999 

Ostracods Steady decline through Mid to Late 
Devonian, benthic forms affected the most. 

McKinney, 1985; 
McGhee, 1996 

Trilobites Steady decline and diversity loss 
throughout the Late Devonian. 

Wood, 1999 

Echinoderms 32% of crinoid families lost. McKinney, 1985 
Glass Sponges Increased in diversity. McGhee, 1996 
Molluscs 2 families of bivalves went extinct. Quick 

recovery of both bivalves and gastropods. 
Decline in tropical, peri-reef ammonoids. 

McKinney, 1985; 
McGhee, 1996; Copper, 
2002a 

Fish Major diversity losses especially in 
terrestrial lakes, rivers and estuarine 
ecosystems.  Survival favoured species that 
could burrow or encase themselves in 
mucus. 

McGhee, 1996; Copper, 
2002a 

Microbes Were unaffected by extinction. Fagerstrom, 1994; 
McGhee, 1996 
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It is thought that lower temperatures in the atmosphere would have resulted in the decline 

of oceanic temperatures (Stanley, 1988; Copper 2002a;b).  This temperature drop would have 

resulted in the death of many stenothermal species, especially those species specialized for living 

in tropical regions (Stanley, 1988).  It is also thought that lower temperatures caused a 

destabilization of the water column, which could have resulted in oceanic turnover, bringing 

colder, anoxic deep waters onto shelf environments (Copper, 1986).  Evidence to support a global 

cooling hypothesis includes signs of glaciation, the biota that were affected, as well as the 

reduction in carbonate production across the extinction boundary.  Evidence of a glaciation event 

beginning in the Late Devonian is present in South America in the form of diamictites composed 

of pebbles that are striated, faceted and polished, as well as rhythmites containing dropstones and 

boulders, striated pavements, and deformed sandstone deposits (Caputo, 1985).  This glaciation 

began in the Late Devonian (Famennian) and continued until Late Permian, spreading across 

South America and Africa (Caputo, 1985; Stanley, 1988).     

The main victims of this extinction were warm-water organisms from low-latitude, 

shallow marine environments, whereas survivors were primarily eurythermal organisms with 

cosmopolitan distributions (Wood, 1999; Copper, 2002a).  Cooling temperatures are thought to 

have caused climatic belts to shift towards the equator, forcing the organisms living in those belts 

at higher latitudes to migrate as well (Stanley, 1988).  Thus organisms adapted solely to tropical 

environments, especially sessile animals like corals and stromatoporoids, would have found 

themselves in now inhospitable environments and would have died out as temperatures dropped 

below their metabolic thresholds (Stanley, 1988).  Cold water temperatures would also explain 

the loss of species in terrestrial realms, such as fish living in rivers, lakes, and estuaries that were 

not adapted for colder temperatures and thus also sustained major losses during the extinction 
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(Copper, 2002a).  Furthermore, it is postulated that the global cooling occurred as a series of 

pulses, getting progressively colder, which would account for the step-like, multi-staged nature of 

the extinction event (Stanley, 1988).  The final piece of evidence in support of the global cooling 

hypothesis is a reduction in carbonate production, by up to 90%, from the Frasnian to the 

Famennian (Copper, 2002a).  This reduction is attributed to the loss of tropical fauna, particularly 

the reef builders, as well as sea level lowstands which reduced accommodation space, exposed 

platforms, intensified coastal erosion, and increased siliciclastic input to shelf environments 

(Stanley, 1988; Copper, 2002a;b).     

9.2.2 The Nutrient Drowning Theory 

The second of the three theories attributes the mass extinction event to an influx of 

nutrients that ultimately led to the death of reef builders and other, tropical, shallow-water, 

benthic taxa.  An increase in nutrients can occur at both a local and global scales.  Local 

conditions such as an increase in fluvial runoff or local upwelling could result in elevated nutrient 

levels (Hallock, 1988).  A change in deep ocean circulation, oceanic turnover or an increase in 

upwelling could also lead to nutrient levels increasing globally (Hallock, 1988).  

