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Abstract 

Our understanding of fine-grained sediment regarding the processes in which they are 

transported and deposited is rapidly evolving. However, developing a depositional model and 

characterizing the vertical variability within mud-dominated deposits has seldom been done. A 

103m Upper Mancos Shale core retrieved from the San Juan Basin, New Mexico was analysed 

with detailed thin-bedded facies analysis to observe vertical variability in lithology, sedimentary 

structures, bioturbation intensity, and depositional processes. Lithological variation suggests 

there are 3 full sequences, 9 system tracts, and 92 parasequences.  Facies observed revealed 

multiple facies successions indicating depositional processes including ignitive turbidite, storms 

(tempestite), wave enhanced sediment gravity flows (WESGFs), tidal, biogenic reworking, fluid 

mud, suspension settling, and general bedload transport.  Relationships between lithology, 

bioturbation intensity, sedimentary structures and depositional processes were observed to be 

interrelated in that energetic processes (i.e., storms, ignitive turbidite) were associated with 

coarser deposits and low bioturbation intensity; whereas lower energy processes (i.e., biogenic 

reworking, suspension settling, WESGFs) were associated with finer deposits and relatively 

higher bioturbation intensities. Furthermore, lithological variability integrated with depositional 

models indicated temporal changes in environment of deposition across shelf. 
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1. Introduction 

Our understanding of the processes that govern production, transport and deposition of 

sediment in mud-dominated systems has been rapidly evolving over the past decade. It is well 

established that muds do not exclusively deposit in quiescent waters as previously thought (e.g. 

Mutti, 1977; Potter et al., 2005), but also in waters with flow velocities similar to velocities that 

transport sands (Schieber, 2007; Schieber and Southard, 2009; Schieber et al., 2016; Plint et al., 

2012; Yawar and Schieber, 2017). Furthermore, ñmonotonousò successions of mud are not 

homogenous but are rather complex as shown by their wealth of physical sedimentary structures. 

This was achieved by the integrated efforts of experimental flume studies, scrupulous analysis of 

muddy outcrops/core and geochemical analysis (e.g., Pasley et al., 1993; Schieber et al., 2007; 

Bhattacharya and MacEachern, 2009; Li et al., 2015; Hart, 2016; Schieber et al., 2016; Li and 

Schieber, 2018).  

Despite these advances, there have only been a few studies that have attempted to 

characterize the variability found in vertical successions that associate facies with depositional 

environments (e.g., Hart, 2016; Schieber et al., 2016; Birgenheier et al., 2017; Li and Schieber, 

2018). This lack of studies is partially due to the difficulty of outcrop analysis, as mud sections 

are susceptible to weathering, which makes it difficult to conduct a detailed facies analysis 

(Macquaker and Gawthorpe, 1993; Schieber, 1999; Lazar et al., 2015, Li and Schieber, 2018). 

However, the major factor is due to the inherent complexity of mud-dominated deposits with 

regards to their high variability of sedimentary structures, bioturbation intensity/style and 

lithology. In order to complete a quantitative study on mudstones, it is mandatory to examine 

them in high-resolution (i.e. mm- to cm- scale), to not neglect any lamination/bed they are vital 

to understanding the relative proportions of depositional processes throughout a deposit. This 
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method can be time consuming and tedious. The importance of this detailed examination and 

analysis are twofold. First, the petroleum industry is in need of models that can be used to predict 

lateral and vertical variations, thickness, mineralogy, porosity, fabric, and organic content within 

mudstones based on sedimentological parameters (Hart et al., 2013; Hart, 2016). It is important 

to understand these properties because they are directly related to source-rock reservoirs, and can 

be used to predict hydrocarbon type, porosity, permeability and fracturing properties (Hart et al., 

2013). Secondly, it is of academic importance to address debatable concepts between 

sedimentologists, organic geochemists, and paleontologists on the processes governing the 

deposition of mud; such as our past understanding of the deposition of organic rich muds, 

presence of bedload transport of flocculated muds in mud-dominated shelves, the provenance of 

mud clasts, and controversy regarding Cretaceous oceanic anoxic events (Jenkyns, 1980; 

Schieber et al., 2007; Schieber and Southard, 2009; Plint, 2014; Schieber, 2015; Hart, 2016). It is 

shown in this study, that a majority of the fine-grained sediment were not deposited by 

suspension settling as previously thought, but were deposited by energetic bedload processes 

composed of flocculated muds. Such energetic processes mix the water column, which refutes 

the idea of long-term oceanic anoxic events during the Cretaceous; notably at the sediment-water 

interface. Furthermore, flocculated clays are observed in this study, suggesting that bedload 

transport played a role in contributing to the formation of mud clasts (Schieber, 2015).  

1.1 Objective 

This study focuses on sedimentological data collected from a slabbed core through the 

upper Mancos Shale and its associated geochemical data provided by Weatherford Laboratories. 

This project has three main objectives. (1) To document the facies variability within the upper 

Mancos Shale (i.e., candidate sequences, system tracts, parasequences, intra-parasequence) and 
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understand the dominant processes that govern the deposition of the upper Mancos Shale, (2) to 

propose a depositional model, which can help conceptualize and synthesize various shelf 

depositional environments and processes depending on the distribution of facies in the upper 

Mancos Shale, and (3) to discuss the industry implications of the findings in this study. 

2. Geological background and study area 

 During the late Jurassic, the Western Cordilleran orogenic belt took form as the Farallon 

plate began to subduct beneath the North American Plate (Livaccaria, 1991; Kauffman and 

Caldwell, 1993; DeCelles, 2004). Magmatic arcs developed in conjunction with subduction-

induced conductive heating, consequently reducing lithospheric integrity and propelling crustal 

thickening and the formation of the Sevier fold-thrust belt (Livaccaria, 1991; DeCelles, 2004). 

