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ABSTRACT 

Understanding the processes that control the sequestration of organic matter are 

critical to the reconstruction of atmospheric CO2 levels on geological time scales.  

Muddy, high-energy coastlines are subject to frequent wave reworking, tide-controlled 

grain-size sorting, and bioturbation.  These processes control the remineralization 

efficiency of organic particles and impact the total organic carbon content (TOC, wt %) 

and quality (ŭ
13

Corg, ă) of sedimentary organic matter.  The combination of detailed 

facies descriptions, in conjunction with geochemical analysis of mudstones and siltstones 

can be integrated into a paleoenvironmental framework that allows for detailed 

interpretation of facies control on organic matter geochemical signatures.  This Masters 

thesis aims to develop a better understanding of the effects physical and biological 

seafloor processes have on geochemical variability within and between facies in the Early 

Ordovician, Redmans Formation from Bell Island, Newfoundland.  Isotopic trends are 

used herein to determine if bulk organic carbon isotopic values can be applied to the 

correlation of global organic carbon signatures.   
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 Chapter 1

Introduction and Overview 

 

 

1.1 PROJECT OVERVIEW AND  THE PROBLEM STATED  

Ancient fine-grained marginal marine depositional systems dominated by mudstone: 

sandstone heterolithic facies are generally poorly understood.  This project is focussed on 

the Lower Ordovician (Floian) Redmans Formation of Bell Island, Newfoundland, 

Canada.  Paleoenvironmental conditions during deposition of the Redmans Formation 

were substantially different from their modern marginal marine counterparts with respect 

to organic matter composition and paleoenvironmental distribution since terrestrial 

ecosystems did not yet include land plants (Kenrick and Crane, 1997; Wellman et al., 

2003; Gensel, 2008; Kenrick et al., 2012).  Without terrestrial organic matter input, a 

more simplified marine carbon cycle is likely to have existed in terms of organic matter 

provenance with the absence of mixed-sourcing that is common to most post-Ordovician 

sediments (Kenrick et al., 2012; Harazim, 2013).  The biogeochemistry of organic matter 

preserved in the Redmans Formation is likely to reflect the carbon composition of 

seawater as modified by physical and biological degradation. 

Understanding the processes that control the textural and geochemical attributes of 

mudstones is important for several aspects of sedimentary geology (e.g. petroleum 

geology; stratigraphy; sedimentology; geochemistry; biogeochemistry; and 
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geochronology).  Increased understanding of the processes that control the texture and 

geochemical properties of mudstone facies in marginal marine environments is significant 

to petroleum geology since mudstones are important components of hydrocarbon plays, 

acting as source rocks, seals, and reservoirs (Potter et al., 2005; Passey et al., 2010; Aplin 

and Macquaker, 2011).  The integrated approach used herein that uses both 

sedimentological and geochemical analyses aims to improve paleoenvironmental and 

geochemical understanding of Ordovician mud-rich depositional systems (see also 

Harazim, 2013).   

1.1.1 Processes controlling mud-rich marginal marine organic matter 

biogeochemistry: Physical and biological reworking 

Biological activity and physical reworking in the marine environment impact organic 

matter quality and quantity represented by organic carbon isotopic signatures (ŭ
13

Corg, ă) 

and total organic carbon (TOC, wt%) (Checkley and Entzeroth, 1985; Harazim, 2013).  

Incorporating both sedimentological and geochemical rock properties will provide high-

resolution data pertinent to the understanding of organic matter cycling in marginal 

marine environments at the facies/sediment fabric level.   

In this MSc thesis, the Redmans Formation of Bell Island, Newfoundland is studied to 

provide insight into: a) the processes that control depositional heterogeneities in the inter-

bedded mudstone, siltstone, and sandstone facies; b) paleoenvironment of deposition; c) 

the effect of physical and biological reworking on organic matter quality and quantity; 

and d) bulk organic matter isotopic characteristics in relation to global organic carbon 

signatures. 
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Relatively little work has been undertaken on the Redmans Formation of Bell Island, 

Newfoundland, perhaps due to the inaccessibility of the outcrops.  The Redmans 

Formation is composed of inter-bedded quartz-arenites, siltstones, and mudstones.  

Sandstones in the Redmans Formation form laterally extensive beds, or lenses, separated 

by thin (<10cm) mudstone inter-beds (Brenchley et al., 1993).  Three main 

parasequences, forming a broadly aggradational parasequence set, have been previously 

described as part of an early highstand systems tract (Brenchley et al., 1993).  Both tide 

and storm influences have been recorded in previous paleoenvironmental studies of the 

Redmans Formation (Ranger et al., 1984; Brenchley et al., 1993). The Redmans 

Formation was originally interpreted as an offshore bar complex, forming part of a thick 

storm-dominated deltaic succession (Fillion and Pickerill, 1990), though subsequently has 

been reinterpreted as being deposited on a wave-dominated shelf (Brenchley et al., 1993).   

Previous studies of the Redmans Formation do not provide a detailed facies 

assessment of the mudstone and siltstone inter-beds.  This is probably due to poor 

exposure of the formation in steep, highly weathered cliffs.  The core that forms the basis 

of this study provides an exceptional opportunity to study the sedimentology and 

biogeochemistry of the, otherwise obscure, fine-grained facies of the Redmans 

Formation.  The integrated approach used herein combines detailed facies descriptions 

with sedimentology, geochemistry, ichnology, and sequence stratigraphic interpretation in 

the Redmans Formation.  Chapter 2 describes the sedimentological and 

paleoenvironmental framework upon which the geochemical studies of Chapter 3 are 

built.  

 



 

 1-4 

 The purpose of Chapter 3, and the primary focus of this thesis project, is to 

address the stated null hypothesis: ñNear-shore marine environments have organic 

carbon isotopic trends that represent the oceanic values of ŭ
13

Corg, and are independent 

of seafloor processes and the effects of detritivoryò. 

 

Stable carbon isotopes (carbonate and organic) have been widely used for 

chemostratigraphy (e.g. Gunter 1986), as well as identification of hydrocarbon sources, 

organic matter typing, paleo-oceanography, and paleoenvironmental analysis (Tyson, 

1995).  Chemostratigraphic studies involving carbonate and organic stable carbon isotope 

ratios (ŭ
13
C, ă) have been used to interpret environmental and sedimentological changes 

and correlate strata on a global scale (Magaritz et al., 1992).  Through geological time the 

ratio of 
13

C/
12

C in the oceans has changed in response to changes in the global carbon 

cycle.  The resultant isotopic curve allows the correlation and dating of rocks through the 

recognition of isotopic excursions that are inferred to be isochronous (Saltzman and 

Thomas, 2012).   

