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Abstract 

The Frobisher Beds of southeastern Saskatchewan are part of an extensive conventional oil and gas play 

hosted in grainy carbonate rocks, long interpreted as marine oolites. This sedimentological and diagenetic 

study of core from the Frobisher in the Bryant and Pinto areas of southeastern Saskatchewan concludes 

that the ubiquitous coated grains in these rocks are in fact predominantly pedogenically modified rather 

than purely marine in origin. Areally, Frobisher grainstones form elongate finger-like carbonate sand 

bodies, persistently supratidal, separated by interpreted marine channel deposits. These shoals consist of 

numerous stacked shallowing-upward, cyclical deposits composed of peloids, coated grains and 

compound grains. Unmodified true marine ooids are a minor component. Units within paleochannels 

consist of allochems of open marine origin and lack the cyclicity seen in shoal units. The Frobisher 

succession consists of six facies: 1) Fenestral Peloid Packstone, 2) Peloid Coated Grain Grainstone, 3) 

Coated Grain Grainstone-Rudstone, 4) Multiple Crust Complex, 5) Argillaceous Mudstone/Wackestone, 

and 6) Skeletal Packstone-Grainstone/Rudstone with variable oolite. Facies 1 to 5 are found within shoal 

units, whereas Facies 6 occurs only in the channel deposits. Grains within Facies 2 and 3 display 

shrinkage cracks, inverse grading and irregular coatings, features which are common indicators of 

pedogenesis in a vadose environment. Mudstones of Facies 5 and complex crust horizons in Facies 4 

suggest that the shoal was subject to early diagenetic alteration in an arid subaerial environment. In 

contrast, Facies 6 contains broken and abraded open marine allochems (bryozoans, crinoids, coral 

fragments and foraminifera) interpreted to have been deposited and transported in marine channels. 

Coated grain lithoclasts within the channel deposits suggest active erosion of the finger-like shoals, 

whereas well ordered ooids-pisoids on the shoals may have originated in the marine channels. These 

observations demonstrate that there is an alternative interpretation to the published subtidal ooid sand 

shoal model. In this revised interpretation each shoal cycle shallows up from a thin marine or restricted 

peritidal facies at the base to grainstones and rudstones of coated grains and complex carbonate crusts, 

interpreted as a paleo calcrete. Such pedogenic alteration is characteristic of an arid climate and occurred 

during base level falls which exposed the shoals, and occasionally the intervening channels. 
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CHAPTER 1 

1.1 Introduction 

 

The Frobisher Formation is a succession of carbonate units that are part of a regional 

conventional hydrocarbon reservoir. Rocks in the Frobisher Formation are conspicuously grainy and have 

in the past been interpreted as a series of ooid sand bodies (Crabtree, 1979, 1982; Kaldi, 1982). Analysis 

by W. Gatenby (Pers. Comm., 2014) confirmed that the sand bodies have geometries similar to modern 

Bahamian ooid sand shoals (Ball, 1967; Rankey & Reeder, 2008). A proprietary industry study by W. 

Martindale (Pers. Comm., 2014) recognized that at least parts of the succession were pedogenic calcrete 

horizons.  

The focus of this study is to determine the genesis and alteration of these carbonates. The 

problem is confounded by the fact that particles formed in marine, peritidal, and calcareous pedogenic 

environments can superficially be strikingly similar. Furthermore, their origins can be both depositional 

and diagenetic. This study examines the following aspects within the Pinto and Bryant Fields of 

southeastern Saskatchewan (Fig. 1.1): 1) the paleogeography of the study area, 2) the lithostratigraphy of 

the Frobisher Succession, 3) the effect of hydrodynamics on deposition, and 4) the effects of diagenesis 

on the depositional fabric. 
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Figure 1.1.- Location of Williston Basin. Red box indicates the Pinto and Bryant oilfields. Purple dashed 
line represents the paleoequator. 
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1.2 Geological Setting 

 

The Williston Basin is a post-Proterozoic structure, situated on Precambrian basement assembled 

through plate collisions and wrench faulting (Kent, 1987). Tectonic activity is responsible for the shape, 

depth and size of the Williston Basin. Ancestral Precambrian provinces (Superior, Trans-Hudson, Hearne) 

are separated by fault systems that discontinuously contributed to basin evolution through time. Other 

factors constraining basin morphology are the appearance of positive and negative structural axes, 

dissolution of evaporites and erosion of sedimentary bodies corresponding to the continental Sloss (1963) 

Supersequences (Gerhard et al, 1985). 

1.3 Williston Basin 

The saucer-shaped Williston Basin is a continuous succession up to 5 km thick, overlying 

Proterozoic crystalline rocks. The diameter is approximately 800 km, and it is bounded by arches, troughs 

(Sweetgrass, Punnichy) and platforms (Swift Current) (Wright et al., 1994). Sedimentation began with the 

siliciclastic Cambrian Deadwood Formation, which records deposition in a semi-restricted Basin (Kent, 

1987). The Basin evolved into a restricted shallow basin connected to the Proto-Pacific Ocean during the 

Mississippian. The shoaling Swift Current platform at the northwestern edge of the Basin (Fig. 1.1) acted 

as a partial barrier to the open ocean. Its northeastern edge (southeastern Saskatchewan) was a shallow 

embayment, deepening toward the depositional centre in South Dakota, and bounded by the shallow Swift 

Current platform. Regional basement faults and lineaments that were re-activated during Frobisher 

deposition (Nimegeers et al. 2005) also influenced sedimentation. Mississippian sediments of the study 

area were deposited in a southwestern-facing prograding nearshore ramp environment. 
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Figure 1.2.- Stratigraphic section of the Frobisher Group 

Modified from Martindale (Pers. Comm., 2016) and (Petty, 2006) 
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1.4 Stratigraphy 

The Visean Frobisher carbonate sediments are part of the Upper Kaskaskia Supersequence 

(Gerhard et al., 1990). The stratigraphic nomenclature differs between the United States and Canada, and 

has been well documented (Richards et al., 1999; Petty, 2005). The Canadian stratigraphy will be used for 

this study (Fig. 1.2). The Frobisher Group conformably overlies the Kisbey sandstone. The Kisbey is a 

regional dolomitic sandstone, with a controversial origin (Rott & Qing, 2005). The depositional 

interpretation suggests a very shallow water depocentre that received wind-swept siliciclastic particles 

(Rott & Qing, 2005). The Frobisher Group, consists of three units with a combined thickness of up to 

70 m. Each unit is capped by an argillaceous marker bed in a repetitive succession of deposition (Fig. 

1.2). The Bluell Formation is commonly divided into two parts due to the petrophysical signatures (Fig. 

1.3). The Coteau Formation contains the regional State “A” marker bed at the top, which can be identified 

by its distinct Gamma Ray, Porosity and Resistivity signature (Fig. 1.3). The overlying Frobisher 

evaporite, though locally present in some cores, is not included in this study. The northern limits of the 

Mississippian section of the Williston Basin have been eroded, and thus some near-shore to shoreline 

facies are not preserved. Triassic and younger sediments unconformably overly the Mississippian strata in 

these areas (Fig. 1.4).  

1.5 Depositional Setting 

At the northeastern segment of the Basin, Mississipian strata are truncated by an angular 

unconformity and are overlain by the Triassic Watrous Formation (Kent & Curry, 2002). This area hosts 

Frobisher carbonates that were deposited upon a gently southwesterly dipping ramp (Lake, 1998; 

Nimegeers & Nickel, 2005). The ramp is composed of the following facies belts: 1) coastal sabkha, 

2) grainy carbonate shoals and tidal channels, and 3) mid-ramp. The study area focuses on core from the 

shoals and tidal channels of the Pinto and Bryant oil fields. 