Flexural loading from the Sevier orogeny eventually gave rise to an immense foreland basin east 

of the orogenic belt, known as the Western Interior Basin (WIB) (Kauffman and Caldwell, 1993; 

DeCelles, 2004; Liu et al., 2011). At the same time, the Mogollon highlands were uplifted and 

tilted, structurally controlling the WIB from the south-west (Bilodeau, 1986; Kirkland, 1991) 

 At the end of the early Cretaceous (Aptian-Albian), the WIB was flooded in response to 

the culmination of both load-induced subsidence and large-scale tectono-eustatic sea level 

fluctuations; creating the Cretaceous Western Interior Seaway (CWIS) (Kauffman, 1977; 

Kauffman and Caldwell, 1993; Sageman and Arthur, 1994). The CWIS reached its peak eustatic 

highstand in the late Cretaceous, connecting the Gulf of Mexico and the Northern Boreal sea 

(Fig. 1). At its deepest, the epeiric seaway never exceeded a few hundred meters, but was ~1500 

km wide (Haq et al., 1987; Weimer, 1984; Kauffman, 1984, 1985; Sageman and Arthur, 1994). 

The circulation of the seaway in the Late Cretaceous was mainly dominated by the activity of 

storms and river processes, producing southerly currents, transporting sediment along the 
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western margin of the CWIS (Barron, 1989; Ericksen and Slingerland, 1990; Slingerland and 

Keen, 1999, Li and Schieber, 2018). The Sevier orogenic belt supplied an immense amount of 

Paleozoic lithic sediment to the east, while arkosic sediment was being supplied from the 

Mogollon highlands from the south-west (Molenaar 1983; Dickinson et al., 1988; Kirkland, 

1991). During the Coniacian, the Upper Mancos was deposited (Fig. 1). Subsequently, the 

Laramide orogeny created a mosaic of smaller structural basins within the WIB, preserving much 

of the Cretaceous sediment that was deposited (Brown, 1988; Dickinson et al., 1988; DeCelles, 

2004). Today, a majority of the Cretaceous mud-dominated sediment deposited in the CWIS can 

be found in the Mancos Shale Formation, within the Laramide structural San Juan Basin, New 

Mexico.  

 

Fig. 1. A). Middle Turonian paleogeographic map showing the maximum extent of the Western 

Interior Seaway (Blakey, 2014). B). Middle Coniacian paleogeographic map showing the 

Western Interior Seaway during the deposition of the Upper Mancos. The red star indicates 

location of core analysed in this study.  



 M.Sc. Thesis ï M. Leung; McMaster University 
 

5 
 

 

 The Mancos Shale in the San Juan basin is subdivided into the Lower and Upper Mancos 

Shale, which are separated by the regional basal Niobrara unconformity (Fig. 2) (Dane 1960; 

Pentilla, 1964; McPeek, 1965; Lamb, 1968; Molenaar, 1973, 1977; Molenaar and Baird, 1992; 

Ridgely et al, 2013). The Lower Mancos comprises from base to top the Graneros Shale, 

Greenhorn Limestone, lower Carlile Shale, Juana Lopez Member, and the upper Carlile Shale 

(Fig. 2). The Gallup Sandstone can be found above, intertongueing with the lower Carlile Shale, 

Juana Lopez and upper Carlile shale members in the northeastern parts of the San Juan Basin 

(Molenaar, 1973, 1977; Broadhead, 2015). Unconformably overlying the Lower Mancos Shale 

(except where the Gallup Sandstone can be found), is the Upper Mancos which has been 

informally divided into Mancos C, B, and A from bottom to top. The subdivisions are based on 

prominent, laterally extensive markers on gamma-ray and resistivity logs in response to changes 

in sand, silt, and carbonate content (Broadhead, 2015). The Upper Mancos is approximately 900-

1550ft (274-457m) thick, where generally the thinnest sections are toward the southwest and 

thickest toward the northeast. The only exception to this trend, is the Mancos C, as it is thinnest 

in the southeast and thickest in the northwest (Broadhead, 2015). Adjacent to the southwestern 

flank of the basin is the Tocito sandstone, found within the lower parts of the Mancos C. Above 

the Tocito Sandstone and within the east of the basin, lies the interbedded sandstone, siltstone 

and mudstone succession known as the El Vado Sandstone Member (Fasset and Jentegen, 1978; 

Ridgley et al., 2013).  

The core examined in this study was obtained from the Davis Federal 3 No. 15 well in 

Rio Arriba County, New Mexico (Fig. 3). Paleogeographic reconstruction and regional 

correlations indicate that the cored interval was approximately 220km offshore at the most distal, 
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and approximately 110km offshore at the most proximal (Fig. 1 and 3). Given that sediment was 

deposited in water depths of ~100m (Sageman and Arthur, 1994; Schieber, 2015), the slope of 

the shelf is estimated to have been around 0.026° (absolute value: 4.5x10
-4

) and 0.04° (absolute 

value: 7x10
-4

) for the most distal and proximal respectively.  

 

 

Fig. 2. Stratigraphic column of the Mancos Shale in the San Juan Basin (taken from Broadhead, 

2015) with ages interpreted using the time stratigraphic cross-section from Ridgley et al. (2013).  
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 Fig. 3. A). Plan view map of New Mexico, including San Juan basin and location of the core 

shown as the red star. The short dashed line is the seaward extent of subaerial-plain deposits 

during the early Coniacian. The solid line is the landward extent of shoreline deposits during the 

early late Turonian. B). Close up plan view map of the San Juan basin. The blue lines highlight 

the county boundaries. The location of the core is shown by the red star (modified after 

Molenaar, 1983; Broadhead, 2015). 
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3. Methodology 

3.1 Age of Core and Stratigraphic Context 

A continuous 340ft (~103m) core was analysed, from depths of 7416-7076ft (~2260-

2157m) (Fig. 4). In order to determine the age of the core and which formations it includes, the 

well log and a time stratigraphic map from Ridgely et al. (2013) was used (Fig. 5 and 6). The 

formations picked from the well log was based on significant changes in gamma and 

conductivity that marks the contacts between formations (Fig. 4). A depth shift between the core 

and well log was observed. This was solved by correlating the resistivity kick at 7160ô in the 

well log with the contact found at 7165ô in the core photographs. Therefore, there is an 

approximate shift of 5 feet, where the log appears shallower than the core. After tying the core to 

the well log, it was observed that the core runs from middle Mancos C to middle Mancos B (Fig. 

2 and 5). The age of this interval was determined by referring to a time stratigraphic cross section 

modified by Ridgley et al. (2013), revealing that the core was deposited from late Turonian to 

Middle Coniacian (Fig. 2). 