Chemostratigraphic studies typically focus on carbonate carbon (ŭ
13

Ccarb, ă), rather 

than organic carbon (ŭ
13

Corg, ă) with some exceptions (Buggisch et al., 2003; Zhang et 

al., 2010; Jahren et al., 2013).  Carbon isotopes in carbonates are used to measure changes 

in dissolved inorganic carbon (DIC) during carbonate precipitation in marine 

environments (Saltzman and Thomas, 2012).  Carbon isotopes in biominerals and 

precipitated carbonates, in the absence of diagenetic alteration, are inferred to directly 

correspond to represent the oceanic DIC content of the ocean (Saltzman and Thomas, 

2012).  Factors that can impact carbonate carbon isotopic values include diagenesis and 
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meteoric mixing (Allan and Matthews, 1982; Saltzman and Thomas, 2012). The carbon in 

organic matter has an isotopic composition that reflects the original carbon fractionation 

process (Bickert, 2006; Álvaro et al., 2008).  Secondary processes such as biological 

sediment interactions, and physical sediment reworking, are suggested to have a 

substantial impact on organic matter quality and quantity (Pratt et al., 1986; Tyson, 1995; 

Rullkötter, 2006).  These processes are predicted to have the potential to generate 

significant shifts in total organic carbon (TOC) and isotopic values (ŭ
13

Corg) relative to the 

original source (Harazim, 2013).   

Chemostratigraphic studies using ŭ
13

Corg have been completed from few Floian 

successions in Argentina, China, and Ireland (Buggisch et al., 2003; Zhang et al., 2010; 

Jahren et al., 2013).  The aforementioned studies use variability in ŭ
13

Corg for correlation 

with global isotopic excursions derived from carbonates.  The Hunghuayuan and Meitan 

Formations in Guizhou Province of southern China span the entire Floian stage (Zhang et 

al., 2010).  Trends in ŭ
13

Corg seen in the succession show a spread of approx. 8 ă, and 

have been considered to reflect global perturbations in the carbon cycle (Fig. 1.2; Zhang 

et al., 2010).  Comparison of the ŭ
13

Corg curve from the Redmans Formation and that of 

other Floian successions is an aim of Chapter 3.  In order to understand the controls on 

organic matter preservation and composition in the Redmans Formation, organic matter is 

characterized with respect to sedimentary facies and fabrics, enabling the possible 

influence of bioturbation and physical reworking to be assessed.  This project is to the 

best of our knowledge the first attempt to understand the interrelationship between 

depositional processes, TOC and ŭ
13

Corg in an Ordovician succession.  Understanding 
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variations in TOC and ŭ
13

Corg on a local scale has significant potential impact on the 

validity of studies that use ŭ
13

Corg curves in global chemostratigraphic studies.   

 

1.2 OBJECTIVES AND ANALY TICAL APPROA CH 

In order to test the above hypotheses for this MSc project, three main objectives 

were formulated to: 1) describe and interpret the paleoenvironment of deposition for the 

Redmans Formation, based on detailed facies and facies associations; 2) understand the 

effect of physical and biological seafloor reworking on organic carbon geochemical 

variability, with particular focus on organic matter composition and abundance; and 3) 

determine whether bulk organic matter isotopic trends can be correlated with global 

carbon isotope curves.   

 

1.3 GEOLOGICAL CONTEXT  

Bell Island is located approximately 5 km off the coast of the Avalon Peninsula in 

Conception Bay, Newfoundland.  Over 1500 m of shallow marine Cambrian-Ordovician 

inter-bedded micaceous sandstones, siltstones, mudstones, and ironstones have been 

subdivided into two groups and eleven formations (Fig. 1.1; Ranger et al., 1984).  The 

Bell Island successions have a north-northwest dip of 8° to 10° and lie within an inferred 

graben structure defined by the northeasterly trending Topsail Fault Zone (Rose, 1952; 

Ranger et al., 1984).  
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The 79 m thick Redmans Formation of the Bell Island Group, was deposited 

during the Early Ordovician Floian stage, approximately 477.7 Ma, in a warm temperate 

environment (Ranger et al., 1984; Cocks et al., 1997).  The Redmans Formation outcrops 

only on Bell Island, with exposures at Redmans Head and Freshwater Cove, with minor 

exposures at Big Head and Bell Cove (Fig. 1.1; Ranger et al., 1984).  The newly acquired 

core that forms the basis of this thesis is the only example of the Redmans Formation in 

sub-crop.  
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1.4 FIGURES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1: (a) Bell Island, Newfoundland location map. (b) Stratigraphic section of the Bell Island 

Group, Redmans Formation. Redmans Formation is Floian in age (~477.7 Ma).  (c) Bell Island 

geological map with the studied core location indicated (modified after Ranger et al., 1984; Harazim 

et al., 2013). 
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Fig. 1.2: A small portion of the Honghuayuan section in the Guizhou Province of southern China 

have ŭ
13

Corg spreads of approximately 8 ă (Zhang et al., 2010).  The isotopic spread has been 

interpreted as a global perturbation in the carbon cycle; in contrast the Redmans Formation has an 

unparalleled isotopic expression derived from physical and biological reworking. 
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 Chapter 2

Sedimentology and Stratigraphy of a Wave-Dominated Delta from the 

Early Ordovician Redmans Formation, Bell Island, Newfoundland 

 