 Despite being required for metabolic processes that sustain life, nutrients, in excess, can 

be harmful to ecosystems, especially ones composed of highly adapted organisms (Hallock, 

1987).  Oligotrophic environments typically have transparent water and are usually stable, 

allowing for organisms to become highly specialized (Hallock, 1987).  Any sudden changes to the 

environment could therefore prove fatal to the organisms of such environments as they were 

unable to cope with varying conditions (Hallock and Schlager, 1986).  Increases in nutrients have 

been known to cause a rapid increase in the abundance of phytoplankton, and other 

microorganisms, known as “blooms”.  These blooms of phytoplankton absorb and utilize light, as 
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well as increase water column turbidity resulting in the death of benthic, sessile organisms (such 

as corals) that depend on photosynthetic endosymbionts (Birkeland, 1987).  Microorganism 

blooms also increase the amount of organic matter in shallow waters, which can clog the pores of 

filter feeders, or bury benthic organisms (Caplan et al., 1996).  These blooms typically lead to an 

increase in oxygen production which can result in anoxic bottom waters, due to the associated 

increase in oxygen utilization (Hallock, 1987).  Additionally, elevated nutrient levels have been 

shown to cause overfeeding stress in modern corals (Hallock and Schlager, 1986).  Corals secrete 

excess material from photosynthesis as mucus (Davies, 1984).  An increase in nutrients causes an 

over-production of this mucus, which contains bacteria that bloom in the nutrient-rich 

environments, killing the coral (Mitchell and Chet, 1975).  Nutrients are therefore detrimental to 

sessile, benthic organisms, or organisms that rely on photosynthesis (Hallock and Schlager, 1986; 

Hallock, 1987; Birkeland, 1987; Caplan et al., 1996).  Elevated nutrient levels can, on the other 

hand, favour the growth of ahermatypic organisms, such as bryozoans, crinoids, brachiopods and 

gastropods (Hallock and Schlager, 1986; Hallock, 1988).   

 Evidence for a nutrient-based extinction includes the global shift in tropical ecosystems, 

the reduction in carbonate production, the presence of overlying, organic-rich mudrocks, and 

isotope data.  The shift in tropical ecosystems from coral- and stromatoporoid-dominated to 

ecosystems predominantly composed of microbes and heterotrophs, corresponds to predicted 

changes along an increasing nutrient gradient (Birkeland, 1987; Caplan et al., 1996).  

Unsurprisingly, a reduction in carbonate production is noted across the extinction boundary 

(Caplan et al., 1996).  This is attributed to the death of primary reef builders due to reduced light 

conditions and burial by organic matter, and also by the proliferation of heterotrophs, many of 

which were bioeroders (Hallock and Schlager, 1986; Hallock, 1988; Caplan et al., 1996).  The 
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change in lithology that occurs throughout the Late Devonian is interpreted as representing an 

increase in nutrients as Mid Devonian skeletal packstones and grainstones that formed in an 

oligotrophic environment, become muddier with increased input from bioerosion (Hallock, 1988; 

Caplan et al., 1996).  These calcimicrobial-dominated, muddier deposits are eventually overlain 

by organic-rich, black mudrocks in the Late Famennian and Carboniferous thought to represent 

the acme of nutrification (Caplan et al., 1996).  Furthermore a decrease in bulk δ13Corganic and δ15

9.2.3 Bolide Impact 

N 

values are interpreted as representing eutrophication of surface waters by the upwelling of deep 

water, rich in nutrients (Caplan et al., 1996), thereby supporting a global eutrophication model for 

the Frasnian-Famennian extinction event.    

The third theory states that a series of bolide impacts were responsible for the step-wise 

nature of the Late Devonian mass extinction (McLaren, 1970, McGhee, 1996).  A bolide impact 

would eradicate organisms living in and near the impact site.  Furthermore, earthquakes and 

associated tsunamis and wildfires would have drastic, negative impacts on the ecosystems 

(McGhee, 1996).  The most significant biological effects of an impact occur during the aftermath.  