3.2 Thin-bedded Facies Analysis 

 The analysis of the core was divided into two parts. The first part was done in the core 

lab, and the second was done remotely by analysing photographs. Data collection in the core lab 

involved various tools consisting of a hand lens, measuring tape, grain size card, 10% HCl acid, 

binocular microscope, and a camera. The objective was to document properties that could not be 

resolved remotely, such as grain size, clay content, and lithology. Sedimentary structures, 

bioturbation intensity, fossils, trace fossils, and mineralogy were crudely examined as they were 

analysed in greater detail through photographs during the second part. The second part of the 
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analysis was completed at three different resolutions; macro- meso-, and micro-scale. 

Photographs of the entire core were taken at a meter-scale and stacked vertically for macro-scale 

analysis. Macro-scale analysis was used to identify candidate surfaces, parasequences, system 

tracts and sequences; as well as broad changes in lithology, sedimentary structures, bioturbation 

intensity, fossils, and trace fossils throughout the core (Fig. 4). Additional photographs were 

taken at the centimeter-millimeter scale for meso-scale analysis. Meso-scale analysis of the core 

was conducted on ten individual parasequences to resolve intra-parasequence variability 

regarding lithology, sedimentary structures, bioturbation intensity, fossils, and trace fossils. The 

ten parasequences were chosen partially based on the availability of ten photomicrographs from 

a Weatherford Laboratoriesô report, each found in their own respective parasequence. However, 

the ten parasequences were mainly chosen because the parasequences of the ten 

photomicrographs and SEM images were well distributed throughout the core, to allow analysis 

on compositional and depositional process variability. Lastly, photomicrographs and SEM 

images from the Weatherford Laboratoriesô report were used for micro-scale analysis. Micro-

scale analysis was done to resolve the mineralogy and microfossils at a specific section within a 

parasequence. Abundances of calcareous, siliciclastics and diagenetic components were observed 

in each photomicrograph. When interpreting beds and laminations, the classification by 

Campbell (1967) was used (Fig. 7). In this study, the range of thicknesses observed include very 

thin lamina (i.e., <3mm) to medium beds (i.e., <30cm). The most ubiquitous thicknesses were 

very thin lamina and thin lamina.    
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3.2.1 Identification of Core Properties 

Grain Size and Clay Content 

  The Wentworth classification was used to determine grain sizes visible to the naked eye. 

However, for grain sizes that cannot be resolved by a hand lens (i.e. silt and clay), the rock was 

chewed and observed for colour variations to determine percentage of clay content (e.g., Li and 

Bhattacharya, 2015). Mudstone samples with a lower clay content will exhibit a more gritty 

texture, while samples with a higher clay content will have a smooth ñtoothpasteò texture 

(Lundegard and Samuels, 1980). Furthermore, clays are usually darker and contain darker grains, 

whereas silts are commonly lighter and are more greyish in colour.  

Lithology 

  Lithology was determined with a hand lens. However, at intervals where carbonate and 

lithic grains were difficult to differentiate, a binocular microscope was used. Aside from basic 

lithological facies observations, this study did not focus on the geochemical properties of the 

core. However, the results from a detailed geochemical study from a Weatherford Laboratoriesô 

report were used in this study. Their data consisted of a continuous lithology log of the core, 

and the examination of ten samples by X-ray diffraction (XRD), scanning electron microscopy 

(SEM), and detailed thin section modal analysis (DTSA).  

Bioturbation Intensity/Style 

  The Taylor and Goldring (1993) Bioturbation Index (BI) was used to determine 

bioturbation intensity.  Depending on the percent of bioturbation, a grade from zero to six was 

assigned, wherein a zero indicates no bioturbation and a six indicates complete bioturbation. 
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Each bed associated with a BI can be plotted and connected, creating a curve known as the BI 

log, which reveals the vertical variability of bioturbation intensity throughout the core.  

Photomicrograph Analysis 

  Visual abundances of calcareous, siliciclastic, and diagenetic components of 

photomicrographs were based on the identification of grains and mineralogy provided by 

Weatherford Laboratories. Interpretations that were concluded were made from the abundances 

of these three components observed in this study. For each photomicrograph, the three 

components were assessed on a relative scale of high, medium or low. Furthermore a ratio 

between framework grains and matrix was given. 



 M.Sc. Thesis ï M. Leung; McMaster University 
 

12 
 

  

Fig. 4. Photographs of the core from the Davis Federal 3 No. 15 well in Rio Arriba County, New 

Mexico. The base begins at 7416ft and the top ends at 7076ft. Parasequences examined are 

highlighted in the red boxes. Surfaces are marked by the red, blue and green lines, corresponding 

with the sequence boundary, transgressive surface and maximum flooding surface respectively.  
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Fig. 5. Well Log for Davis Fed Com. 3-15. Formations are separated by the thick red lines on the 

left, suggested by Broadhead (2015). Light blue rectangle shows the length of the core examined 

in this study. The thin red, blue, and green lines on the well log corresponds to the sequence 

boundary, transgressive surface and maximum flooding surface respectively. System tract 

interpretation is on the right.
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Fig. 6. Macro-scale analysis of 

the core, including a 

stratigraphic log, identified 

parasequences, marked by the 

black zig-zag lines, lithology 

graphic log, BI log, lithofacies 

column, and a system tract 

column. Parasequences are 

numbered, 1 at the base to 92. 

Only parasequences selected 

for more detailed meso-scale 

analysis are actually labelled. 

Parasequences examined are 

marked by red lines with a 

labeled ñP#ò in between. The 

thin red, blue, and green lines 

transecting the columns 

correspond to the sequence 

boundary, transgressive 

surface and maximum 

flooding surface respectively. 

Sequences are shown by the 

red arrows on the right of each 

column.  
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Fig. 7. Bed and lamina classification, defined by Campbell (1967). (taken from Passey et al., 

2006). 
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 4. Facies and Facies Association Identification and Interpretation 

  Eleven main facies were observed in meso-scale analysis; they include: structureless 

mudstone, structureless sandstone, bioturbated mudstone/sandstone, generic ripple laminations, 

wave ripple laminations, combined-flow ripple laminations, current ripple laminations, parallel 

laminations, normal grading, muddy carbonate, flaser and wavy bedding, and bentonite ash layer. 