Tiffany Miller, Duncan McIlroy 

2.1 ABSTRACT  

Marginal marine mudstone-dominated systems are poorly known from the early 

Palaeozoic.  This paper presents the results of a combined sedimentological-ichnological 

analysis of 76.5 m of core from a mud-rich, wave-dominated, tide-influenced deltaic 

succession.  The Redmans Formation is characterized by meter-thick packages of 

medium- to coarse-grained quartz-arenites, inter-bedded with meter-thick intervals of silt- 

and clay-rich mudstones.  Sandstone facies are typically sparsely bioturbated (0-10%) and 

contain low diversity trace fossil assemblages dominated by Diplocraterion and 

Planolites.  Unbioturbated mudstones in the succession were deposited under high-energy 

conditions and contain recalcitrant organic matter unsuitable for the support of a deposit 

feeding biota.  In contrast the silt- and clay-rich mudstone facies with abundant high 

quality organic matter are intensely bioturbated (30-90%) containing diverse ichnological 

assemblages including Cruziana, Planolites, Trichophycus, and Diplocraterion. Twelve 

sedimentological facies have been identified, and are inferred to have been deposited in 

proximal, central, and distal distributary mouth bar environments, that experienced 

significant reworking by waves and tides.   
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2.2 INTRODUCTION  

Delineating the sedimentological and stratigraphic character of the Redmans 

Formation is significant to the understanding of Early Ordovician mud-rich depositional 

systems.  Mudstone source-rocks and seals are significant for the development of 

hydrocarbon plays in the energy sector.  The development of mudstones as important 

reservoir rocks for the shale hydrocarbon industry, have focused attention on mudstone-

rich successions (Schieber and Zimmerle, 1998; Potter et al., 2005; Passey et al., 2010).  

Understanding the processes that control the deposition and distribution of mudstone 

facies is key to realistic paleoenvironmental and facies analysis.  This in turn provides the 

basis for improved reservoir geology in mud-rich depositional systems (Schieber and 

Zimmerle, 1998; Potter et al., 2005). 

Marine mudstones are relatively poorly understood with respect to the physical 

and biological processes active during deposition of mud-rich deposits (Harazim, 2013).  

The inter-relationships between thick tabular sandstone facies and the bioturbated and 

unbioturbated mudstones inter-bedded with them in shallow marine depositional 

environments are not well documented.  Paleoenvironmental interpretations of inter-

bedded sandstones and associated mudstones in marine shelf depositional systems play a 

critical role in both hydrocarbon storage and migration (Schieber and Zimmerle, 1998).  

In this study, 76.5 m of core from the Redmans Formation have been evaluated using 

high-resolution sedimentology, ichnology, and petrography.  The research aims to 

determine the hydrodynamic conditions under which the several mudstone and sandstone 
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facies were deposited and integrate those data/understandings into a unified 

paleoenvironmental model.  Through study of the core, and integration with previously 

studied outcrop datasets, a facies scheme composed of twelve sedimentary facies has 

been created and forms the basis of a new paleoenvironmental and sequence stratigraphic 

interpretation of the Redmans Formation.   

 

2.3 GEOLOGICAL SETTING  

Bell Island is located approximately 5 km off the coast of the Avalon Peninsula in 

Conception Bay, Newfoundland (Fig. 2.1). The Avalon Peninsula of Newfoundland is 

considered to have been part of the Avalonian Terrane, on the western margin of 

Gondwana (Cocks et al., 1997; Cocks and Torsvik, 2002).  Avalonia is considered to have 

separated from Gondwana during the Floian (478 Ma), with the opening of the Rheic 

Ocean, followed by rapid movement of Avalonia northward (Cocks et al., 1997; Cocks 

and Torsvik, 2002).  The Redmans Formation was deposited in the Floian during early 

rifting of Avalonia away from Gondwana (Cocks et al., 1997; Prigmore et al., 1997; 

Cocks and Torsvik, 2002). 

Over 1500 m of Cambro-Ordovician strata are exposed in Conception Bay, 

Newfoundland.  The succession is subdivided into the Bell Island and Wabana groups and 

their eleven constituent formations, all of which are composed of shallow marine 

siliciclastic strata (Ranger, 1979; Ranger et al., 1984; Fig. 2.1, 2.2).  The Bell Island and 

Wabana groups have a north-northwest dip of 8° to 10° and lie within an inferred graben 

in Conception Bay (Rose, 1952; Miller, 1983).  To the southeast and northwest of Bell 
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Island lie Precambrian and Cambrian strata and thus any detailed assessment of regional 

facies distribution beyond Bell Island is not possible (Brenchley et al., 1993).   

The paleoclimatic regime during deposition of the Redmans Formation was one of 

warm temperate conditions (Ranger et al., 1984; Cocks et al., 1997).  The Redmans 

Formation succession consists of approx. 79 m of white-grey quartz arenites inter-bedded 

with siltstones and mudstones (Ranger et al., 1984).  The best outcrops of the formation 

are at Redmans Head and Freshwater Cove, with smaller exposures at Big Head and Bell 

Cove (Fig. 2.1; Ranger et al., 1984).  

The contacts separating the Redmans Formation from the underlying Beach 

Formation and the overlying Ochre Cove Formation are both conformable and 

gradational.  The Redmans Formation is defined as the interval in the Bell Island group in 

which the proportion of sandstone is greater than that of siltstone/mudstone (Ranger et al., 

1984).  The great thickness of sediment in the Bell Island and Wabana Groups suggests 

the presence of a delta (Ranger et al., 1984).  The presence of such large thicknesses of 

mudstone is, however, anomalous but may have resulted from the weathering of 

penecontemporaneous volcanic deposits possibly associated with the Shelvian Orogeny 

during the closing of the Tornquist Sea (Torsvik, 1998).   

The Redmans Formation has previously been interpreted as both part of an 

offshore bar complex (Ranger et al., 1984), and alternatively as an open, wave-

dominated, shelf environment (Brenchley et al., 1993).  In both models a combination of 

tidal and storm influence have been inferred (Ranger et al., 1984; Brenchley et al., 1993).  

The sandstones of the Redmans Formation include both laterally extensive beds and 

laterally discontinuous lenses separated by mudstone inter-beds less than 10cm thick 
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(Brenchley et al., 1993).  This study builds on the pre-existing work on the Redmans 

Formation through consideration of a newly available core with essentially 100% 

recovery.  The lack of weathering of the core allows detailed examination of sediment 

fabrics both in sandstones and also the mudstones not easily studied in the field.   

 

2.4 SEDIMENTOLOGY  

The facies of the Redmans Formation core include thin mudstone beds that have 

been considered in detail, owing to their exceptional preservation in the core.  