Acid rain (nitric acid) produced by impact generated heating of the atmosphere, toxic emissions, 

and soot from wildfires, would lead to an extensive loss of life (McGhee, 1996).  A dust cloud 

created by material projected into the atmosphere would block sunlight leading to a decline in 

photosynthesis both in marine and terrestrial realms, as well as a drop in global temperatures.  

The impact theory is the most controversial of the three because of the inconclusiveness of the 

evidence.  Multiple craters have been dated from around the Frasnian-Famennian boundary 

however, none of these have been specifically linked to the extinction events (McGhee, 1996).  

Possible iridium anomalies noted in the Late Devonian could have been caused by extraterrestrial 
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impacts but also could have been produced by volcanism.  Furthermore, lines of evidence 

typically associated with bolide impacts, such as shock-metamorphosed minerals and tektites, 

have not been convincingly identified in Devonian deposits and can also be produced by 

explosive volcanism (McGhee, 1996).    

9.2.4 A Possible Combination Theory 

The results of this study are that elevated nutrients levels existed in the Meekwap area, 

and likely in the WCSB in general.  Furthermore the shift from coral-stromatoporoid-dominated 

reefs to calcimicrobial-dominated reefs in the WCSB and globally (Birkeland, 1987; Caplan et 

al., 1996; Shen et al., 2010) would further support a global increase in nutrient levels.  Increasing 

nutrient levels would also explain the decline in corals and stromatoporoids from the Mid 

Devonian onward, observed in WCSB reefs.  Therefore, it appears that this study supports the 

nutrient drowning extinction hypothesis.  It is also possible, however, that the global cooling and 

nutrient drowning theories are connected.  As stated, colder temperatures could have destabilized 

the water column, causing ocean turnover, which would have brought up colder, nutrient-rich, 

deeper waters onto shallow shelves.  This would have lead to the proliferation of calcimicrobes 

by the influx of nutrients and the death of corals and stromatoporoids due to colder temperatures 

and microbial blooms (Copper, 1986; Hallock, 1988).  Similarly, upwelling, whether local or 

regional, transports colder, nutrient-rich waters onto platforms and shelves, producing the same 

result (Hallock, 1988).   

The evolution of forests in the terrestrial realm would have caused atmospheric 

temperatures to decrease, while increasing the amount of loose soil susceptible to transport by 

runoff (Copper, 2002b).  This would prove detrimental to reefs as the soils contained nutrients 

and excess sediment in coastal waters could lead to burial of benthic, sessile communities 
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(Caplan et al., 1996; Copper, 2002b).  A combination theory involving the intimately linked 

colder temperatures and nutrients is herein proposed that would account for all the aspects of the 

extinction from the fauna it affected, to the evidence of glaciation, to a shift in biota and lithology 

noted from Middle to Late Devonian deposits worldwide.      

9.3 The Paradox of Nutrients and Their Implications to Reefs and Carbonate 

Platforms 

Elevated nutrient levels are detrimental to carbonate production, especially in regards to 

reefs, and have even been suggested as a possible cause of platform “drowning” (Hallock and 

Schlager, 1986).  High nutrient levels have also been linked to other environmental factors 

harmful to reefs, such as colder temperatures and high turbidity levels (Wood, 1993).  It is well 

documented that modern coral reef environments are located in oligotrophic environments 

(Hallock, 1987; Wood, 1993; Whalen et. al, 2002); yet calcimicrobial reefs of the Late Devonian 

appear to have grown in nutrient-rich environments.   