The facies key is provided in figure 8.   

 

Fig. 8. Facies key with symbols and colours used for sedimentary structures, trace fossils, 

lithofacies, facies associations, and surfaces. The 11 facies in this study are also listed.  
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4.1 Facies Identification and Interpretation  

Facies 1: Structureless  

Facies 1a: Structureless Mudstone with Bioturbation 

  Structureless mudstones with bioturbation contain trace fossils, but have no internal 

sedimentary structures (Fig. 9A). Thicknesses of this facies ranges from very thin laminations to 

medium beds that were tens of centimeters (Fig. 9B). Mudstone beds were found in various 

sections of the core, commonly with other muddy intervals. Mudstone laminations were 

commonly found in between other facies (i.e., wave ripple, combined-flow ripple, current ripple) 

(Fig. 9A). Structureless mud with light to medium bioturbation suggests deposition from 

suspension settling. Suspension settling has a relatively low sedimentation rate, which allows 

organisms to colonize the sediment (MacEachern and Stelck, 1999).  

Facies 1b: Structureless Mudstone without Bioturbation 

  Structureless mudstones without bioturbation showed no trace fossils nor internal 

sedimentary structures (Fig. 9B, D). Thicknesses of this facies ranged from very thin laminations 

(Fig. 9A) to medium beds (Fig. 9B). The absence of internal structures suggests rapid deposition. 

This facies was most likely deposited by fluid mud flow (Ichaso and Dalrymple, 2009). Fluid 

muds are any mobile bottom hugging fine-grained sediment with a solid concentration of >10g/L 

(Kirby and Parker, 1983; Ichaso and Dalrymple, 2009). Fluid mud flows are geologically 

instantaneous, capable of depositing within hours. At this depositional rate, organisms do not have 

enough time to colonize the sediment. Furthermore, grading or laminations are rare because of the 

flowôs high viscosity inhibiting grain segregation to form such features (Ichaso and Dalrymple, 

2009). 
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Facies 1c: Structureless Sandstone 

  Structureless sandstones showed no internal sedimentary structures. The thicknesses of this 

facies were variable, ranging from very thin laminations to medium beds. Sandstone beds were 

usually found with other sandy intervals (Fig. 9C) and sandstone laminations were commonly 

found with adjacent sandy areas with differentially compacted sediment (Fig. 9E). The absence of 

internal structures suggests rapid deposition. This facies was most likely deposited by ignitive 

turbidites, as this process deposits sand rapidly from a liquefied debris flow (Lowe, 1982; Kneller 

and Branney, 1995; Talling et al., 2012). 
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Fig. 9. Photographs 

highlighting structureless 

facies. A) Heterolithic with 

alternating sand and mud 

laminations. Structureless 

mud with Planolites 

burrows are found in 

between sand layers. Found 

at 7103.5ft B). Structureless 

mudstone bed at 7327ft. C). 

Structureless sandstone bed 

from 7086ft. D). 

Structureless mudstone 

lamination highlighted in 

white outline at 7123.25ft. 

E). Structureless sandstone 

beds highlighted in white 

outline at 7103.95ft. 
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Facies 2: Bioturbated Mudstone and Sandstone 

  Highly bioturbated mudstones and sandstones (BI: 5-6) show very little to no decipherable 

sedimentary structures or trace fossils (Fig. 10). Thicknesses of this facies were variable 

throughout, ranging a few millimeters to tens of centimeters. In deposits with a BI: 5, trace fossils 

include Chondrities, Cosmorhaphe, Cylindricus, Planolites, Phycosiphon, Scolicia, Teichichnus, 

Thalassinoides, Rhizocorallium, and Zoophycos (Fig. 10A). Deposits with a BI: 6 are completely 

bioturbated and any pre-existing sedimentary structures or trace fossils have been entirely 

disrupted (Fig. 10B, C).  

Interpretation  

  High levels of bioturbation disrupt any pre-existing laminations, creating a convoluted 

deposit of both mud and sand. High bioturbation is indicative of oxygenated waters and slow 

sedimentation rates, allowing organisms to thrive (Howard, 1975; MacEachern et al., 2005). 

Analysis of rarely preserved trace fossils in deposits with a BI: 5 represent mostly a distal 

Cruziana to proximal Zoophycos ichnofacies. Identification of ichnofacies reveals that this facies 

is deposited in a marine setting, far below fair-weather wave base. Deposits with a BI: 6 were 

sometimes observed to have ñfuzzyò cryptic bioturbation (e.g., Pemberton et al., 2008) (Fig 10B, 

C).  
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Fig. 10. Photographs highlighting bioturbated facies. A). Bioturbated sandy mudstone (BI:5) 

showing Chondrities (Ch),Cylindricus (Cy), Planolites (Pl), Phycosiphon (Ph), Scolicia (Sc), 

Teichichnus (Te), and Zoophycos (Z) trace fossils. Taken from 7351.50ft . B). A pervasively 

bioturbated sandy mudstone (BI:6). Taken from 71374.50ft. C). A pervasively bioturbated muddy 

sandstone (BI:6). Taken from 7341.30ft.  
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Facies 3: Generic Ripple Laminations 

  This facies is characterized by discontinuous laminae with an erosive base, lacking any 

observable foresets to distinguish ripple type (Fig. 11). The thickness of this facies ranges from 

very thin lamina of 0.1mm (Fig. 11A, B) to very thin beds of 1cm (Fig. 11C). Bioturbation 

intensity can be low, as seen in figure 11A, or moderate as seen in figure 11C.  