Sedimentological core descriptions and petrographic data from all facies are incorporated 

into common facies successions in order to aid consideration of their spatial distribution 

(Table 2.1, Fig. 2.2).  The diverse assemblage of trace fossils known from bedding plane 

expressions of facies in the field (Fillion and Pickerill, 1990), are not matched by similar 

ichnodiversity in core, partly because many of the taxa are not well known in cross 

section.  In addition, many of the taxa are comparatively rare and are thus unlikely to be 

intersected by the cut surfaces of the core.  This work follows the ichnological approach 

advocated by McIlroy (2004a, 2008), which treats trace fossil assemblages as components 

of sedimentary facies rather than employing prescriptive Seilacherian ichnofacies 

(Seilacher, 1967; Pemberton et al., 1992; Goldring, 1995). 

2.4.1 Sandstone Facies 

2.4.1.1 Facies S1: Medium grained, trough cross-stratified sandstone 
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Facies S1 consist of poorly sorted medium grained sandstones with sharp 

erosional bases commonly with a lag of sub-angular to sub-rounded pebble-sized 

mudstone rip-up clasts.  The sandstones are trough cross-bedded and unbioturbated, 

occurring in bedsets up to 15cm thick (Fig. 2.3a).  This facies is mineralogically 

immature, containing accessory detrital calcite, plagioclase, and chert along with 

muscovite, biotite, quartz, and opaque minerals.  This facies occurs rarely throughout the 

core.  This facies has abundant chlorite and calcite cements.  Facies S1 is commonly 

inter-bedded with the fine-grained silty mudstones of Facies SS2 and is associated with 

sandstone Facies S3 as it is typically deposited directly above Facies S3, described below. 

Interpretation of Facies S1 

The trough cross-bedded sandstones have sharp changes in grain size, from 

medium to fine grained, suggesting a strong, possibly tidally-modulated, current.  This 

interpretation is similar to that inferred for herring-bone cross stratified sandstones from 

the inter-bar facies of Ranger et al. (1984), though it is noted that no herring-bone cross 

stratification has been documented in this study.  Apparently opposing trough cross sets 

are common in trough cross-bedded successions and it may have been to these that 

Ranger et al. (1984) erroneously refer.  The combination of the anomalously coarse 

medium grained sandstones, and low mineralogical maturity, suggests rapid deposition 

and/or short sediment transport paths.  

 

2.4.1.2 Facies S2: Structure-less sandstone 
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The massive, well-sorted silty sandstones of Facies S2 are rich in platy grains of 

phosphatic material that increase in abundance towards the top of beds (Fig. 2.3b).  The 

mineralogical composition of S2 is dominated by quartz, with lower proportions of 

muscovite, plagioclase, chlorite, and opaque minerals such as pyrite.  The only trace 

fossils present are rare Diplocraterion and Palaeophycus.  Both ichnotaxa are commonly 

rich in framboidal pyrite and are present in low abundance in ichnofabrics in beds 

showing approx. 10% bioturbation.  The beds of facies S2 range in thickness up to a 

maximum of 150 cm. 

Interpretation of Facies S2 

Massive beds are notoriously difficult to interpret in core.  The most common 

reasons for a lack of sedimentary structures are: dewatering, bioturbation, and rapid 

deposition of extremely well sorted sediment (Davies et al., 1971; Bhattacharya and 

Walker, 1991).  The presence of some trace fossils in this unit suggests intense 

bioturbation is the most likely reason for an absence of lamination, which in turn implies 

that the rate of bioturbation greatly exceeded the rate of sedimentation.  Such conditions 

are commonly met in association with a hiatuses on a clean, sand-dominated seafloor.   

 

2.4.1.3 Facies S3: Planar cross-stratified, mud draped sandstone  

Low angle, very well sorted, fine-grained planar cross-stratified sandstones are 

common in the Redmans Formation.  Facies S3 is mineralogically composed of quartz, 

muscovite, chlorite, and rare plagioclase, and opaque minerals.  The sandstone is 

dominantly fine-grained with abundant, but diffuse, fine-grained laminae (Fig. 2.3c).  
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Mud-drapes, some of which are present in couplets are common in the slightly upward 

coarsening beds.  In addition small phosphatic grains are present, particularly towards the 

tops of beds.  Trace fossils are sparse, with the most common taxa being Diplocraterion 

aff. habichi and Teichichnus cf. rectus (Fig. 2.6b,c).  Where bioturbation is intense, 

pressure solution seams are commonly developed around the traces rendering their 

morphology diffuse. 

Interpretation of Facies S3 

Field studies have identified similar thick, laminated sandstones with convex-

upward geometries that have previously been interpreted as hummocks (Brenchley et al., 

1993).  The upward coarsening beds with abundant clay couplets of this facies imply that 

the bedforms were probably produced over a period of many days by tidally-modulated 

currents (Brettle et al., 2002; Quin, 2011).  As such these cross-stratified sandstones are 

more likely to be mouth-bars than storm-generated hummocks (cf. Quin, 2011).   

 

2.4.1.4 Facies S4: Flaser bedded very fine-grained sandstone 

Facies S4 consists of flaser bedding with wave ripples in very fine-grained 

sandstones, and is most common in the uppermost portion of the core (Fig. 2.3d).  The 

dominant mineralogy is quartz with lower proportions of chlorite, biotite, muscovite, 

plagioclase, and opaque minerals.  Phosphatic nodules less than 1cm in diameter are rare.  

Low diversity and intensity of bioturbation is present in the form of sparse unidentifiable 

vertical burrows below 5% abundance.  The maximum bed thickness for Facies S4 is 

approximately 75cm, and subtly fines upwards. 
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Interpretation of Facies S4 

The presence of flaser bedding indicates high, but fluctuating, hydrodynamic 

energy and high sediment concentrations. The low intensity and diversity of the 

ichnofaunal assemblage is consistent with high hydrodynamic energy.  The depositional 

environment was interpreted as a reworked portion of a proximal distributary mouth bar 

during a period of basin shallowing. 

2.4.1.5 Facies S5: Parallel to ripple cross-laminated sandstone  

The cross-laminated sandstones of this facies may show trends from parallel to 

ripple cross-laminae within individual beds approx. 30cm in thickness.  The thin laminae 

are prominent, owing to their dark color (Figs 2.3e).  The sandstones are typically fine 

grained with abundant silt- and clay-sized clasts that are particularly abundant on the 

foresets of oscillation ripples at the top of bedsets.  The prominent drapes to the ripples 

are clay and organic-matter rich, and are commonly found as couplets.  This facies may 

be bioturbated with a diffuse Planolites-like ichnofabric that consists of bedding-parallel 

tubular trace fossils with no lining and uncommon Rosselia (Fig. 2.5a).  Trace fossils are 

generally rare in this facies, but are most common in some of the centimeter thick clay 

drapes. 