 As nutrients and cooling are interpreted herein as the controlling factor in calcimicrobe 

occurrence, but are also known to be detrimental to reef-building organisms, the conundrum is 

why calcimicrobes occur together with reef building organisms.  There are three possible 

explanations for this paradox:   

1)  The first is that mesotrophic conditions existed where nutrient levels were high enough 

to promote the growth of the calcimicrobes, but not high enough to be detrimental to reef 

metazoans, corals and stromatoporoids in particular.  The extensive calcimicrobial 

deposits at Meekwap, especially the 10cm plus thick Renalcis growths, suggest that 

nutrient levels must have been fairly high, so this explanation may not be plausible.  
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2)  It is also possible that the growth morphologies of the coral and stromatoporoid species 

enabled them to tolerate elevated nutrient levels and relatively high turbidity.  Some 

modern corals have the ability to shed unwanted sediment through mucus secretion, 

and/or physical removal of it (Logan, 1988; Hoeksema, 1993).  Also, particular growth 

morphologies such as branching forms of coral (Thamnopora) would be less prone to 

sediment build-up than flatter, more disc-like forms (Scrutton, 1999).  These corals could 

have handled excess sedimentation associated with microbial blooms, but the diminished 

light levels caused by an increase in turbidity could have limited their existence.  Modern 

corals in low light conditions, exhibit morphologies that increase their surface area, such 

as plate and disc forms (Porter, 1976; Chappell, 1980).  There are no such coral growth 

morphologies in the Nisku Formation at Meekwap.  The stromatoporoids, on the other 

hand, display different growth morphologies than the corals.  Digitate stromatoporoids 

are present, especially in the lagoon, but flatter, laminar stromatoporoids dominate the 

reef.  The change in stromatoporoid morphology from digitate in the lagoon to laminar in 

the reef and upper foreslope, is consistent with the change in growth morphologies 

expected of reef builders with photosynthetic endosymbionts as water depth increases, 

however it has not yet been proven whether or not stromatoporoids contained 

endosymbionts (Wood, 1999).  Furthermore, these flatter forms would be more prone to 

sediment accumulation, suggesting that the stromatoporoids were capable of dealing with 

the excess sediment, despite being sponges with the requirement of adequate water 

exchange.     

3) It is possible that nutrient levels were increasing throughout the Late Devonian, and as 

such, a change in the reef community from stromatoporoid-coral reefs with calcimicrobes 
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limited to cryptic environments, to calcimicrobial-dominated reefs took place.  This 

gradual increase in nutrients would have slowly “poisoned” the reefs and would account 

for the decrease in stromatoporoids and corals as well as the proliferation of 

calcimicrobes observed towards the Late Frasnian (Birkeland, 1987; Caplan et al., 1996; 

McGhee, 1996; Shen et al., 2010).    

The third possibility is the most likely because it explains the global change in the reef 

community as phototrophic reef-builders would be expected to give way to microbes and 

heterotrophic assemblages with increasing nutrients and decreasing temperatures.  Furthermore it 

concurs with the theories behind the mass extinction event, as all suggest a gradual change in the 

paleoenvironment leading up to the mass extinction event.   

  



 

 

 

116 

Chapter 10 

Conclusions  

1. Late Devonian (Frasnian) reefs of the Nisku Formation at Meekwap, Alberta, are 

composed of calcimicrobes, stromatoporoids, and corals as well as lesser amounts of 

brachiopods, crinoids, bryozoans, and benthic foraminifera.  The components of the 

Meekwap reefs as well as the paleoenvironmental conditions for the region were 

discerned via core and thin section analysis. 

2. Calcimicrobes are abundant throughout the deposits at Meekwap and are believed to have 

formed an integral part of the reef structure.   Five calcimicrobes were identified and 

analyzed from these deposits: Renalcis, Epiphyton, Girvanella, Rothpletzella, and 

Wetheredella.   