Interpretation  

  The lack of foresets may be from compressional forces after burial of sediment (Yawar and 

Schieber, 2017). Without foresets, it is difficult to precisely identify the type of ripple (i.e., current 

or wave), and hence cannot be attributed to a depositional process. Therefore this facies is 

interpreted to have been deposited by a bedload transport process, and provide evidence of 

energetic events along the seabed as result of currents and/or waves. 
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Fig. 11. Examples of generic ripples. A). Thin starved ripples with asymmetrical crests and 

unobservable foresets, at 7315ft. Red arrows point to the generic ripples B). Starved ripple with an 

irregular crest and few observable foresets at 7147.95ft. C) Starved ripple with no observable 

foresets or laminations at 7136.20ft. Deformation of ripple crest and internal foresets renders it 

undistinguishable. Few Planolites burrows can be seen. Aô-Cô). Line drawings highlighting this 

faces in A-C respectively. 
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Facies 4: Wave Ripple Laminations 

 

  Wave ripples were identified by their rounded symmetrical crests and laminations 

(Campbell 1966; Jopling and Walker, 1968) (Fig, 12). Thicknesses range from very thin wavy 

parallel laminations that are 0.1mm (Fig. 12F) to amalgamated wave ripples resembling thin 

bedded HCS deposits that are a few centimeters thick (Fig. 12C). Amalgamated wave ripples are 

similar to HCS deposits but at a smaller scale (i.e., <5cm thick) (Fig. 12C). Basal scours, soles 

marks and the overlapping of hummock and swaley laminae were observed (Fig. 12C, D, Cô, Dô) 

(Walker et al., 1983; Prave and Duke, 1990; Cheel and Leckie, 1993; Dumas and Arnott, 2006). 

Bioturbation is generally low, to absent. 

Interpretation  

  Wave ripples are caused by oscillatory flows that are produced during storms (Leckie, 

1988). Depending on the storm magnitude and water depth, various thicknesses of wave ripples or 

wavy laminae can be formed (Harms, 1979; Dott, 1982). It is expected that inner-shelf 

environments will develop wave rippled laminations/beds with greater amplitude and wavelengths 

than middle- to outer-shelf environments, because oscillatory energy decreases as water becomes 

deeper. Furthermore, the amplitude and wavelength of wave rippled laminations/beds will also 

decrease when storm energy beings to wane. The low wavelength of these facies suggests a medial 

to distal shelf environment in depths probably less than 100m.  

  

 

 



 M.Sc. Thesis ï M. Leung; McMaster University 
 

25 
 

 

Fig. 12. Photographs highlighting wave rippled facies. Sole marks are shown by the red circles. 

A). Wave rippled lamination at 7137ft. B). Amalgamated wave ripple lamination at 7123.80ft. C). 

Amalgamated wave ripple bed at 7135ft At. D). Starved wave ripple laminations and wave ripple 

laminations at 7094.10ft E). Starved wave ripple lamination at 7207.99ft. F). Thin wavy 

laminations. Aô-Fô) Line drawings of A-F respectively. Labelled red arrows point to features 

observed. 
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Facies 5: Combined-Flow Ripples 

  Combined-flow rippled laminations/beds are represented by rounded, wavy and/or 

symmetrical ripple crests with downlapping foresets in one direction onto a basal scour (Dumas et 

al., 2005) (Fig. 13). The thickness of this facies ranges from very thin lamina of 0.5mm to very 

thin beds of 1cm. Figure 13A illustrates a few combined-flow rippled laminations, with foresets 

dipping to the left as highlighted by its respective line drawing. The rippled crests, and stoss and 

lee sides are rounded. Other features including wavy laminae and generic ripples can be seen. 

Figure 13C, D both contain combined-flow ripples with two different foreset downlapping 

directions. As shown in their respective line drawings, the foreset direction of a succession of beds 

are different. Figure 13E shows a symmetrical rounded ripple crest with foresets downlapping to 

the left. Bioturbation was often found within mudstone laminations in between the sandstone 

combined-flow rippled laminations. 

Interpretation  

  Dumas et al. (2005) described the properties of a combined-flow ripple, such as steepness 

of lee faces, roundness, and shape of crest and stoss and lee sides. Combined-flow ripples 

generally exhibit a gentler lee side dip angle (<~24°) compared to unidirectional current ripples 

(>30°). Their study also coincides with the findings in Harms (1969), which showed that lee side 

dip angles of combined-flow ripples range from ~23-34°. The roundness of the combined-flow 

ripple crest was recognized to be diagnostic in identifying this type of ripple (Bucher 1919; Harms 

1969; Dumas et al., 2005). Dumas et al. (2005) noted an increase in visual roundness of a rippled 

bedform when flow conditions evolved from a dominantly oscillatory flow to unidirectional-

dominant combined flow. The shape of the crest and stoss and lee sides of combined-flow ripples 

varies depending on oscillatory and unidirectional flow velocities. Combined-flow ripples formed 
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under oscillatory-dominant conditions were observed to have straight to biconvex flanks, locally 

deep and narrow troughs, and rounded crests. With further increase in unidirectional flow velocity, 

the stoss and lee sides become distinctly biconvex, crests become well rounded and locally distinct 

from the brickpoint and local deep scours appear on lower end of the stoss side (Dumas et al., 

2005). Dumas et al. (2005) summarized their findings in a figure, highlighting the three types of 

combined-flow ripples including the ñnormal profile, ñboxyò profile, and bulging profile (Fig. 14). 

These properties described in Dumas et al. (2005) proved helpful in identifying combined-flow 

rippled laminations/beds in this study.  

  The downlapping foresets indicate unidirectional flow interpreted to be from geostrophic 

currents, storm-setup relaxation flows or tidal currents. However, oscillatory motion from 

simultaneous storms overprints the unidirectional current ripples, forming a symmetrical, rounded, 

and/or wavy crest (Arnott and Southard, 1990; Dumas et al., 2005; Baas et al., 2016; Li and 

Schieber, 2018). The proportion of wave or current influence is dependent on which process 

(unidirectional or oscillatory flow) had greater influence (Arnott and Southard, 1990; Dumas et al., 

2005; Baas et al., 2015). In the inner-shelf environments, more combined effect or wave 

dominated processes are expected due to shallower water depths. However in the outer-shelf, 

oscillatory motion is much weaker and wave overprinting is expected to occur less (Li and 