Interpretation of Facies S5 

The presence of clay couplets indicates a tidal influence on this facies, this is most 

likely to be due to the presence of tidally modulated outflow onto a wave and storm 

dominated shelf (Nio and Yang, 1991).  The representation of drapes formed during both 

high-water and low-water slacks demonstrates the sub-tidal position of this depositional 
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environment.  The common association with Facies S3, and finer grain-size suggest that 

this facies was deposited in association with the same facies architectural element, but in 

a slightly more distal depositional setting.  The presence of ripple cross laminae similarly 

suggests a more quiescent depositional setting with low flow regime conditions prevailing 

in the later stage of development of the bedsets.  The depositional setting is inferred to be 

that of a more distal expression of the distributary mouth bar with episodic deposition, 

possibly due to autocyclic lobe switching.   

 

2.4.1.6 Facies S6: Parallel laminated very fine-grained sandstone and silty 

sandstone  

Facies S6 consists of inter-laminated very fine-grained sandstone and silty 

sandstone with parallel lamination.  Laminae are distinctively crinkly/wavy and variable 

in thickness from 0.5 mm to 1.0 mm, and may be present in couplets (Fig. 2.3f).  Beds are 

up to 5cm in thickness and show a decrease in clay grade material upwards.  Facies S6 

occurs consistently on top of Facies S3, cross-stratified, mud draped sandstone.  There is 

little bioturbation in this facies although escape traces are locally present (Figs 2.3g, 

2.6e). 

Interpretation of Facies S6 

The occurrence of clay-rich couplets likely represents tidal influences in a low 

energy flow regime associated with distributary mouth bars (Nio and Yang, 1991; 

Prigmore et al., 1997; McIlroy, 2004b).  As indicated by the stacking of Facies S6 on top 

of Facies S3 deposition occurs proximal to shore in sub-tidal environment.  Since 

bioturbation occurs primarily as escape tracesðand since deposition was sub-tidal and 
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thus unlikely to be of significantly lowered salinityðsedimentation was likely too rapid 

for colonization and therefore inhospitable for bioturbating organisms.  Facies S6 is 

interpreted to be associated with the proximal distributary mouth bar in a comparatively 

low hydrodynamic regime with significant tidal influence. 

 

2.4.2 Siltstone Facies 

2.4.2.1 Facies SS1: Intensely bioturbated sandy siltstone 

Intensely bioturbated sandy siltstones with abundant sand-filled bedding-parallel 

burrows, destroy approx. 80% of the original sedimentary fabric (Fig. 2.4a,b).  The 

Planolites burrows are 0.5-1.5 mm in diameter, ellipsoidal in cross section and have 

greater concentrations of clay minerals around the burrow.  The rock shows some 

evidence for parallel lamination as a relict fabric where not bioturbated.  The dominant 

lithology is well sorted with silt and very fine sand grains consisting of quartz, clay, and 

muscovite, with accessory biotite, chlorite, and opaque minerals and rare plagioclase.  

Facies SS1 can range in thickness from approximately 10 cm up to a rare maximum 

thickness of 1.5m averaging approximately 20 cm. 

Interpretation of Facies SS1 

It is likely that this facies results from a local reduction in sediment supply, 

perhaps due to local changes in hydrodynamics resulting from autocyclic distributary 

mouth bar abandonment and reworking by waves and tides.  

 

2.4.2.2 Facies SS2: Thinly laminated micaceous clay-rich siltstone 
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The clay-rich siltstones of Facies SS2 are parallel laminated and highly micaceous 

(Fig. 2.4c,d).  Beds are up to 7 cm in thickness, and alternate between being quartz and 

mica-rich.  The intensity of bioturbation is very low, with only rare Planolites burrows 

recognized.  Facies SS2 is inter-bedded with S1 and S4 in the uppermost extent of the 

core. 

Interpretation of Facies SS2 

Rhythmic grain-size changes under which this facies was deposited, suggest a 

fluctuating hydrodynamic conditions.  There is no evidence of clay couplets or strong 

tidal influence on this facies.  The depositional setting is thus unclear but is most likely a 

fluid mud deposit.  Inter-bedding with Facies S1 and S4 suggest Facies SS2 was 

deposited in a proximal distributary mouth bar. 

 

2.4.2.3 Facies SS3: Siltstone with erosive-base 

This pyritic siltstone facies contains only rare mudstone laminae, has a high clay 

mineral and mica content, intense bioturbation, and few discrete unidentifiable trace 

fossils distinguishing it from Facies SS1 (Fig. 2.4e,d).  The base of this facies is 

commonly erosive, and the beds may subtly upward-fine.  Facies SS3 is commonly inter-

bedded with Facies S3. 

Interpretation of Facies SS3  

The lack of primary depositional fabric is attributed to a hyperpycnal fluid mud 

deposit although it is difficult to determine with certainty.  An erosive base supports this 

interpretation.  The high pyrite content suggests an originally organic-rich depositional 
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environment (Potter et al., 2005).  Facies SS3 may have been part of the proximal 

distributary mouth bar.  

 

2.4.3 Heterolithic Facies 

2.4.3.1 Facies H1: Heterolithic bioturbated silty mudstone and fine-grained 

sandstone 

Distinctive thin heterolithic inter-beds of silty mudstone and fine-grained 

sandstone (approx. 10cm thick) are moderately bioturbated and common in basal portions 

of individual parasequences of the Redmans Formation (Fig. 2.5a,b).  The very fine-

grained sandstone inter-beds are ripple cross-laminated with abundant bioturbation, 

predominantly Cruziana, Trichophycus, and Teichichnus.  Trichophycus occurs at the 

base of sandstone beds in association with the organic-rich tops of the underlying 

mudstone (Fig. 2.6d).  Silt -rich mudstone inter-beds are more intensely bioturbated with 

trace fossils that show deposit-feeding activity (Fig. 2.5b).  The majority of burrows are 

ellipsoidal due to compaction that postdates bioturbation.  Thick beds of Facies S5 

(approx. 25cm) separate intervals of thinly inter-bedded H1, M1, and S5 facies.   