 Previous studies have identified shoal and off-shoal geometries (Kent & Curry, 2002; Marsh & 

Quing, 2002; Nimengeers & Nickel, 2005). Additionally, these shoals have been interpreted as either 
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ooid-skeletal digitate facies or coated grain facies (Kent & Curry, 2002). The coated grain sand bodies are 

described as the product of wind and wave action, with neomorphic diagenesis aiding in the development 

of diagenetic wackestones and packstones (Kent, 1999). The premise of a tidal system affecting shoal 

geometry and development is dismissed in favour of a moderate energy wave and wind model (Kent, 

1999; Kent & Curry, 2002). 
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Figure 1.3.-  Petrophysical logs of the six wells examined in this study. Wells at the bottom of diagram, 
show borehole logs to the left and core logs to the right. 



8 
 

 

Figure 1.4.- Distribution of studied wells and cored intervals. 

 

1.6 Methods 

 Six wells and their respective wireline logs were selected from the Pinto and Bryant oilfields for 

study (Fig. 1.3, 1.4). The wells were selected for their apparent locations in “crest”, “off-crest” and 

“channel” settings. Whereby the Crest refers to the top of a carbonate sand body, the off-crest to the flank 

of a carbonate sand body and the channel refers to the trough between carbonate sand bodies. Two 

hundred and seventy metres of recovered core were photographed and logged utilizing a hand lens and a 

binocular microscope and, from these, 120 thin sections were prepared and impregnated with blue stained 

epoxy to highlight porosity. Thin sections were analyzed under plain and polarized light, and 

photographed. Samples for X-Ray Diffraction analysis were obtained from thin section stubs. Samples 

were selected from the argillaceous horizon topping the Coteau Formation. Samples were ground to a fine 
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silt-size with a mortar and pestle, with a blank sample of quartz. Prepared samples were then mounted and 

inserted into a PANalytical X’pert Pro diffractometer. The samples were run at 45 mA and 40kV from 5-

8°2θ.   

Data from wireline logs and recovered core were used to generate the cross section and 

paleogeographic map of the study area (Fig. 1.5). Structural contour maps were generated from data 

collected during industrial exploration investigations conducted by William Gatenby (Pers comm., 2014) 

(Fig. 1.6). The P1 Marker bed is an evaporitic unit in the overlying Upper Marly Midale Beds (Wegelin, 

1984) and is identified by a distinct gamma, resistivity and porosity response. The P1 is therefore a 

common reference point in most Saskatchewan hydrocarbon exploration models, and has been used as a 

common datum in cross sections.  
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Figure 1.5.- Palegeographic reconstruction of the study area. Studied well locations indicated by    . 
Coloured dashed lines indicate the regressive shorelines of the Frobisher Formation. Speckled linear 

features are the grainy carbonate shoals. Red box indicates location of Isopach map in Fig. 1.6. 

Modified from Gatenby (Pers. Comm., 2014) 
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Figure 1.6.- Structure contour map tied to the overlying P-1 Marker bed. “Channel” indicates Isopach 
thicks, while “Shoals” indicates Isopach thins. 

Modified from Gatenby (Pers. Comm., 2014) 
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CHAPTER 2 

2.1 Lithofacies Description 

The lithology of the Frobisher (younging upward) consists of a series of carbonate beds capped by the 

Frobisher anhydrite. Sucrosic dolomite is present underlying the Frobisher anhydrite. Six facies were 

established through petrographic analysis.  

Facies 1 – Fenestral Peloid Packstone 

Facies 1 is a fenestral packstone with local wackestone and bindstone. Allochems (Table 1) are 

dominated by peloids with minor compound and coated grains. The peloidal internal structure is micrite,  

with an irregular to sub-rounded shape, and sizes up to 0.6 mm. Rare ostracods are present (Fig. 2.1A). 

Further biofragments include benthic forams and gastropods, which display irregular coatings and 

microbial encrustations. Fenestral porosity is ubiquitous (Fig. 2.2 A), while rhizocretions, developed by 

the preservation of root fibres, are present but rare. Geopetal sediments are present within some fenestral 

voids. Intracrystal pore spaces and local open fenestral voids form the rare porosity in this facies. Porosity 

in these rocks is occluded by blocky and drusy calcite cements. 

Facies 2 - Peloid, Coated Grain Packstone-Grainstone 

The peloids of Facies 2 display similar features to those described in Facies 1. Coated grains have 

peloid nuclei with variably alternating irregular and concentric cortices. The coated grains of this facies 

rarely exceed 2 mm in size. Compound grains are also seen in this facies and are composed of micrite, 

peloids and coated grains. Other features include broken grains and irregular coatings (Fig. 2.1B). 

Ostracod, bivalve and gastropod fragments are the only skeletal components (Table 2.1), whereas 

calcimicrobes (Garwoodia, Ortonella) and rare calcispheres contribute further biofragments. Skeletal 

particles are consistently abraded, and rimmed by micrite envelopes. Skeletal fragments display irregular 

coatings and microbial encrustation. Rare cross laminations are present in core depicting this facies.  

Porosity is intermittent, and is typified by vugs and molds. Porosity can be occluded by drusy calcite 
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cements and anhydrite. Meniscus and pendant calcite cements are present at grain contacts throughout 

this facies. 

Facies 3 - Coated Grain Grainstone/Rudstone 

Facies 3 is composed of a similar particle assemblage as Facies 2, however grain size is 

consistently larger, with less micrite between grain contacts. The non skeletal components show inversely 

graded horizons. Rare skeletal allochems are all broken, abraded, and are coated with micritic cortices. 

Compound grains are consistently re-coated with multiple cortices, and coated grain diameters can exceed 

2 mm (Fig. 2.2 B). Intragranular shrinkage cracks are a common feature in larger grains (Fig. 2.1C). 

Broken grains with irregular coatings are widespread. Tee-pee structures are present locally in cores 

depicting Facies 3. Cements are blocky and drusy, with meniscus cements conjoining grains. 

Intragranular shrinkage cracks, molds, vugs and interparticle porosity are all well preserved.  

Facies 4 - Stacked Multiple Crust Complex 

Facies 4 is easily recognized in core (Fig. 2.1D & 2.2D), because it is composed of several 

stacked 2-4 mm crusts, of alternating cream and brown colours. Crusts are typically alternating layers of 

micrite and micro peloids less than 1 mm in size. Crust complexes can also contain brecciated clasts, 

discontinuous crust horizons, alveolar structures and micrite laminae. Rhizocretions and rare 

biofragments, such as gastropods, are amalgamated within crust horizons. Rare instances of porosity are 

limited to micro-interparticle voids. 
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Figure 2.1.- Petrography of Frobisher facies. (A) Facies 1, peloid packstone with fenestral porosity. (B) 
Facies 2, peloid-coated grain grainstone, arrows indicating meniscus cements. (C) Facies 3, coated grain 

Rudstone. Red arrow indicates encrusting microbes. Yellow arrow indicates circumgranular cracking. (D) 
Facies 4, crust complex, cream-coloured crust (C) overlying Facies 2. (E) Facies 5, argillaceous 

mudstone. Arrows indicate angular silt sized quartz. (F) Facies 6, skeletal grainstone. Arrow indicates 
micrite envelope. 
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Figure 2.2.- Petrography of Frobisher facies. (A) Facies 1, peloid packstone – floatstone with fenestral 
porosity. (B) Facies 3, coated grain rudstone. Arrow indicates circumgranular cracks. (C) Facies 6, Ooid 

packstone-grainstone. Radial concentric ooids, peloids and compound grains present. (D) Facies 4, 
multiple crust complex. Multiple crusts (CC) overlying Facies 3. (E) Facies 6, skeletal grainstone. Red 

arrow indicates echinoderm stereom. Yellow arrow indicates bryozoan fragment. Note brachiopod shells 
crushed and spalled. 
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Facies 5 - Argillaceous Mudstone/Wackestone 

The argillaceous intervals are green to brown in colour (Fig. 2.1E). Allochems are rare and 

include peloids and ostracods. These horizons are commonly bounded by stylolite complexes. Authigenic 

clay minerals such as Ankerite, Aphthitalite, Carlinite, Delafossite and Dickite are present. Angular, 

minor silt-sized quartz grains are also common in the argillaceous horizons.   