Schieber, 2018). Combined-flow ripples therefore represent both unidirectional and oscillatory 

flow.  
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Fig. 13. Photographs highlighting combined-flow ripple facies A). Combined-flow ripple laminations 

with foresets dipping to the left at 7134.99ft. B). Starved combined-flow ripple laminations with 

foresets dipping to the left and right at 7094.05ft. C). Starved combined-flow ripple laminations with 

foresets dipping to the left and one dipping to the right at 7136.10ft. D). Starved combined-flow ripple 

laminations with foresets dipping to the left and one dipping to the right at 7134.80ft. E). Starved 

combined-flow rippled lamina with forests dipping to the left at 7136.80ft. F). Starved combined-flow 

ripple lamination with foresets dipping to the right at 7092.99ft 

 

 

Fig. 14. Different combined-flow ripple profiles (taken from Dumas et al., 2005).  
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Facies 6: Current Ripple Laminations 

  Current ripples (Fig. 15) were identified by foresets downlapping onto a scour base and an 

asymmetrical ripple crest composed of a gently sloping stoss and steep lee side. The base and top 

of these ripples are in sharp contact with adjacent deposits. Thicknesses of this facies varies from 

very thin laminations (Fig. 15C) to thin laminations (Fig. 15A). Current ripple laminations that 

were very thin were similar to parallel laminations, but careful examination reveal subtle 

downlapping patterns that suggest it was once a ripple (Fig. 15B, C) (Yawar and Schieber, 2017). 

The more conventional thin current ripple laminations with a clear straight asymmetrical crests 

were also seen (Fig 15A) (Jopling and Walker, 1968; Reineck and Singh, 1980). Bioturbation was 

often found within adjacent mudstone layers (BI: 0-2). 

Interpretation  

  Current ripples are produced by unidirectional flows, possibly from geostrophic, relaxation 

flows, and tidal currents; forming a basal scour surface, downlapping foresets and an asymmetrical 

ripple crest (Suter, 2006; Li and Schieber, 2018). Current ripples migrate downflow by erosion of 

sediment from the stoss side and avalanching of bedload onto the steep lee side of the current 

bedform (Dumas, et al., 2005; Baas et al., 2016). This migration leads to the formation of high 

angle cross laminations (Fig. 15A, Aô). However, current ripple cross laminations are difficult to 

identify in mud-dominated rock successions because of the ability for ripples to compress. After 

compaction of sediment, they can easily be mistaken for parallel laminations (Yawar and Schieber, 

2017).  In this study, thin low-angle current ripples were dominantly observed (Fig. 15B, C). In 

order to distinguish between current ripples and parallel laminations, it is mandatory to examine 

for low-angle downlapping surfaces that indicate they were once current ripple foresets. 
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Fig. 15. Photographs highlighting the different types of current rippled (CR) laminations seen in 

this study. A). Deposit with combined-flow rippled (CFR) laminations, CR laminations, generic 

rippled laminations and wavy laminae at 7092.50ft. CR shown have the conventional straight 

asymmetric ripple crests, and gently sloping stoss and steep lee sides. The respective line drawing 

highlights both current rippled (CR) laminations and combined-flow rippled (CFR) laminations 

B). Current rippled laminations with observable downlapping foresets and straight asymmetrical 

crest. Found at 7263.50ft. C). Compacted current rippled laminations, portraying scouring, low-

angle downlapping foresets and straight asymmetrical crests. Found at 7318.60ft. The respective 

line drawing highlights the foresets and crests seen.  
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Facies 7: Parallel Laminations 

  Parallel laminations are composed of sand or silt, and found in lamina sets (Fig 16). 

Common parallel laminations observed in this study include planar and wavy. Laminae in a 

parallel planar lamina set are relatively straight, showed no striatal terminations and did not 

intersect other laminae (Lazar et al., 2015) (Fig. 16A, B). Wavy parallel laminae also did not 

intersect other laminae, but are undulatory instead of straight (Fig. 16E). Parallel laminations are 

regularly found underlying normally graded beds (Fig 16B, C). Individual laminae are commonly 

0.1mm. Lamina sets, however have variable thicknesses, ranging from 1mm to 1cm. Bioturbation 

is generally present within adjacent mudstone layers (BI:0-1). 

Interpretation   

  Parallel laminations are commonly produced by small-scale fluctuations within flow, such 

as oscillation-currents and turbidity currents, where oscillation currents produce parallel wavy 

laminations and unidirectional currents produce parallel planar laminations (Bouma, 1962; 

Shanmugam, 1997; Lazar, 2015). Thin parallel laminations come in lamina sets, often alternating 

silt- and clay- rich mud laminae (Fig. 16B, E).  The laminations were dominantly continuous, 

suggesting that sedimentation was continuous (Bohacs et al., 2005). Parallel laminations are often 

found underlying normally graded beds as they are commonly associated with waning flows such 

as turbidity currents or tempestites. When flow energy decreases, a normally graded 

lamination/bed will deposit as sediment fallout from suspension (Bouma, 1962; Walker et al., 

1983; Myrow et al., 2002; Suter, 2006) (Fig. 16B, C, D, E).  Lamina sets could also be tidal 

rhythmites if spring and neap bundles are observed (Mazumder and Arima, 2005).  
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Fig. 16. Photographs highlighting parallel laminations and normal grading with line drawings. A). 

Silt and very fine lower sand parallel planar laminations at 7263.70ft. B). Very fine lower sand and 

silt planar laminations with normal grading at 7225.20ft. Normally graded laminations are marked 

by the white triangles. C) Very fine lower sand and silt parallel planar laminations with normally 

graded laminations at 7225.20ft. Normal grading is marked by white triangles. D) Very fine lower 

generic ripples with one normally graded laminae marked by the white triangle at 7094.20ft. E) 

Very fine lower sand and silt parallel wavy laminations with normally graded laminations marked 

by the white triangles at 7181.10ft. 
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Facies 8: Normal Grading 

  Normal grading was recognized by a gradual fining upward, typically from sand to silt to 

clay (Fig. 16B, C, D, E). Thicknesses are dominantly a few millimeters but have a range from very 

thin lamination of 0.5mm to very thin beds of 1cm. Bioturbation is uncommon, however if present, 

bioturbation is commonly found within the top clay layer.  