Interpretation of facies H1 

The conditions under which the sandstones and siltstones were deposited were 

likely waning flows, though with more limited clay content than in Facies M1.  Silt- and 

clay-rich inter-beds are formed under lower energy conditions than the associated Facies 

M1 and S5.  The silt and clay rich portions of the heterolithic facies are heavily 

bioturbated probably due to high organic matter content and low rates of sedimentation.  
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Facies H1 is inferred to have been deposited in prodelta and/or the distal portion of the 

distributary mouth bars.  

 

2.4.4 Mudstone Facies 

2.4.4.1 Facies M1: Upward-fining, mudstones with erosive bases and sand-

filled burrows 

The upward fining mudstone beds with erosive bases are approximately 2cm in 

thickness and are commonly inter-bedded with heterolithic mudstones (Facies H1) and 

sharp-based sandstones (Facies S5) (Fig. 2.5a, 2.7).  The mudstones have erosive bases, 

low bioturbation intensity, and commonly have sand-filled intra-stratal shrinkage cracks 

(see Harazim et al. 2013).  The only burrows are sharp-margined sand-filled burrows that 

are lithologically identical to the overlying sandstone that crosscut microbial mats (Fig. 

2.5c, 2.6f, g, h; cf. Harazim et al., 2013). 

Interpretation of Facies M1 

Facies M1 is inferred to have been deposited from a waning mud-rich hyperpycnal 

flows or ñfluid mudsò (cf. Harazim et al., 2013).  The intra-stratal sand-filled shrinkage 

cracks demonstrate that the mudstone underwent early burial compaction and dewatering.  

Since the intra-stratal sand-filled shrinkage cracks (formerly synaeresis cracks, Harazim 

et al. 2013) are cut by later uncompacted sand-filled (originally open) burrows these 

burrows post-date sediment compaction but, since they are shallow tier, also demonstrate 

that the sediment compaction occurred close to the sediment-water interface (Lobza and 

Schieber, 1999; Harazim, 2013).  The frequency of inter-bedding between facies M1, H1, 
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and S5 suggests deposition in closely associated paleoenvironments.  The mudstone for 

facies M1 is considered to have a riverine source in a wave-dominated setting.  This is 

consistent with the presence of tidal flow modulation observed in Facies S3, S5, and S6 

influenced by mixed fluvio-tidal regimes.  A riverine source is required to cause 

deposition of muds in otherwise sand-dominated open marine depositional settings.  

Sedimentation is however likely to be common in distributary mouth bar settings (cf. 

McIlroy 2004b). 

 

2.4.4.2 Facies M2: Thin black mudstone with erosive base 

The homogeneous mudstone beds have low silt content, are up to 5 cm in 

thickness, and overlie erosive surfaces with up to 6cm of relief (Fig. 2.5d,e).  The 

associated sandstone facies are Facies S1, S3, and S5 with Facies M2 typically occurring 

at the top of the sandstone beds. 

Interpretation of Facies M2 

Facies M2 always immediately postdates erosive events that cut into sandstone 

beds.  The erosional to depositional events are likely to have been powerful mud-laden 

sediment gravity flows (cf. Harazim et al., 2013).  Since the mudstones show no 

gradational fining it was interpreted that deposition could have occurred instantaneously 

as a rapidly decelerating event bed (MacKay and Dalrymple, 2011) or may simply reflect 

the lack of availability of other grain sizes.  This facies typically caps inter-bedded 

genetically related successions of Facies S1, S3 and S5 that are inferred to have been 

deposited in proximal to distal distributary mouth bar paleoenvironments.  Facies M2 was 
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likely deposited during periods of high fluvial outflow (hyperpycnal flow) and storm-

dominated coastal conditions. 

 

2.5  DEPOSITIONAL SETTING  

 The Redmans Formation is dominated by successions of inter-bedded sandstones, 

siltstones, and mudstones organized into vertically repeating progradational packages 

(Fig. 2.7).  A combination of thin coarsening upward, cross-stratified, sand-dominated 

packages inter-bedded with siltstones and erosive mudstones indicates the presence of 

stacked, prograding distributary mouth bars controlled by autocyclic processes (Tankard 

and Barwis, 1982; Olariu and Bhattacharya, 2006).  The proximal distributary mouth bar 

deposits are characterized by high-energy hydrodynamic conditions demonstrated by low 

angle cross-bedding and low levels of bioturbation.  The mineralogically immature 

composition of Facies S1 to S3 is taken to infer a more proximal sediment source and 

rapid deposition.  The presence of the rhythmic mud couplets in these proximal setting 

indicates a tidally influenced system with rapid deposition (Nio and Yang, 1991). 

Sandstones inter-bedded with hyperpycnal fluid mudstone are typical of distributary 

mouth bars with the mudstone partings decreasing in frequency through mouth bar 

bedsets (Tankard and Barwis, 1982; McIlroy, 2004b).  The lack of ichnological evidence 

for deposit feeding organisms in the mouth bar-associated mudstones is probably due to 

rapid sediment deposition of the mud-laden sediment gravity flows and burial by 

subsequent sand-rich deposits.   
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The more distal distributary mouth bar facies are composed of finely inter-bedded 

sandstone and siltstone with bioturbation, ripples, and tidal couplets of Facies H1, M1, 

M2, and S5.  Sandstones have sharp contacts and occur as thin beds (approx. 5 cm) with 

parallel to ripple cross-laminae deposited under varying flow conditions.  The presence of 

tidal couplets in Facies S5 demonstrates tidal influence and a sub-tidal depositional 

regime (Nio and Yang, 1991).  The intense bioturbation but low ichnodiversity in the 

mudstones of facies H1 suggest high nutrient availability in the sediment but ñstressedò 

environmental conditions.  Bed thickness variability within and between facies was 

related to the hydrodynamics of the depositing event and sediment supply.   