Facies 6 - Skeletal Packstone-Grainstone/Rudstone 

The particle assemblage of this facies differs markedly from other facies. The faunal assemblage 

is diverse, and consists of bryozoans, foraminifera, and echinoderms (Fig. 2.1F & 2.2E). Photozoan algae 

are common and include Windosporella cf. parenyi (Mamet & Roux, 1975), Hortonella sp., Frustulata 

reticulata (La Pille et al. 2010) and Archaeolithophyllum (Jansa & Roux, 1978). Foraminifera consist of 

Tubispirodiscus, Glomodiscus (Sommerville & Cozar, 2005) and Asteroarchaediscus (Krestovnikov & 

Theodorovich, 1936). Branching parastromate and protostromate calcimicrobes and calcispheres are, 

however, less numerous compared to the other biofragments. Broken and abraded skeletal debris are 

abundant throughout. Brachiopods, some with internal biofragments, are common as are bivalves. 

Fenestral bryozoan fragments are ubiquitous, as are echinoderm stereoms and spines, as well as 

disarticulated echinoderm stems. Peloids, ooids, compound and coated grains, with the latter occasionally 

broken, are rare. Pure ooid grainstones have not been observed. However, ooids are locally present in 

core, and were hosted in occasional cross-bedded bryozoan-echinoderm grainstones. Minor occurrences 

of radial concentric ooids were also observed in thin section (Fig. 2.2C).  Epitaxial, blocky and drusy 

cements occlude most porosity, however, rare intraparticle and moldic micro-porosity are also present. 
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2.2 Summary 

The Frobisher beds exhibit overall concentrations of Facies 3 and 4 towards the top of the Sherwood, 

Bluell and Coteau Formations. Facies 1 through 4 display components and faunal assemblages of 

restricted environments. These facies commonly grade from one to the other and are repeated within each 

formation, whereas Facies 5 represents the top of repeated facies. The contrasting Facies 6 separates the 

stacked and restricted facies.  
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CHAPTER 3 

Lithofacies Interpretation 

3.1 Overview of Contentious Non-Skeletal Components 

 The origins of non-skeletal carbonate particles are multifarious. The fabrics described in the 

previous section have formed in different environments. The literature is replete with examples and 

descriptions of varying types of peloids, together with coated and compound grains (Flugel, 2004; Peryt, 

1983; Scholle, 1974). These particles can be separated as having formed in either of the following 

environments: neritic, subtidal, intertidal, supratidal and subaerial. The following sections will review the 

relationships between particles and facies. 

Peloids 

Peloids are microcrystalline grains that lack radial or concentric structures (McKee & Gutschick, 

1969). These particles often have a uniform spherical shape that distinguishes peloids from other non-

skeletal carbonate grains. Peloids are common in subtidal, intertidal, peritidal and pedogenic 

environments, and are therefore common in several carbonate ramp and platform facies. 

Peloids associated with marine facies vary, but among the most commonly referenced are fecal 

pellets. These fine-grained particles are typically rounded, and formed from the excrement of organisms 

that consume calcium carbonate (Flugel, 1994). Fecal pellets are primary constituents in shallow-marine 

platforms and ramps (Imbrie & Purdy, 1962; Neumann & Land, 1975). Other marine peloids include 

bioerosional peloids formed through grazing and boring of marine carbonate substrates. Typical 

substrates include corals and other skeletal debris. The detrital sediment creates fine-grained mud and 

peloids (Acker & Risk, 1985; Edinger & Risk, 1994).  

Muddy peloid grains are common constituents in intertidal to supratidal environments. Algal 

peloids sourced from the decomposition of algae and calcimicrobes are commonly present in restricted 

tidal flat facies, coastal sabkhas and restricted intertidal settings (Flugel, 1994; Jones & Wilkinson, 1978; 
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Gerdes & Krumbein, 1987; Gerdes et al., 1994). In areas of increased agitation, mud peloids form by the 

erosion and reworking of lithified carbonate mud (Purdy, 1963; Fahraeus et al. 1974). These typically 

form in areas prone to fluctuations in base-level (Carss & Carozzi, 1965). In both environments in-situ 

microbial peloids are present. These autochems are formed within microbial mats (Friedman 1978, 

Pickard, 1992).  

Prolonged exposure and soil formation also produces peloids. Pedogenic peloids appear clotted 

and vary in size (< 0.5 mm) and roundness (Flugel, 1994). Peloids formed in calcrete facies typically 

occur without evidence of transport (Mazullo & Birdwell, 1989).  In calcrete assemblages peloids are the 

most common particle, and contribute up to 40% of total composition (Flugel, 1994). The formation of 

these peloidal fabrics is associated with diagenetic alteration and calcification influenced by root mats and 

soil fungi (Calvet & Julia, 1983).  

Coated Grains 

The use of the term “coated grain” is broad, and defines several distinct types of carbonate grains. 

The environments hosting coated grains are highly variable. The classification of these grains from 

basinal to continental facies is discussed in the following paragraphs. 

Rhodoids form in neritic environments. These red algal and foraminiferid encrustions commonly 

encompass skeletal nuclei (Peryt, 1983). Skeletal particles are typically sourced from surrounding facies, 

and are subsequently encrusted at depths of up to 60 m (Hottinger, 1983). Rhodoid cortices are usually 

asymmetric and individual laminae cannot be traced completely around the nuclei (Brand & Veizer, 

1983). Further components in the neritic realm include compound grains. These consist of separated 

grains coalesced in basinal environments where current energy is less than grain transportation potential 

(Illing, 1954; Purdy, 1963; Shinn, 1969). 

Shallow subtidal facies have been well studied to understand the deposition and alteration of 

coated grains. Shallow subtidal oncoids, thrombolites and compound grains are generated or influenced 
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by green alga and cyanobacteria (Aitken, 1967; Brand & Veizer, 1983; Carozzi et al. 1983; Gebelein, 

1969; Massari, 1983; Peryt, 1981, 1983). These grains are produced either by the agitation of algal mats 

(Brand & Veizer, 1983), or the formation of algal nodules in waters affected by currents (Bowman, 1983; 

Riding, 1983; Toomey,1983; Wright, 1983). Prolific carbonate producing alga in the Carboniferous 

include Girvanella, Ortonella and Garwoodia. Such algal tubules or bushes are often in nuclei and 

cortices, with grain diameters up to 8 mm (Wright, 1983). Oncoids, like rhodoids, display nuclei with 

asymmetrical laminae. Other features include radial-spherical and locally fibro-radial growth patterns 

with fibrous calcite between laminae (Wright, 1983). Within low-energy subtidal environments, light 

agitation allows compound grain formation (Purser, 1973). 

Ooids are often present in lower intertidal settings. Ooids have been classically defined as no 

larger than 2 mm in diameter, however, several authors have pointed out the arbitrary nature of this 

standard (Loreau & Purser, 1973). Within this classification there are radial, tangential and concentric 

grains. Radial ooids are associated with moderate to low-energy systems, usually distal to high current 

zones in tidal channels. Tangential ooids are formed in high energy systems like bi-directional bar axes of 

tidal deltas (Loreau & Purser, 1973; Wagner & van der Togt, 1973). Concentric ooids form in waters 

saturated with CaCO3 (Reijers & Ten Have, 1983), whereas radial concentric ooids form in agitated zones 

of saturation (Poncet, 1983). Compound grains are minor constituents of this facies as they require light 

agitation for formation. Their presence is associated with channel cut-offs and slow sedimentation rates 

(Wagner & van der Togt, 1973). 

 Coated grains ranging from 1 mm to 3 cm in diameter are formed at the fringes of the high-

intertidal zone, and seaward of sabkhas (Loreau & Purser, 1973; Shinn, 1973). Nuclei are commonly 

irregular, with laminae displaying either constant thickness or irregular cauliflower forms with fibro-

radial structures (Evamy, 1973; Loreau & Purser, 1973; Shinn, 1973). Such grains are often subaerially 

exposed, and accompanied by oncoids, compound grains (Baltres, 1975; Dahanayake, 1983) and algal-

encrusted coated grains (Evamy, 1973). Supratidal facies host coated grains that become increasingly 
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irregular in shape. Furthermore, algally induced grains become increasingly prevalent in hypersaline and 

sabkha environments (Folk & Siedlecka, 1974; Garwood, 1931; Ruizi & Yaosag, 1983). Coated grains in 

routinely subaerially exposed sediments also include calcareous crusts (Ruizi & Yaosang, 1983).  