3. There are two main types of calcimicrobial associations in the Meekwap limestones, 

calcimicrobial crusts and oncolites.  Calcimicrobial crusts can occur on the dorsal or 

ventral sides of laminar stromatoporoids.  Dorsal microbial crusts can be sub-divided into 

calcimicrobial crusts composed of Girvanella and Rothpletzella, or non-calcimicrobial 

crusts that are either domal and homogenous to slightly laminated, or are spongiostromate 

in nature.  Ventral crusts are typically composed of Renalcis and Epiphyton and occur on 

the ceiling of reef cavities.  The Renalcis and Epiphyton crusts are locally preceded by a 

thin coating of Girvanella and Rothpletzella in rare cases.  Nine possible situations (Type 

A-I) involving the crusts and other skeletal components were defined.  Oncolites are 

found in off-reef areas and are composed of Girvanella and Rothpletzella, (with minor 
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amounts of Wetheredella), which occur either as layers or as buildups in the oncolite 

cortex.  

4. Girvanella and Rothpletzella occur in well-lit paleoenvironments, either as dorsal 

microbial crusts or as oncolites, leading to the interpretation that these microbes were 

photosynthetic.  Non-calcimicrobial crusts are either spongiostromate or resemble 

modern, cemented calcisilt crusts.  These crusts do not appear to contain any 

photosynthetic organisms and therefore could have grown in crypts.  Ventral crusts of 

Renalcis and Epiphyton occur in reef cavities and thus are interpreted as being non-

photosynthetic or light sensitive.  Instances where Girvanella and Rothpletzella occur as 

ventral crusts are here interpreted as having formed in early stages of cavity development, 

when light levels were sufficient for photosynthesis.  As light levels decreased, the 

Girvanella and Rothpletzella would have been replaced by Renalcis and Epiphyton.  The 

accretionary growths of calcimicrobes in oncolites appear to be a response to a 

competition for light.  The layering of Girvanella and Rothpletzella in oncolites could 

represent competition, particularly for light, or could be caused by changes in the 

environment as Girvanella is typical of calmer, muddier deposits, while Rothpletzella is 

more often found in grainer deposits.   

5. A biological paragenesis consisting of four stages, for the formation of the reef structure 

at Meekwap was created and 1) commences with the growth of a laminar stromatoporoid 

(Strom 1) on a sediment or lithologic substrate. 2) Domal surface of Strom 1 becomes 

encrusted resulting in the death of the stromatoporoid. 3) A new stromatoporoid grows 

creating a cavity. 4) Both the dorsal and ventral surfaces of Strom 2 become colonized, 

leading to the demise of Strom 2 and the perpetuation of the growth cycle.  
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6.  From an analysis of the key components of reefs in the WCSB it is apparent that a shift 

in the reef community occurred from the Middle to Late Devonian as reefs change from 

coral and stromatoporoid dominated to calcimicrobial dominated.  It is interpreted, using 

the known environmental preferences of some of the biological constituents, that overall, 

salinity levels were slightly depressed to slightly elevated, as echinoderms are present but 

not overly abundant.  The presence of photosynthetic corals and calcispheres is indicative 

of a photic zone environment with warm temperatures.  Filter feeders and oncolites 

suggest that sedimentation and turbidity rates were low and that the environment was 

shallow with low to moderate energy.  Higher energy events such as storms did occur but 

were most likely rare and resulted in the minor amount of toppling and fragmentation 

observed.  As none of these environmental factors are interpreted to have been extreme 

enough to have resulted in the abundance of calcimicrobes observed, it is therefore 

thought to be elevated nutrient levels that are the principal cause for the calcimicrobial 

growth.  This is supported by the fact that nutrients have been linked to increased 

microbial populations both in ancient and modern reef systems.  Furthermore, a shift 

from a photosynthetic reef assemblage to a calcimicrobial and heterotrophic assemblage 

is what is predicted to occur along an increasing nutrient gradient. 

7. Tropical shelf environments that reefs inhabit are typically oligotrophic suggesting that 

nutrients had to have been introduced into the environment.  Nutrients from terrestrial 

runoff and submarine groundwater discharge are the most probable mechanisms for the 

transport of nutrients onto the Meekwap Shelf.   