The erosive nature of Facies M1, M2, SS2, and SS3 in both the distal and 

proximal expressions of the distributary mouth bar deposits were likely created under 

conditions of high-energy, hyperpycnal river discharge producing near-bed mud 

suspensions with a concentration of >10 g/L suspended sediment (Ichaso and Dalrymple, 

2009; Harazim and McIlroy, in press).  The generation of these fluid muds indicates 

proximity to a mud-rich turbidity maximum zone, either in association with the 

distributary mouth or in a back-barrier setting (cf. McIlroy 2004b).  Factors such as the 

angle of slope, depositional energy, and mud density influence the distance and erosive 

power of these fluid muds (Ichaso and Dalrymple, 2009; Baas et al., 2011; MacKay and 

Dalrymple, 2011).  The presence of such fluid mud deposits in association with tide-and 

wave-influence sandstone facies suggests a proximal environment (McIlroy, 2004b).  The 

absence of trace fossils produced by deposit feeding organisms suggests either rapid mud 

deposition and burial (i.e. sedimentation removes organic matter beyond the reach of the 

deepest tier burrowers), or that the organic matter deposited is of low quality due to 
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organic matter remineralization prior to deposition (cf. Harazim and McIlroy, in press).  

Seafloor turbulence generated by wave- and tide-influence has the potential to remobilize 

sediment as fluid mud flows (Parsons et al., 2001; Bhattacharya and MacEachern, 2009).  

As shown in the Tilje Formation from offshore Norway, fluid muds or mud-laden 

sediment gravity flows, occur quite frequently in distributary mouth bar deltaic settings 

due to river-flood high mud density discharge deposits (McIlroy, 2004b; McKee et al., 

2004).   

 In a wave-influenced system, mouth bars form close to the channel mouth and 

form rapidly due to the presence of small waves (Nardin et al., 2013).  Mouth bar 

accretion and terminal distributary channel infilling decrease flow velocity and sediment 

discharge, resulting in bar abandonment (Olariu and Bhattacharya, 2006).  Abandoned 

distributary mouth bars are subject to lower rates of sedimentation and reworking as 

indicated by the presence of the highly bioturbated siltstones of Facies SS1.  The 

occurrences of thick packages of heavily bioturbated siltstone likely indicate an 

abandoned distributary mouth bar. 

The Redmans Formation has previously been interpreted as a wave-dominated 

shelfal paleoenvironment (Brenchley et al., 1993) and as an offshore bar complex (Ranger 

et al., 1984).  Both of these depositional settings are characterized by heterolithic 

siliciclastic sedimentation with storm and tide influence.  In earlier outcrop studies of the 

Redmans Formation, these sandstones have been demonstrated to be laterally extensive 

beds or lensoidal beds separated by mudstone inter-beds less than 10cm thick (Brenchley 

et al., 1993).  The great thickness of these sandstone and mudstone deposits in the Bell 

Island and Wabana Groups (1500m) suggests the presence of a proximal delta with high 
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rates of sedimentation (Ranger et al., 1984).  This study has documented the presence of 

stacked distributary mouth bar deposits in the Redmans Formation.  These mouth bar 

deposits are, by definition, associated with a riverine system, providing direct evidence of 

a deltaic system thatðgiven the abundance of storm dominated sedimentation (Brenchley 

et al. 1993)ðis likely to have been wave-dominated delta with tidal processes modulating 

wave action in ebb tidal deltaic sub-environments (Fig. 2.9). The preservation potential of 

distributary mouth bars in a wave-dominated delta is dependent upon the efficacy of wave 

reworkingði.e. wave regime or fetchð (Weise, 1980; Tankard and Barwis, 1982; 

Dominguez, 1996; Bhattacharya and Giosan, 2003), but also by the rate of sediment 

supply and availability of accommodation.  Distributary mouth bar deposits in low 

accommodation settings have been considered to have an increased preservation potential 

in distal delta front environments (Olariu and Bhattacharya, 2006).  The distal expression 

of the Redmans Formation results in the lack of distributary channel and beach facies 

deposits (Weise, 1980; Bhattacharya and Willis, 2001; Bhattacharya and Giosan, 2003; 

Olariu and Bhattacharya, 2006). 

Hummocky cross stratification indicating oscillatory waves generated by storms 

have been identified in the Redmans Formation and adjacent formations although it is 

difficult to identify these features in core (Brenchley et al., 1993).  These same facies in 

core include sedimentological indicators such as tidal couplets and mud drapes indicating 

the presence of mouth barsðlikely wave and storm influencedðrather than 

straightforward shelfal hummocky cross stratification.  Shallow water wave-dominated 

deltas are typically lobate in shape and build out by the coalescence of distributary mouth 

bars (Coleman and Wright, 1975; Olariu and Bhattacharya, 2006).  The occurrence of 
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fluid mud deposits supports the presence of a local riverine source (McIlroy, 2004b; 

Ichaso and Dalrymple, 2009). 

 

2.6 SEQUENCE STRATIGRAPHY 

Detailed core logging has delineated three coarsening up cycles in the Redmans 

Formation, interpreted as parasequences (Figs 2.2, 2.8).  The sandstones that comprise the 

majority of the parasequences coarsen and thicken upwards (Brenchley et al., 1993).  The 

parasequences that compose the Redmans Formation vary in thickness (maximum of 

30m) due to changes in time and sediment input rather than an absence of accommodation 

(Brenchley et al., 1993), current observations support this conclusion.   

These high frequency parasequences are composed of wave-dominated delta 

distributary mouth bar deposits.  Each parasequence is composed of a prograding 

distributary mouth bar complex.  The development of these parasequences originates with 

the alternation of the basal distal distributary mouth bar deposits with more shore 

proximal deposits.  With delta progradation, the more proximal distributary mouth bars 

dominate and form on top of the more distal expression of the wave-dominated delta 

paleoenvironment.  A discernable parasequence stacking pattern was not present to help 

clarify the systems tract of the Redmans Formation. The mudstone dominated Beach 

Formation is situated below the Redmans Formation and has previously been used to 

infer increased progradation rates and a highstand systems tract (Brenchley et al., 1993). 