 Coated grains are common components in semi-arid to arid soil horizons, commonly occurring on 

older carbonate strata (Margaritz, 1983). Coated grain formation also occurs between the soil horizon and 

upper vadose zone, as in the case of altered marine grainstones in vadose environments (Dunham, 1969). 

Pedogenic alteration of carbonates has been referred to as calcrete (Scholle & Kinsman, 1974) and caliche 

(James, 1972). Such facies commonly contain coated grains with nuclei composed of other pedogenic 

coated grains. These coated grains develop asymmetrical micritic laminae cortices (Margaritz, 1983; 

Peryt, 1983). These grains are commonly broken, cracked and recoated (Peryt, 1983). Within pedogenic 

horizons grain sizes vary and are commonly inversely graded, with coarse grains tightly packed at the top 

(Chafetz & Meredith, 1983). Calcrete coated grains accumulate with calcareous crusts, peloids, 

rhizocretions and alveolar fabrics. Calcrete coated grains are also associated with fenestral grain 

supported facies (Esteban, 1976; Mazullo & Birdwell, 1989). 

Facies hosting peloids, coated or compound grains and several combinations of the three can truly 

be observed under the sky to under the sea. The similarity between these grains, occurring in multiple 

settings, has undoubtedly led to misinterpretations in the past. Therefore, careful analysis of fabrics, 

particles and their associations were necessary for the following facies interpretations. 

 

3.2 Facies Interpretations 

Facies 1 – Fenestral Peloid Packstone 

Varying types of peloids and their formation have been widely discussed in the literature (Flugel 

1982, 2004; Marshall, 1985; Riding, 2006; Chafetz, 1986). Peloids of the type that characterize Facies 1 

are interpreted to have formed from the excrement of boring organisms (cf. Imbrie & Purdy, 1962), and 
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microbial degeneration of algal and organic material (cf. Coniglio & James, 1985; Riding, 2006). Peloid 

precipitation induced by bacteria is also likely (cf. Chafetz, 1986, Macintyre, 1985), as cyanobacteria 

bushes are common constituents in Facies 1. Fenestral porosity is due to a combination of gas from 

organic decay and hydraulic pumping associated with tidal-induced fluid flow through enlarged pores 

(Mazullo & Birdwell, 1989). Deposition of Facies 1 is interpreted to have occurred on a restricted 

peritidal flat, with in-situ deposition that was occasionally affected by regional storms and tidal flux. 

Carbonate production accrued predominantly by the establishment and decay of microbes and fecal 

pellets, resulting in the genesis of fenestral porosity in a supratidal setting. 

Facies 2 - Peloid, Coated Grain Packstone-Grainstone 

The mud-free nature of Facies 2 suggests an increase in hydrodynamic energy relative to 

Facies 1. Calcrete fabrics, including shrinkage cracks and irregular coatings, suggest meteoric alteration 

of the sediment. The presence of microbially encrusted, abraded and coated biofragments (Fig. 2.1, 2.2) 

can result from grain transportation within restricted environments (Esteban and Klappa, 1983; MacNeil 

and Jones, 2006). The development of calcrete fabrics within these coated grains developed during 

periods of prolonged exposure (Dunham, 1969; Peryt, 1983; Kahle, 1974). Meniscus cements and 

dissolution of a portion of the individual carbonate grains further supports alteration in the meteoric 

diagenetic environment. Facies 2 is interpreted as a periodically subaerially exposed carbonate sand shoal. 

Carbonate production occurred though microbial encrustation and degradation of microbial and skeletal 

organic material. There was also transport of fragmented allochems between peritidal and supratidal 

environments. The delivery mechanism is interpreted to have included periodic tidal currents, winds and 

occasional storm surges. These grainy carbonates display good porosity where not occluded by late-stage 

diagenetic cement. 
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Facies 3 - Coated Grain Grainstone/Rudstone 

The characteristics of this facies, namely coated grains, tee-pee structures and meniscus cements, 

are interpreted to have been produced in a subaerial setting. The multiple irregular cortices are generally 

formed by precipitation promoted by microbes, degassing of CO2, and wetting and drying in an arid 

environment (Searl, 1989; Wright & Tucker, 1991). The fabrics including irregular cortices, shrinkage 

cracks (2.1C, 2.2B), rhizocretions and meniscus cements strongly suggest pedogenic alteration occurring 

subaerially on a carbonate shoal. The carbonate factory of Facies 3 mirrors that of Facies 2, with an 

increase in pedogenic alteration, and other minor contributions to calcrete development, such as sea spray 

(James, 1972). Porosity is excellent, especially in zones of prolonged subaerial alteration. 

Facies 4 - Multiple Crust Complex 

Multiple crusts are typically formed in semi-arid to arid regions (Alonso-Zarza & Wright, 2010). 

They have also been documented in tropical climates during periods of decreased soil moisture (Goudie, 

1983; Mack and James, 1994) or where carbonate soils are highly permeable (Strong et al. 1992). 

Regardless of the region, calcareous crusts form in subaerial environments. Crust formation occurs via 

supersaturation of CaCO3 with the aid of microbes and the subsequent degassing of CO2, allowing for the 

precipitation of calcite (Robbin & Stipp, 1979). The role of bacteria in crust formation is necessary, 

especially in restricted environments (Verrecchia et al. 1996). The lack of skeletal fragments or mature 

soil incorporated in crust complexes suggests development upon restricted elevated salinity substrates that 

are subaerially exposed for long periods.  

Facies 5 - Argillaceous Mudstone/Wackestone 

The assemblage of authigenic clay minerals in this facies suggests late-stage diagenetic alteration 

of kaolin and smectite precursors (Beaufort et al., 1998). The limited biota and the accumulation of silt 

sized quartz with authigenic clay minerals imply prolonged subaerial exposure. The shoal sediments were 
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wind swept in an arid environment, resulting in accumulation of continent sourced quartz silt. The quartz 

was amalgamated with relict-surface carbonate sediments. Subsequent burial and late-stage diagenesis, 

controlled by the composition of pore waters, resulted in the dissolution of the initial carbonate and 

siliciclastic grains and the crystallization of the authigenic mineral assemblage found in Facies 5 

(Beaufort et al., 1998; de Caritat, 1992).   

Facies 6 - Skeletal Packstone-Grainstone/Rudstone 

The mixed faunal assemblage of Facies 6 consists of open-marine, restricted and shallow subtidal 

allochems. The phototrophs, echinoderms and foraminifera (Globochaete sp, Tetrataxis conica) 

originated in near-shore to restricted environments (Sebbar, 1998). Abraded bryozoan and crinoid 

fragments were transported from more open-marine environments, likely shoreward via channels. The 

rare instances of cross bedded bryozoan-echinoid-ooid grainstone suggests that the facies includes high-

energy settings. Observed radial concentric ooids suggest light agitation in carbonate saturated water, 

while coated and compound grains originated in low energy-restricted to subaerial environments.  

Facies 6 is interpreted as a series of shallow subtidal channels inter-fingering with carbonate shoals.  

3.3 Depositional Environment 

The genesis of Frobisher coated grains is both allochthonous and autocthonous and therein lies 

the key to the nature of their deposition and contemporaneous alteration. This section focuses on the 

dynamic relationship between production and alteration of these carbonate sediments. 