8. The Late Devonian mass extinction event is a complex event that is not yet fully 

understood. Three leading theories regarding the cause of the extinction event exist.  The 
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first theory attributes the loss of life to a drastic drop in global atmospheric and sea level 

temperatures.  This decline in temperature is thought to be due to the evolution of the first 

true forests, which would have reduced the amount of CO2 in the atmosphere leading to a 

reverse greenhouse effect. The second theory cites elevated nutrient levels as the cause of 

the extinction.  Increases in nutrient levels have been linked to microbial blooms which 

prove fatal to benthic, sessile organisms as the blooms absorb light, increase turbidity, 

increase sedimentation, and increase oxygen consumption, which can result in anoxic 

bottom waters.  The third theory is the most controversial of the three and suggests that 

multiple bolide impacts in the Late Devonian were responsible for the extinction. 

9. The results of this study suggest that combination theory is possible where colder 

temperatures are intimately linked to elevated nutrient levels.  Colder temperatures could 

have caused a destabilization in the water column which would have resulted in colder, 

nutrient-rich waters being brought onto shallow shelves and platforms.  An increase in 

upwelling, either locally or regionally, would also result in cold, deep, nutrient-rich 

waters being advected into shallow-water ecosystems.   

10. The shift in reef community from coral-stromatoporoid reefs in the Mid Devonian to 

calcimicrobial dominated reefs in the Late Devonian suggests that temperatures declined 

throughout the Late Devonian while nutrient levels increased. 
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Appendix A 

Core Descriptions 

 

 

 

The following appendix consists of core descriptions for wells from Meekwap, Alberta, 

analyzed in this study.  Core descriptions contain information pertaining to the biological and 

lithological composition of the deposits (see core logging symbol key).  Lithology is presented in 

percent limestone shown in blue (the remaining white space in the column would represent the 

percent dolomite).  Additionally, colour, grainsize and diagenetic features are noted.  The 

formation of the cored interval and the location of thin sections is documented.  Basic well 

information (name and location) is stated at the top of each page.  Core descriptions are organized 

first by range (13W5 to 16W5) and then by township (66 to 67).   
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Core Logging Symbol Key 
 
 

 

 



 

 

 

141 

 
  



 

 

 

142 
 



 

 

 

143 
 



 

 

 

144 



 

 

 

145 



 

 

 

146 



 

 

 

147 



 

 

 

148 



 

 

 

149 



 

 

 

150 



 

 

 

151 



 

 

 

152 



 

 

 

153 



 

 

 

154 



 

 

 

155 



 

 

 

156 



 

 

 

157 



 

 

 

158 



 

 

 

159 



 

 

 

160 



 

 

 

161 



 

 

 

162 



 

 

 

163 



 

 

 

164 



 

 

 

165 



 

 

 

166 



 

 

 

167 

3 



 

 

 

168 



 

 

 

169 



 

 

 

170 



 

 

 

171 



 

 

 

172 



 

 

 

173 



 

 

 

174 



 

 

 

175 



 

 

 

176 



 

 

 

177 



 

 

 

178 



 

 

 

179 



 

 

 

180 



 

 

 

181 



 

 

 

182 



 

 

 

183 



 

 

 

184 



 

 

 

185 



 

 

 

186 



 

 

 

187 



 

 

 

188 



 

 

 

189 



 

 

 

190 

 


	Chapter 1  Introduction
	1.1 Introduction
	1.2 Scope and Objectives

	Chapter 2   Geological Setting
	2.1 Introduction
	2.2 Crystalline Basement
	2.3 Platform Phase
	2.4 Foreland Basin Phase
	2.5 Geology of the Study Area

	Chapter 3  Methods
	Chapter 4  Components
	4.1 Introduction
	4.2 Calcimicrobes
	4.2.1 Renalcis (Figure 9A and B)
	4.2.2 Epiphyton (Figure 9C and D)
	4.2.3 Girvanella (Figure 9E and F)
	4.2.4 Rothpletzella (Figure 10A and B)
	4.2.5 Wetheredella (Figure 10C and D)