Interpretation  

  Normal grading is formed from suspension settling, often associated with waning processes 

and usually caps facies successions (i.e., Tempestites, WESFGs, Bouma sequences) (Bouma, 

1962; Walker et al., 1983; Myrow et al., 2002; Suter, 2006; Macquaker et al., 2010). If 

bioturbation is absent, this facies was likely deposited rapidly. If bioturbation is present, it 

suggests that the deposition happened gradually, providing organisms time to establish themselves 

in the sediment (Reineck and Singh, 1968; MacEachern et al., 1999; Ichaso and Dalrymple, 2009).  
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Facies 9: Muddy Carbonate 

  Muddy carbonates were found throughout the entirety of the core, composed of fossil 

fragments and/or carbonate cement (Fig. 17). At the macro-scale, fossil fragments include 

Inoceramidae (Fig. 17A), which was the dominant fossil found throughout. Fragments were 

observed to be associated with structureless, parallel laminated and rippled facies. Microfossils 

were also present including foraminiferal tests that have been infilled/replaced by calcite. 

Carbonate cement was observed typically surrounding framework grains. Thicknesses of this 

facies range from very thin lamina of 0.1mm to thin beds of 3cm. 

Interpretation  

  Low faunal diversity and ubiquity of benthic organisms such as the Inocerimidae suggest 

dysoxic conditions versus anoxic conditions. Oxic conditions would yield greater faunal diversity 

(Brett and Allison, 1998; Schieber et al., 2016). Fragmentation of inoceramid shells indicate 

transport before deposition and was not in situ (e.g., Kiel et al., 2008). Association with ripples 

suggest transport by bottom current processes from a different location. Fragments that were 

within parallel laminated facies suggest slow deposition from suspension settling (Fig. 17C). The 

presence of pelagic foraminiferal tests further refutes sea-floor anoxia, and the diagenetic 

infill/replacement of the foraminiferal test suggest lower sedimentation rates, allowing more time 

for calcite to diagentically change the foram chambers (Li and Schieber, 2018). High carbonate 

content is an indication of hemiplegic deposition, where sedimentation rates are low. Further 

evidence of this is seen by the presence of diagenetic calcite and dolomite within foraminiferal 

tests, as they require time to precipitate out of the water. However, diagenetic material may be 

formed post-deposition and have no direct implications of sedimentation rate and deposition. 
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Fig. 17. Photographs highlighting A). Relatively thick inoceramid fragments in structureless 

mudstone at 7230.40ft. B). A concentrated mass of inoceramid fragments found with silt and sand 

laminations at 7192.95ft C). Few thin inoceramid fragments found within silt laminations at 

7229.90ft. D). A mixture of fossil fragments at 7208.50ft E) Massive bioturbated sandstones, 

cemented with calcium carbonate, and interbedded with thin wavy sand laminations. Generic 

sandy ripples occur within muddy intervals.  
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Facies 10: Flaser and Wavy Bedding 

 

  Flaser and Wavy bedding are characterized by a heterolithic deposit (Fig. 18). In figure 18, 

two examples are provided, figure 18A represents a wavy bedded heterolithic deposit, and figure 

18B represents a flaser bedded heterolithic deposit. Individual laminations in figure 18A are less 

thick compared to laminations in figure 18B. Wavy bedded heterolithics (Fig. 18A) were 

identified by mud layers overlying ripple crests and troughs. It can only be called wavy bedding 

when there is a sequence of mud and sand rippled layers, wherein both the mud and sand layers are 

continuous as seen in figure 18A. Flaser bedding can be wavy as seen in figure 18B. 

Characterizing wavy flaser bedding are the discontinuity of mud layers that overly the rippled 

sands. Similarly to wavy bedding, it can only be called wavy flaser bedding when there is a 

sequence of intercalated mud and sand, wherein the sand layers are continuous, and mud layers are 

discontinuous. Both of these deposits show bipolar current ripples orientations and double mud-

drapes 

Inter pretation 

   Flaser and wavy bedding are indicative of intermittent flows of higher velocity and lower 

velocity (Reineck and Wunderlich, 1968). The changes in current velocity is the result of slack 

water in between ebb and flow tides, which gives rise to the intercalated heterolithic deposit seen 

in this facies (Dalrymple, 2010). This facies is often indicative of tidal deposition, especially when 

bipolar current directions and double mud-drapes were observed (Fig. 18).  
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Fig. 18. Photographs highlighting flaser and wavy bedding. A). Wavy bedding, showing bipolar 

current ripple orientations at 7091.90ft. B). Wavy flaser bedding. Showing double mud-drapes and 

bipolar current ripples at 7085.80ft. 
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Facies 11: Bentonite Ash Layer 

  This facies was rare throughout the core and was found in two places, 7322.50ft and 

7231.00ft (Fig. 19). These ash layers were considered as bentonites and were thinly bedded at 

approximately 3cm thick. Bentonite layers are light gray and yellow in colour, and are often 

fragmented.  

Interpretation  

  Bentonites layers are composed of clay and are deposited by suspension settling of altered 

ash through the water column. These deposits are dominantly structureless and are interpreted to 

have been distributed by wind and deposited by ash-fall (Elder, 1988). Their presence in the core 

suggest a regional volcanic event and low sedimentation rates.  
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Fig. 19.  Photographs highlighting bentonite ash layers A). A bentonite ash layer, sharply 

overlying silty and sandy parallel planar laminated mudstone at 7231.00ft. B). Fractured pieces of 

bentonite found at 7322.55ft. 

 

 

 

 

 

 



 M.Sc. Thesis ï M. Leung; McMaster University 
 

40 
 

4.2 Facies Association Identification and Interpretation 

  After the 11 facies were identified, a facies association was interpreted for a specific 

vertical succession of facies. These associations are based on the proposed processes that govern 

the transport of fine-grained sediment across or along the shelf including hypopycnal plumes, 

hyperpycnal flows, storm-setup relaxation flows, tempestites, and gravity driven fluid muds; all of 

which, except for hypopycnal plumes require sufficient bottom slopes to sustain movement 

(Bhattacharya and MacEachern, 2009; Schieber, 2016; Li and Schieber, 2018). Schieber (2016) 

summarized the potential offshore reach of processes such as tempestites, wave/tide/current aided 

hyperpycnal flows, wave/tide/current enhanced sediment gravity flows (WESGFs), and turbidites 

at a certain slope angle for water depths up to 200m. As mentioned earlier, the core was deposited 

~220km offshore at the most distal, and ~110km offshore at the most proximal (Fig. 1, 3). 