Carbonate Production 

Peloids are the most abundant grains (~ 50%). There are several origins for peloid genesis. Of 

significance for this study is algal disintegration (Land & Moore, 1980), calcimicrobe decomposition 

(Coniglio & James, 1985), current-induced reworking of carbonate mud (Fahraeus & Slatt, 1974), in-situ 

formation in microbial mats (Gerdes at al. 1994), fecal pellets (Imbrie & Purdy, 1962), and direct 

precipitation induced organically or inorganically (Buczynski & Chafetz, 1991).  
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The decomposition of calcimicrobes is likely, as protostromate cyanobacteria are present at the 

base of beds. Apart from contributing peloids, cyanobacteria are also synsedimentary carbonate producers 

(Pratt, 1984; Riding, 1991). The protostromate assemblage is common in Mississippian, very shallow, 

restricted and relatively still waters (Shen et al., 2010), which implies that shoals were either periodically 

inundated by restricted lagoonal waters, or proximal to lagoonal environments. In-situ formation of 

peloids, coated grains and fenestral fabrics in intertidal to subaerial environments has been shown 

experimentally (Mazullo and Birdwell, 1989). Such syngenetic formation in a tide dominated system is 

interpreted to be responsible for many of the grainy carbonates herein. This interpretation is strengthened 

by tidally induced cross-beds, cross-laminations and the grainy fabric of fenestral facies.   

Carbonate is sourced through meteoric systems such as colloidal transportation of calcium 

(Baghernejad & Dalrymple, 1993). Further sources include percolation of calcium saturated waters from 

the surface/atmosphere interface, and ascension from the water table/capillary fringe interface (Goudie, 

1983). Available carbonate is then incorporated by fungi, bacteria, cyanobacteria and roots (rhizocretions) 

(Monger et al., 1991; Verrecchia, 1994, 1995, 1998). The abundance of fenestral fabric and peloids of 

Facies 1 (Fig. 2.1A) is produced by gaseous organic decay (Shinn, 1968) and pore modifying 

hydrodynamic flux (Fischer, 1964; Grover & Read, 1978).  

The carbonate factory of Facies 6 contrasts with the interpreted restricted and subaerial 

production sites described above. The presence of echinoderms, algal phototrophs (Windosporella, 

Hortonella, Archaeolithophylum), bryozoans, foraminifera and coral fragments (Table 1) suggest 

carbonate production in open marine to very shallow subtidal environments (Mamet and Misik, 2003). 

The fragmentation, abrasion and disarticulation observed in these allochems are all strong evidence of an 

elevated energy system relative to the other Facies. 
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Alteration 

Grainy fabrics and facies of the Frobisher beds are interpreted to have been the result of near 

contemporaneous production and alteration. Multi-phase, transitional, pedogenic horizons are well 

documented and summarized from the rock record (Alonso-Zarza & Wright, 2010). At the base of the 

horizon is the host material, interpreted as material lacking pedogenic fabric. Next is the transitional 

horizon marked by in-situ weathering of the host, and this grades upwards into the chalky and nodular 

horizons. These latter horizons display increasing decomposition of the host and emplacement of 

diagenetic carbonate resulting in rhizocretions, micrite, detrital peloids and coated grains. Laminar and 

laminated pisolithic horizons, that may be interbedded, cap the pedogenic sequence (Alonso-Zarza & 

Wright, 2010).  

The gradational transition from Facies 1 to Facies 4 characterizes the pedogenic profile of the 

Frobisher beds (Fig. 3.1). The following is a bottom-to-top description of the pedogenic cycle in crest and 

off-crest locations. 

i. Host: -  Consists of a variety of lithologies. The material is micritic to peloidal-microbial 

packstone. In areas of well-developed calcrete, the host material is the top of an underlying cycle. 

ii. Transitional Horizon: - In-situ weathering of the host is marked by diffuse coated grains, floating 

“host” clasts with irregular coatings, a detrital peloidal groundmass, fenestral porosity and tee-pee 

structures. Such an assemblage mirrors the base of Mazzullo and Birdwell’s (1989) diagenetic 

grainstone sequences.  

iii. Coated Grain Horizon: - The transition to Facies 2 begins with an increase in coated grains and 

the disappearance of fenestral porosity. Carbonate precipitation is associated with biochemical 

weathering through localized rootlets, fungi and bacteria (Alonso-Zarza & Wright, 2010). 

Packstone grades upward to grainstone, with coated grains being the dominant particle. Large, 

cracked and irregularly coated grains (>2mm) float within the grainstone (Fig. 2.1B, C).   
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iv. Coated Rudstone Horizon: -  This is the result of continued maturation of the coated grain 

horizon. The Coated Rudstone Horizon contains large coated grains and a redevelopment of 

porosity. Porosity is created by sediment shrinkage, collapse and erosion due to periodic fluid 

migration (Mazzullo & Birdwell, 1989). Grains vary in size, with grains up to 1 cm in diameter 

concentrated at the top of the horizon. Grain fabrics include irregular coatings, shrinkage cracks, 

micritization, microbial encrustation and coated compound grains. These alteration fabrics occur 

at the soil/atmosphere interface (Sanz & Wright, 1994). Such alterations and emplacements are 

products of bacteria, cyanobacteria, fungi (Verrecchia et al, 1995) and evapotranspiration (Wright 

& Tucker, 1991). 

v. Crust Complex Horizon: -  This interval has a wavy appearance with a cream to buff colour, and 

represents the top of the pedogenic cycle. The crust contacts are consistently irregular, and 

porosity is occluded within crust horizons. Unlike previous horizons, a graded facies transition is 

not present. Crust structures impede and restrict vertical fluid migration across the horizon. The 

Coated Rudstone and the Crust Complex Horizons are commonly interbedded in a stacked 

succession. The Complex Crusts develop at the surface of the grainy shoals, and indicate a mature 

calcrete. Coated Rudstone Horizons became incorporated within calcareous crusts. Similar 

incorporation of underlying strata into crust horizons has been recorded in the literature (James, 

1979; Klappa, 1980; Alonso-Zarza, 2003). 

The complete cycle is not always recorded in Frobisher sediments. The sequence of the 

Transitional Horizon (Facies 1), Coated Rudstone Horizon (Facies 3) and Crust Complex Horizon (Facies 

4) is commonly present as a distinct set. This common combination produces a well-developed porous 

unit with a vertically impermeable cap at the top (Fig. 2.2D, 3.1B). This sequence is also non-marine, 

syngenetic and influenced by hydrodynamics (Mazzullo & Birdwell, 1989).  
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Figure 3.1.- (A) Complete pedogenic horizon. (B) Stacked incomplete pedogenic horizons. Numbers 
indicate facies.  

 

The pedogenic horizons herein are a product of erosion and translocation of sediments to 

depocentres along shoal crests and off-crests (cf. Elbersen, 1982). Sharp truncated boundaries within 

calcrete horizons is evidence of erosion, as is surface dissolution associated with subaerial exposure (Fig. 

4.2C) (Gomez-Gras & Alonso-Zarza, 2003). 

The interpreted channels of the Frobisher also display pedogenic horizons, but only at the top of 

the Coteau, directly underlying the “State A” marker bed. Skeletal fragments are the host material in the 

channel deposits and consist of floating clasts in fenestral peloidal packstone. The generation of coated 

grain fabrics of Facies 3 is envisaged to have been the product of illuvial alteration of host sediment 

(Alonso-Zarza & Wright, 2010). 
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Pedogenic horizons are complex because of transportation and re-deposition amalgamate grains 

of differing origins. This is evidenced in the nuclei and cortices of coated grains. Coated grain nuclei 

include peloids, host relics, compound grains and minor skeletal fragments (Fig. 2.1). Some grain cortices 

display radial coatings, over or underlying irregular and tangential fabrics. Such variance in grain fabric is 

in part evidence of parauthochthonous transportation between facies. Figure 2.1C reveals such 

complexity; at the centre is a large irregularly coated compound grain with shrinkage cracks and 

microbial encrustation. Surrounding grains have micritic, peloidal and compound nuclei with radial 

cortices. Within some of these radial cortices are irregular to tangential coatings. The heterogenic 

microfabric suggests transportation to and from intertidal, supratidal and subaerial environments 

(Mazzullo & Birdwell, 1998) before final deposition (Fig. 3.2). As grains are transported into new facies, 

the localized environment induces alteration and precipitation. Similar environment specific alterations to 

coated grains have been observed in Cambrian oolites (Chow and James, 1987).  