	4.3 Oncolites (Figure 10E and F)
	4.4 Calcispheres
	4.5 Benthic Foraminifera (Figure 11A-D)
	4.6 Ostracods (Figure 11E and F)
	4.7 Bryozoans (Figure 12A and B)
	4.8 Echinoderms (Figure 12C)
	4.9 Brachiopods (Figure 12D)
	4.10 Molluscs (Figure 13A and B)
	4.11 Sponges (Figure 13C)
	4.12 Stromatactis (Figure 13D and E)
	4.13 Stromatoporoids (Figure 14)
	4.14 Corals (Figure 15)
	4.15 Grumeleuse Texture
	4.16 Inceta Sedis (Figure 16)

	Chapter 5  Lithofacies
	5.1 Introduction
	5.2 Mudstone Megafacies (M; Figure 17)
	5.2.1 Finely Laminated Mudstone (M1, Figure 17A)
	5.2.2 Bioturbated Mudstone (M2, Figure 17B)
	5.2.3 Nodular Lime Mudstone (M3, Figure 17C)

	5.3 Fossiliferous Megafacies (F, Figure 18)
	5.3.1 Fossiliferous Wackestone/Packstone (F1, Figure 18A)
	5.3.2 Fossiliferous Grainstone (F2, Figure 18B and C)


	/  /
	5.3.3 Thamnopora Floatstone (F3, Figure 18D)
	5.3.4 Fossiliferous Floatstone/Rudstone (F4, Figure 18E)
	5.4 Stromatoporoid Megafacies (S, Figure 19)
	5.4.1 Amphipora Floatstone/Rudstone (S1, Figure 19A)
	5.4.2 Laminar Stromatoporoid Floatstone/Rudstone (S2, Figure 19B)
	5.4.3 Stromatoporoid-Renalcis Framestone (S3, Figure 19C)

	5.5 Calcimicrobial Megafacies (C, Figure 20)
	5.5.1 Renalcis Stromatoporoid Floatstone/Rudstone (C1, Figure 20A)
	5.5.2 Renalcis Boundstone (C2, Figure 20B)
	5.5.3 Oncolitic Floatstone (C3, Figure 20C)


	Chapter 6  Lithostratigraphy
	////
	Chapter 7  Calcimicrobial Associations
	7.1 Introduction
	7.2 Crusts
	7.2.1 Crustal Associations

	7.3 Oncolites
	7.4 Interpretations

	/         /
	information offers additional insights into the calcimicrobes, most of which are poorly understood, and can also provide greater details on the existence, function and demise of Devonian reef systems.
	7.4.1 Crusts
	7.4.2 Oncolites
	7.5 Summary
	7.6 Biologic Paragenesis of the Reef Structure (Figure 38)

	Chapter 8  Paleoenvironmental Controls
	8.1 Calcimicrobes in the Western Canada Sedimentary Basin (WCSB)
	8.2 Paleoenvironmental Controls on the Meekwap Shelf
	8.2.1 Salinity
	8.2.2 Temperature
	8.2.3 Depth, Light and Energy
	8.2.4 Nutrients
	8.2.5 Sedimentation and Turbidity

	8.3 Summary
	8.4 Nutrification Mechanisms
	8.4.1 Terrestrial Runoff
	8.4.2 Nutrient-rich Groundwater
	8.4.3 Upwelling
	8.4.4 Deepening of the Mixing Layer
	8.4.5 Storm Activity
	8.4.6 Atmospheric-related Deposition

	8.5 Summary

	Chapter 9  Significance of the Western Canada Sedimentary Basin in a Global Context
	9.1 Introduction
	9.2 The Late Devonian Mass Extinction Event
	9.2.1 The Global Cooling Theory
	9.2.2 The Nutrient Drowning Theory
	9.2.3 Bolide Impact
	9.2.4 A Possible Combination Theory

	9.3 The Paradox of Nutrients and Their Implications to Reefs and Carbonate Platforms

	Chapter 10  Conclusions