Additionally, with water depths of ~100m, the slope angle of the seaway was approximately 

0.026°- 0.04°. Therefore processes that were expected to be dominant include storms (tempestites), 

and wave and current enhanced sediment gravity flows (Fig. 20). However, the shoreline was 

spatially changing throughout time and sandier proximal deposits observed in this study may have 

been deposited by other processes such as ignitive turbidity currents. Therefore, the facies 

associations that were observed in this study include ignitive turbidite, storms (tempestite), 

WESGF, tidal, biogenic reworking, fluid mud, suspension settling, and generic bed load transport. 
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Fig. 20. Slope angles and potential offshore reach of processes for tempestites, wave/tide/current 

aided hyperpycnal flow, wave and current enhanced sediment gravity flows, and turbidites. 

Vertical red lines represent slope angles of seaway in this study from most proximal to distal 

(modified from Schieber, 2016). 
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Tempestites             

  The tempestite deposits observed in this study were similar to the wave-modified turbidites 

of Myrow et al. (2002). Their conceptualized model includes an upward succession consist of a 

scoured basal surface, graded bed, small-scale HCS, wave ripples, combined-flow ripple cross-

lamination and a normally graded bed with a bioturbated cap (Fig. 21). It is interpreted that wave-

modified turbidites are the product of the combination of waves and excess weight forces. It is 

however still considered a tempestite because storms play the dominant role in producing the 

waves, and enhancing excess weight forces by providing turbulence to suspended sediment 

concentration (Myrow et al., 2002). An example of a tempestite deposit found in this study is 

shown below (Fig. 22).  

   

 

Fig. 21. Conceptualized model for the vertical succession of sedimentary structures in a wave-

modified turbidite deposit, also known as a tempestite deposit. The model was observed in this 

study. Modified on the right are the depositional processes for associated sedimentary structures 

seen on the left (modified from Myrow et al., 2002). 
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Fig. 22. Example and line drawing of a tempestite deposit showing from an upward succession a 

basal wave scour, wave rippled laminations, combined-flow ripple laminations, wavy lamina set, 

and normally graded lamination. Taken from 7137ft.  

 

Wave and current enhanced sediment gravity flows 

  River processes that produce hypopycnal plumes and hyperpycnal flows transport sediment 

offshore until they are deposited in prodelta or shelf areas with gentler slopes less than 0.7° and 

can no longer support their sediment load in autosuspension (Mulder et al., 2001; Bhattacharya 

and MacEachern, 2009; Schieber, 2016). However, there is a potential for resuspension by orbital 

wave motion or near bed currents to produce a liquid mud layer that can move on slopes as low as 

0.03°. These wave and current enhanced sediment gravity flows can be dominantly bidirectional, 

unidirectional, or combined-flow depending on the magnitude of wave and current processes. A 

recent term ñWESGFsò (Wave Enhanced Sediment Gravity Flows) has been coined for these type 

of flows (Macquaker et al., 2010), which encompasses wave and current processes that may have 

had enhanced sediment gravity flows (Schieber, 2016). Macquaker et al. (2010) proposed a 

diagnostic ñtripletò facies succession that is indicative of wave and current enhanced sediment 

gravity flows, which is composed of an erosional surface overlain by curved ripple or combined-

flow lamina set. Gradually overlying this is a wavy parallel lamina set, which is capped by a 

normally graded mud drape layer (Fig. 23). The depositional process interpreted from curved 

ripple or combined-flow ripple lamina set is the culmination of storm oscillatory flow with 

geostrophic, storm-setup relaxation, or tidal unidirectional flows. The wavy lamina set above is 

caused from storm oscillatory flow, and the normally graded bed capping the facies succession is 
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from suspension settling or fluid muds, depending on the presence of bioturbation. The complete 

triplet succession was observed in this study, however, individual units of the succession were 

more commonly found to be present (Fig. 16, 24). In figure 16B, wavy lamina sets underlying 

normally graded beds can be found and were interpreted to be analogous to the unit B and unit C 

of Macquaker et al. (2010) WESGF. Although seldom found, figure 24 exemplifies a complete 

WESGF. The scale of the WESGFs found in this study (Fig. 24) are comparable in scale to the 

ones found in Macquaker et al. (2010) (Fig. 23).   

 

 

Fig. 23. Example of a WESGF deposit. Unit A exhibits combined-flow ripple cross lamination. 

Unit B has a wavy lamina set of intercalated silt and clay laminae. Unit C is a normally graded bed 

that is bioturbated (taken from Macquaker et al., 2010).  
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Fig. 24. Example of a WESGF deposit found in this study. A complete Macquaker et al. (2010) 

WESGF triplet facies succession is seen. Unit A, B and C are present. 

Tidal Currents  

   It is suspected that tides play an important role in moving mud across the shelf, especially 

in epicontinental seas that have gentle slopes. Schieber (2016) suggested that tidal currents could 

have enough energy to move flocculated muds in bedload. Tidal deposits are characterized by tidal 

rhythmites, flaser/wavy/lenticular bedding, mud drapes (if bioturbation is present), and fluid mud 

(if bioturbation is not present) (Reineck and Wunderlich, 1968; Ichaso and Dalrymple, 2009). 

Tidal rhythmites are alternating silt/sand and clay deposits resulting from change in diurnal and 

neap-spring cycle current speeds (Mazumder and Arima, 2005; Williams, 1991). Flaser, wavy and 

lenticular bedding are deposits with alternating rippled sands/silt and clay (Fig. 25). The difference 

between flaser, wavy and lenticular bedding is represented by the amount of preserved clay. 

Environments with a higher amount of suspended clay will deposit wavy and lenticular bedding, 

compared to environments with a lower amount of suspended clay, which will deposit flaser 

bedding. Furthermore, higher energetic environments will preferentially deposit flaser bedding 

because stronger currents can erode previously deposited clay layers. During post ebb or flood 

tide, a mud drape will deposit overtop from suspension settling and will be commonly bioturbated. 

If bioturbation is absent, the mud layer is interpreted to have been deposited by fluid muds, which 