An ambiguous fabric present in crest facies has been termed “comets” (W. Martindale, Pers. 

Comm., 2015). These peculiar nodules have a sharp base and diffuse top. The base of these structures 

contains spherical nodules that are either coated compound grains or coalesced coated grains within a 

diffuse peloidal groundmass. There is a consistent vertical elongation to all observed comets. The comets 

are interpreted as groundwater calcretes based on the following observations. There is no evidence of a 

pedogenic origin, although pedogenic fabrics can be included as relicts in nuclei. The groundwater 

precipitation of comets is thought to have been controlled by evaporation and degassing of CO2 from 

meteoric waters at the water table and capillary fringe (Mack et al., 2000; Alonso Zarza & Wright, 2010). 
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Figure 3.2.- Model of grain transport between environments. Red box indicates area of model in 
plan view. 
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CHAPTER 4 

Diagenesis 

The sequential diagenesis of the Frobisher carbonate sediment is an important factor in understanding 

the origin of these strata. Early alteration of grains has developed the key fabrics noted above, namely in 

Facies 3 and 4. Later diagenesis is responsible for the development and destruction of porosity, 

permeability, grains and grain fabrics.  

4.1 Marine Diagenesis 

There is limited direct evidence of diagenesis within the marine realm. Examples of radial fabrics 

(Fig. 4.1C), micrite and micrite envelopes (Fig. 4.1A) are present in the study area. Whereas micrite and 

radial fabrics are observed across facies, micrite envelopes and epitaxial cements are concentrated within 

Facies 5. 

 Mg-Calcite radial and concentric coatings of ooids and coated grains are associated with direct 

and organically induced precipitation in marine waters (Loreau, 1982; Land et al., 1979). Micrite 

envelopes are developed through boring of carbonate substrates that are subsequently filled with calcite 

cement (Bathurst, 1974). The observed epitaxial cements around crinoid fragments are common marine 

alterations in Paleozoic carbonates (Meyers, 1974; Lohman and Meyers, 1977), however, most epitaxial 

cements can be meteoric or burial in origin (James & Choquette, 1984; James & Bone, 1989). Marine 

cements and fabrics are not pervasive, but are important local indicators of the environments where some 

carbonate was produced.  

4.2 Meteoric Diagenesis 

Meteoric diagenesis is prolific within the Frobisher Group. The spectacular fabrics present herein 

and key paleo-environmental indicators are all products of meteoric diagenesis. The following diagenetic 

features are pervasive throughout the crest and off-crest core, and typify Facies 1, 2, 3 and 4. 
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The foremost feature that validates a subaerial meteoric environment for the genesis of Frobisher 

coated grains is calcrete (Wright, 1982; Scholle, 1974). Evidence of such development is confirmed by 

irregular coatings of fossil fragments (Fig. 4.1C), ubiquitous irregularly coated grains (Fig. 4.1C, 4.1D, 

4.1F, 4.2E), clotted peloidal micrite, cracks and channels within grains, circumgranular (shrinkage) cracks 

(Fig. 2.1C, 2.2B, 4.1F, 4.2E), rhizocretions (Fig. 4.2B), and calcrete crusts (Fig. 2.1D, 4.2A). These 

features are well recognized in modern and ancient carbonates (Alonso-Zarza, 2003; Esteban, 1976; 

James, 1972; Miller et al. 2012; Peryt, 1983; Wright, 1986). Additional evidence of meteoric alteration is 

given by surface karst (Fig. 4.2C), meniscus cements (Fig. 4.1F) and pendant cements (James & 

Choquette, 1984).  
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Figure 4.1.- Diagenetic fabrics of the Frobisher. (A) Skeletal packstone. Arrow indicates micrite envelope 
along edge of skeletal grain. (B) Skeletal packstone. Arrow indicates micrite envelope coating perimeter 
of skeletal fragment. (C) Coated grain packstone. Red arrow indicates irregularly coated foraminifera. 
Yellow arrow indicates radial fabric in outer cortice of coated grain. (D) Slabbed core with microbial 
encrustation (red arrow). Yellow arrow indicates coated grain > 2mm in diameter. (E.) Slabbed core 

displaying tee-pee structure (between arrows). Lower red arrow indicates microbial encrustation. 
(F) Coated grain floatstone. Yellow arrow indicates shrinkage cracks healed with calcite cement. White 

arrow indicates meniscus cement. 
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Figure 4.2.- (A) Slabbed core of calcareous crusts shown by arrows. (B) Slabbed core with arrows 
indicating interpreted rhizocretions. (C) Slabbed core with paleokarst erosion surface (arrows). Red arrow 

shows dissolution channel infilled with overlying sediment. (D) Stylolite indicated by red arrow in 
slabbed core. (E) Coated grain rudstone. Yellow arrow indicates circumgranular cracking. Red arrow 

shows intergranular pressure solution. 
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Figure 4.3.- (A) Slabbed core with dissolution vugs. (B) Skeletal packstone with crushed brachiopod (red 
arrow) and a foraminifera as an internal biofragment (yellow arrow). (C) Slabbed core with arrows 

pointing to flattened grains. (D) Skeletal packstone. Red arrow indicates crushed and spalled brachipod. 
(E) Coated grain floatstone. Yellow arrow shows blocky calcite cement. Red arrow indicates irregularly 

coated foraminifera. 



37 
 

4.3 Burial Diagenesis 

The effect of burial diagenesis is extensive. The current depth to Frobisher beds ranges from 1.5 

km to 1.7 km subsurface. Early physical compaction was responsible for crushed skeletal particles (Fig. 

4.3B, D), spalled grains (Fig. 4.3D) and flattened to compacted grains (Fig. 4.3C). Later chemical 

compaction is manifest as stylolites (Fig 4.3D), dissolution voids (Fig. 4.3A) and intergranular pressure 

solution (Fig. 4.2E). Calcite cements are present in late-stage voids (Fig. 4.3D, E) or, surrounding 

previously formed cements (Bricker, 1971; Meyers 1978). 

Deep burial diagenesis both occludes and creates porosity. The compaction of sediment obliterates 

burrows and voids, and also leads to cracked and compacted grains (Meyers, 1983, Shinn & Robbin, 

1983). Pressure solution is responsible for stylolite development which typically forms at lithological 

contacts (Bathurst, 1971; Choquette & James, 1990) and solution of grain contacts (Railsback, 1993). The 

dissolution voids herein are excellent examples of late-stage porosity enhancement of buried carbonates 

(Hayes, 1979; Elliott, 1982) and are generally related to acidity derived from organic compounds and CO2 

in pore waters at depth (Choquette & James, 1990).  
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CHAPTER 5 

Deposition & Diagenesis 

5.1 Setting 

  Shallowing of the southeastern Saskatchewan embayment, and the emergence of the Swift 

Current platform as a barrier to ocean circulation, created periods of shallow, restricted marine carbonate 

sedimentation. Shoaling caused an upward and landward shift in ramp facies, in which intertidal facies 

shifted to peritidal facies and peritidal facies shifted to supratidal deposits. Such transitions of subtidal 

and intertidal facies being altered in the meteoric realm due to base-level lowering are a recurring 

depositional phenomenon (Kahle, 1974; Peryt & Piatkowski, 1977). Thus Frobisher carbonate 

sedimentation was affected by climate and by overall base-level lowering upon a gently sloping ramp. 

5.2 Hydrodynamics 

The geometry of Frobisher carbonate beds is a three-dimensional network of shoals (Fig. 1.4 & 1.5). 

Nimengeers & Nickel (2005), Kent (1999) and Kent & Curry (2002) have previously described the 

Frobisher Group as being consistent with subtidal ooid shoals. Such a claim supposes wind and wave-

induced precipitation of marine ooids, rather than a tidal influence. Structure contour and 

Paleogeographic maps in this study display shoals at a perpendicular angle to the shoreline, consistent 

with carbonate tidal shoals (Reeder & Rankey, 2008). The sinuous nature of these bars is comparable with 

those seen on the Great Bahama Bank (Reeder & Rankey, 2008; Smith, 1995). This geometry of shoals 

and inter-fingering channels is consistent with the “spin cycle” described by Reeder and Rankey (2008).  