A recent re-evaluation of the Beach Formation mudstones has called this interpretation 

into question (Harazim et al., in press). 
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2.7 CONCLUSION 

Marginal marine mudstone-dominated systems of Palaeozoic age remain poorly 

understood, and it is therefore crucial to further our knowledge of these systems to more 

accurately assess the interplay of marginal marine environmental processes at the facies 

level when assessing the paleoenvironment.  Additionally, processes controlling the 

physical and biological reworking of mud-laden sediment are poorly constrained in the 

Palaeozoic rock record.  The analysis of lithology, sedimentary features, bioturbation, and 

paleontology are used to classify individual facies and provide clarification as to pre-

depositional process controls on both the mudstone and sandstone deposits.  Core and thin 

section analysis provides insight into a detailed interpretation of the stratigraphy, 

sedimentological facies, and the depositional environment of the Redmans Formationôs 

inter-bedded mudstones and sandstones.  This particular core provides microscopic detail 

and allows for the recognition of high-resolution facies classifications that would 

otherwise be difficult to determine in outcrop.  

The Redmans Formation is composed of thick quartz arenites inter-bedded with 

intervals of intensely bioturbated mudstone.  Sandstone ichnofabrics primarily contain 

Diplocraterion and Planolites (10%), compared to mudstone traces that are more diverse 

and intense, which include Cruziana, Planolites, Trichophycus, Diplocraterion, as well as 

other unidentifiable vertical and sub-vertical traces (20-80%).  Unbioturbated to post-

depositional, deep tiering bioturbated fluid mudstones were frequent.  Twelve 

sedimentological facies have been categorized into a single facies association, comprising 
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of proximal to distal distributary mouth bars that range from thick sandstones to intensely 

bioturbated mudstones and siltstones.  This implies a unique environment with varying 

energy levels and probable migrating shoreline position.  A wave-dominated delta is the 

interpreted paleoenvironment with both wave and tidal indicators.  Stacked shallow 

marine parasequences of distributary mouth bar deposits build from a more distal 

expression to that of a more proximal sandstone body with storm influence.  Combining 

facies into facies associations provides a detailed explanation for the wave-dominated 

deltaic conditions present during the Redmans Formation deposition during the Early 

Ordovician.   

Further detailed geochemical study of the complicated relationships between the 

sandstones and mudstones of the Redmans Formation will provide a greater 

understanding into facies processes and their control on organic carbon isotopic 

signatures on the global scale.  These sedimentological and future geochemical 

descriptions will allow for a more thorough consideration of the interplay between 

organic matter abundance, distribution, and biogeochemistry with respect to the 

paleoenvironment in the Early Ordovician Redmans Formation. 
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Fig. 2.1. (a) Bell Island, Newfoundland location map. (b) Stratigraphic section of the Bell 

Island Group, Redmans Formation. Redmans Formation is Floian in age (~477.7 Ma).  (c) 

Bell Island geological map with the studied core location indicated (modified after Ranger et 

al., 1984; Harazim et al., 2013).  
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Fig. 2.2 A summary log of the Redmans Formationôs 76.5 m of core from Bell Island, 

Newfoundland.  Showing bioturbation percentage, grain size, sedimentary structures, 

paleoenvironment, facies association, depositional environment, and grain size trends.     
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Fig. 2.3 (a) Facies S1, showing medium-course grained trough cross-stra tified sandstone.  (b) 

Facies S2, showing structureless sandstone with possible Palaeophycus isp (pa).  (c) Facies 

S3, showing tabular cross-stratified, mud draped sandstone.  (d) Facies S4, showing flaser 

bedded very fine-grained sandstone.  (e) Facies S5, showing densely parallel to ripple cross-

laminated sandstone with Planolites isp (pl) and Skolithos isp (sk).  (f) Facies S6, showing 

densely mud draped siltstone.  (g) Facies S6 in a thin section scan (perpendicular to 

bedding) with mud couplets and escape traces (esc).  Each unlabelled white box indicates a 

scale of 1cm.  
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Fig. 2.4 (a) Facies SS1, showing silty sandstone.  (b) Facies SS1, showing intensely 

bioturbated silty sandstone dominated by Planolites isp (pl) in thin section.  (c) Facies SS2, 

showing thinly laminated clay rich siltstone with Planolites isp (pl).  (d) Facies SS2, showing 

laminated clay rich siltstone and minor bioturbation .  (e) Facies SS3, showing erosive based 

siltstone.  (f) Facies SS3, showing erosive siltstone with possible unidentifiable bioturbation. 

Each unlabelled white box indicates a scale of 1cm.  
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Fig. 2.5 (a) Facies H1 and M1, showing a heterolithic bioturbated silty mudstone with 

interbeds of upward fining mudstones that contain sand-filled burrows  including Planolites 

isp (pl) and have erosive bases marked with an arrow.  (b) Facies H1, showing heterolithic 

silty mudstone with mantle swirl bioturbation due to deposit feeding organisms.  (c) Facies 

M1, showing upward fining  mudstone with sand-filled burrows  such as Planolites isp, 

vertical dwelling burrows and erosive bases.  (d) Facies M2, erosive black mudstone.  (e) 

Facies M2, showing the erosive dark mudstones in thin section with no structures or 

bioturbation.  Each unlabelled white box indicates a scale of 1cm.  
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Fig. 2.6 (a) Rosselia isp (rs) from Facies S5 disturbing original laminations. (b) Facies S3 

showing characteristic Diplocraterion isp (dp), approximately 10cm long.  (c) A 

perpendicular cut to the core shows two openings of Diplocraterion isp (dp) in Facies S3.  (d) 

Greatly disturbed section of Facies H1 and M1 by what appears to be Trichophycus isp (tr).  

(e) Escape traces (esc) of Facies S5 in a thin section scan.  (f) Facies M1 sharp walled sand 

filled burrows with an upper wavy surface of a possible microbial mat.  (g) Plan polarized 

and (h) cross-polarized thin section of a sharp walled burrow of Facies M1.  Each white box, 

unless labeled otherwise, indicates a scale of 1cm. 
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Fig. 2.7 Idealized distributary mouth bar facies association with distal inter -bedded 

mudstones, siltstones, and very fine grained sandstones coarsening upwards into more 

proximal trough and cross-stratified sandstones with erosive muds.  
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Fig. 2.8 Idealized distributary mouth bar parasequence coarsens up from a more distal 

mouth bar expression to that of a more proximal mouth bar.  These bars prograde and 

range in thickness from 7 m to 30 m.  
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Fig. 2.9 Wave-dominated delta is the interpreted paleoenvironment in which the 

distributary mouth bars of the Redmans Formation were deposited.  Erosive fluid muds 

were likely carried in from the distributary channel (modified from Weise, 1980).  






























































