The similarities lie only with the geometry, as the components and constituents, particularly in the shoals, 

are entirely different (Table 5.1). There is no evidence of a dominance of ooids during shoal deposition, 

as only rare radial concentric ooids are present whereas, peloids are ubiquitous and common constituents 

within coated grain nuclei. 
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Individual shoal geometries are commonly between 1.5-2 km wide and up to 20 km long, while 

the synoptic relief is approximately 65 m. The structure and dimensions are also comparable to seaward 

muddy siliciclastic tidal shoals (cf. Dalrymple & Choi, 2006; Dalrymple & Rhodes, 1995; Harris, 1988). 

Further evidence supporting a tidal influence is cross-lamination located in off-crest locations on shoals 

(Fig. 5.1B) located at the base of the Coteau. The laminations are evidence of tidal current speeds in the 

region of 0.25 m/s, rarely exceeding 0.6 m/s due to the lack of dune structures (Reeder & Rankey, 2008). 

The apparent lack of dune formation within cores recovered from shoal facies suggests very shallow 

landward positions. 

Toward the base of the channel deposit (Well #12-29-5W2) there is evidence of a simple 

subaqueous dune (Fig. 5.1F) (Anastas et al., 1997). The dip angle of the 20 cm cross set is 24°, however, 

burial compaction may have modified the angle of repose. The dunes are hosted in bryozoan-ooid-

echinoderm grainstone and display a planar bounding surface. The current speed required to create this 

dune would have ranged between 0.6 and 1 m/s (Reeder and Rankey, 2008). The reworked and abraded 

skeletal fragments were transported shoreward in the channels. Scattered among these autocthonous 

fragments are large echinoderm stereoms and spicules (Fig. 2.2E). These fragile grains might have 

originated from grazing echinoderms in euphotic waters with elevated currents (James et al., 2014). 

Coated grains originating upon shoals are commonly reworked by tidal currents and deposited within 

channels. The channel deposit is punctuated by fine-grained mudstones that are locally dolomitic. These 

mudstones are scoured and overlain by bryozoan-crinoid-ooid grainstones. This is interpreted as the 

channel being “cut off” from direct tidal flow and then reactivated due to shoal movement associated to 

the “spin cycle” of Reeder and Rankey (2008). 

The tidal influence on deposition is preserved in both channel and crest deposits. This is recorded 

by ripple cross laminations in shoals and dune structures in the channels. In crests, the tidal response is 

preserved as supratidal coated grainstone, fenestral porosity developed through hydrodynamic flux, and 
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the sinuous shoal morphology. Tidal currents created the incisions of the channels, while constraining 

shoal geometry (Reynaud et. al., 2006).  

5.3 Climate 

The development and accumulation of interpreted pedogenic carbonates is observed in glacial 

environments, areas prone to high levels of rainfall, semi-arid and arid regions (Goudie, 1983, Mack & 

James, 1994; Foley et al., 2006). Calcrete development requires a seasonal moisture deficit, whereas 

accumulations during dry periods can be removed by subsequent wet periods (Wright, 2007). Therefore, 

the preservation of prolific pedogenic horizons favours an arid to semi-arid climate with mean 

temperatures of 16°C - 20°C (Goudie, 1983). The shrinkage cracks of Facies 3 are clear proof of wetting 

and drying. The restricted faunal assemblage of Facies 1 through 5, indicates elevated salinity which is 

consistent with an arid system. Silt-sized angular quartz grains are interpreted as being blown onto shoals 

during maximum exposure by wind action. The aeolian transport of quartz silt is quite common in dry, 

arid, wind-swept coastal regions (Kukal & Saadallah, 1973).  Sabkha development in the overlying 

Frobisher evaporite and anhydrite deposits at the top of several cored intervals supports the existence of a 

coastal system in an arid climate.  
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5.4 Depositional Model 

Sedimentation is interpreted to have occurred on a gently sloping ramp, influenced by a long-term 

relative lowering of base-level. The deposits lay shoreward of nutrient-rich waters of normal salinity, with 

abundant bryozoans, echinoderms and solitary corals. At the site of shoal formation, elevated currents 

resulted in coated grain accumulation, skeletal fragment transportation and cross bed formation.  

As base-level fell, established channels acted as conduits for tidal currents separating carbonate 

shoals. These conduits delivered waters with relatively normal salinity, that hosted echinoderms and 

brachiopods in areas prone to high current speeds. Channel sections, when isolated from direct flow due 

to shoal switching and sea level lowering, host protostromates, photozoan algae and calcimicrobes. Shoal 

crests are composed of peloids, calcimicrobes, coated grains and translocated allochems. During 

prolonged subaerial exposure, pedogenic horizons developed. This cycle was repeated several times. 

High-frequency cycles in the Visean, controlled by global glacio-eustatic sea levels, are responsible for 

repetitive sedimentation within the Frobisher Group (cf. Montgomery & Morrison, 1999; Smith & Read, 

2001; Walkden, 1987). During maximum exposure, carbonate sediment was mixed with aeolian 

siliciclastic silt. The prolonged exposure of the mixed siliciclastic and carbonate sediment formed 

argillaceous horizons at the top of each unit. Shoal flanks develop similarly to the crests, but have the 

following additional features. Pedogenic horizon development is not as prolific as on shoal crests, 

whereas subaerially altered sediment is commonly scoured and truncated by channel deposits. Finally, 

cross-laminations are seen within some of these grainy deposits. This demonstrates that tidal currents 

commonly reworked shoal crest and off-crest sediment (Fig. 5.1 & 5.2).  

The complex stratigraphy of the Frobisher Group may be compared in part to the peritidal sabkha 

facies of the Persian Gulf (Purser, 1973). The development of specific fabrics and sedimentary structures 

requires the contemporaneous occurrence of the processes described above. The Frobisher records 

shallowing-upward carbonate shoals and marine channels in a semi-arid to very arid climate, developed 
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and influenced by tidal flux. Sea-level lowering in this system resulted in subaerial exposure and the 

development and maturation of pedogenic horizons. 

 

 

Figure 5.1.- Deposition and alteration model. (A) Protostromate assemblage. (B) Current ripples in shoal 
off-crest. (C) Calcimicrobe Ortonella in Facies 1. (D) Facies 6 faunal assemblage in channel. (E) Solitary 

coral fragment in Facies 6. (F) Simple dune crossbedding in channel. 
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Figure 5.2.- Deposition and alteration model. (A) Large gastropod displaying encrustation. (B) Calcrete 
crust horizon interbedded with Facies 3. (C) Large grain with shrinkage cracks, irregular coatings and a 
compound nuclei. (D) Shoal Transitional Horizon. (E) Coated Grain Horizon. (F) Ground water calcrete 

“comets”. (G) Transitional Horizon in shoal. (H) & (I) Transitional Horizon within channel. 
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CHAPTER 6 

Sequence Stratigraphy 

A complete sequence stratigraphic interpretation is hindered somewhat by the stratigraphic and 

limited scope of the project area. Combined cores and wireline logs reveal vertical stacking patterns, 

sedimentary structures, subaerial exposure and repetition of stratigraphy (cf. Catuneanu et al., 2009). 

Limitations include absence of data that aid in identifying subaerial exposure unconformities, potential 

backstepping, sequence boundaries, correlative conformities, maximum regressive surfaces (MRS) and 

maximum flooding surfaces (MFS). Therefore, previous regional studies, as described below, are utilized 

to compile a Frobisher sequence stratigraphic model, to interpret at the scale of the first and second order. 

The Sloss (1963) Kaskaskia Supersequence is a 1st-order sequence bounded by subaerial 

unconformities (Catuneanu et al., 2009) and Kaskaskia subaerial unconformities can be identified across 

the Williston Basin (Carlson and Anderson, 1965; Petty 2006). The 2nd-order sequence is interpreted as 

the Madison sequence (Petty, 2006). The base of this sequence is an upper Devonian subaerial 

unconformity first noted by Wheeler (1963). The sequence top is pinned on a karst erosion surface in 

landward facies at the top of the Kibbey carbonate in basinal facies (Petty, 2006). This 2nd-order sequence 

is a Transgressive-Regressive sequence (Catuneanu et al., 2009; Petty, 2006). The Frobisher beds were 

deposited within the regressive systems tract (RST) of this sequence. 

The Frobisher succession is a 3rd order sequence. The character of these beds conforms to genetic 

stratigraphic sequences (Galloway, 1989), but identifying bounding maximum flooding surfaces for a 

complete cycle is problematic within this study’s data set. Therefore, a Transgressive-Regressive 

sequence will be adopted consistent with the work of Petty (2006). Most previous studies have interpreted 

the top of underlying strata as a flooding surface, and the maximum regressive surface as the overlying 

Frobisher evaporite with local solution collapse breccias (Petty, 2005 & 2006). The Frobisher Group 

reflects this overall regressive sequence, as both channel and crest core show an overall base-level fall 

from the lower Sherwood Formation to the top of the Coteau Formation (Fig. 6.1, 6.2). 
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Figure 6.1.- Cross section built from strip logs of studied wells. Facies are numbered in black. 

 

The Sherwood, Bluell and Coteau formations are sequences each deposited at the 4th-order scale. 

Considering the sedimentology of these beds, determining a specific style of sequence is difficult. The 

depositional system of the channel is, for the most part, subtidal, whereas the crests are largely subaerial. 

Therefore, flooding surfaces in shoals are exceedingly rare and regressive surfaces more common. 

Conversely, flooding surfaces evidenced by cross bedding and sharp increases in normal marine fauna in 
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the channels are preserved, and regressive surfaces are less frequently recorded. With respect to the 

channels, discrete beds and their bounding surfaces are not easily observed in core. Well-logs of channel 

12-29-1-5W2 (Fig. 6.2) show that bed boundaries can be correlated to similar boundaries selected as bed 

markers in adjacent crest and off-crest wells (Fig. 6.1, 6.2). Furthermore, the lithology at these locations is 

consistently mudstone with a pedogenic transitional horizon overlain by crinoid-bryozoan grainstones 

exhibiting local cross lamination (Fig. 5.2H, I). The genetically related beds of the crest and off-crest are 

separated by the argillaceous Facies 5. This situation represents maximum exposure and is the regressive 

surface separating sequences. These regressive surfaces correlate to the pedogenic transitional horizons of 

the channel. Each sequence represents deposition during a base-level fall, bounded by regressive surfaces 

during an overall 3rd order regression sequence. 

High frequency cycles of the 5th order are well preserved in the crest and off-crest facies. The 

deposition of pedogenic horizons and cyclic features described in Chapter 3 occurred during repeated 

base-level falls (Fig. 6.3). Each centimeter – meter-scale cycle consistently coarsens upward from 

peritidal or “lower” pedogenic horizon sediments.  
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Figure 6.2.- Sequence stratigraphic model for Channel well 12-29-1-5W2. 4th-order parasequences 
deposited during overall 3rd-order recorded in core and well-logs (GR = Gamma Ray, Po = Porosity). 

MRS* indicates inferred maximum regressive surface that falls outside of the study interval. 
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Figure 6.3.- Sequence stratigraphic model for crestal well 16-35-1-5W2. 4th-order parasequences 
deposited during overall 3rd-order RST recorded in core and well-logs (GR = Gamma Ray, Po = Porosity). 
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Base-level fluctuations are interpreted to have controlled the deposition of these carbonates. The 

transgressive systems tract (TST) is responsible for the flooding of the tidal flat, during which time the 

subaqueous dunes and current ripples of the lower Sherwood Formation were formed. The following 

regression created subaerial conditions, which produced thin pedogenic horizons. The top of the 

Sherwood is marked by the development of the argillaceous horizon during a regional low stand systems 

tract (LST). Bluell deposition was initiated during the following transgression. The rise in base-level 

created restricted muddy peritidal conditions at the base of the Bluell Formation where the regressive 

pedogenic process is repeated, and the emplacement of the argillaceous limestone marks the LST at the 

top of the Bluell. For the Coteau Formation, the TST is initiated in upper peritidal facies, followed by 

pedogenic horizon development during a RST. At the top of the Coteau, another argillaceous limestone 

unit is deposited. The Coteau was deposited during the most regressive phase of the 3rd-order sequence, 

and is evidenced at the top of this bed by pedogenic development in the channel (Fig. 6.4). 
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Figure 6.4.- Model displaying sequence-stratigraphic deposition. 
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CHAPTER 7 

Summary and Conclusions 

 

1)  The Frobisher Group represents repeatedly exposed carbonate shoals that inter-fingered with 

shallow subtidal – intertidal channels. Shoal deposits are oriented at a perpendicular angle to the 

shoreline, consistent with tidal current deposits.  

2) Channel facies retain evidence of tidal currents delivering fragmented marine allochems 

shoreward. Channels are conduits for tidal currents in very shallow settings. Simple dunes formed 

in channels indicate elevated current speeds that are consistent with tidal flux. Evidence of cross 

lamination along shoal off-crests further validates a tidal influence on deposition. 

3) Shoal fabrics reflect subaerial alteration of coated grain carbonate shoals. Stacked pedogenic 

horizons are common, whereas marine allochems are rare. The shoal carbonate assemblage 

reflects meteoric diagenesis and subaerial exposure of peloidal shoals, rather than subtidal 

deposition of oolitic sand bodies. 

4) Pedogenic Horizons document the process of alteration from intertidal – supratidal host 

carbonates, into a Transitional Horizon with floating clasts and fenestral porosity, followed by a 

Coated Grain Horizon with the in-situ formation of coated grains, grading into a Coated Rudstone 

Horizon composed of coated grains up to 1 cm in diameter, followed by an abrupt transition to 

the Crust Complex Horizon comprised of multiple stacked calcareous crusts. Argillaceous 

horizons indicate the top of the sequence. 

5) The development of calcrete fabrics, including shrinkage cracks and calcareous crusts, occurred 

in a region with a seasonal moisture deficit. Such features indicate in-situ alteration in a semi-arid 

to arid climate with a mean temperature range of 16°C - 20°C. 
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6) The Sherwoord, Bluell and Coteau Formations are sequences deposited at a 4th-order hierarchy, 

during an overall 3rd-order regressive sequence. Due to constraints on the project scope, evidence 

of lower-order sequence stratigraphic boundaries and surfaces were not seen. 

7) Porosity can be linked with facies associations. Stacked patterns of Facies 1, overlain by Facies 3 

and capped by Facies 4, create predictable units of high porosity with an impermeable cap. 

Facies 3, in a complete pedogenic cycle, commonly exhibits well developed porosity. 

8) Overall base-level lowering on a gently dipping ramp, followed by prolonged exposure in an arid 

climate, proliferated the pedogenic development of these shoals. 

In summary, the carbonate shoals of the Frobisher Group in the Pinto and Bryant fields have in the 

past been interpreted entirely as marine oolitic sand bodies. This study shows no proof of such a 

depositional system. Instead, evidence from this well-log and core study indicate extensive pedogenic 

alteration of peloidal shoal and peritidal carbonates during repeated sea-level falls. Recommendations for 

further study include: extending the stratigraphy to the overlying Midale Beds and the geographical area, 

to capture additional wells with channel and off-crest characteristics. Finally, an in-depth study of 

reservoir quality and the implications of early and late stage diagenesis on porosity and permeability, is 

suggested.  
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APPENDIX A 
Strip Logs 

 

The following figures are strip logs generated from the core study for this thesis. The symbols for these 

figures are listed below: 

 

                                                                   Vfg: Very fine grained   

                                  Fg : Fine grained  

                                                                 Mg: Medium grained 

         Cg: Coarse grained 

                  Vcg: Very coarse grained 

   Mds: Mudstone 

      Wks: Wackestone 

 Pks: Packstone 

  Grn: Grainstone 

 Rds: Rudstone 

 Flts: Floatstone 
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