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Abstract

 The Jurassic Tilje Formation located on the Norwegian continental shelf contains 

many thick (>10 mm) and macroscopically homogenous mudstone layers.  These 

mudstone layers are interpreted to have accumulated rapidly from “fluid-mud,” a highly 

concentrated aqueous suspension of fine-grained sediment.  Fluid muds in the Tilje are 

recognized in tidal-fluvial channel, mouth-bar and distal delta-front environments.  From 

detailed thin-section work it is clear that these mudstone layers are not homogenous. 

Three facies are observed: unstratified mudstone (UM), some of which contain “floating” 

coarse grains, planar-laminated mudstone (PLM) and cross-laminated mudstone (CLM).  

Each facies represents deposition at differing suspended-sediment concentrations (SSC) 

(UM−high SSC, PLM−low-moderate SSC and CLM−low SSC).  

 The thickest mudstone layers are always associated with underlying dune-scale 

cross-bedding, which has led to a proposed model where fluid mud can accumulate and 

is protected from the over-riding flow in the troughs of large dunes.  This model is most 

relevant to tidal-fluvial channels where large dunes occur in the deepest water and in 

terminal distributary channels in mouth bars.

 The vertical stacking of facies within a single mudstone layer allows 

reconstruction of changes of the near-bed SSC values and current velocities that reflect 

deceleration and acceleration of the tidal currents over the tidal cycle or waning wave 

energy following a storm.  Based on repeating patters termed “vertical successions” 

and “succession combinations,” individual tidal cycles can be observed within single 

mudstone layers and the relative strength of subordinate and dominant currents can be 
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inferred.  

 To aide in the understanding of how mud can accumulate over the complete range 

of SSCs, current velocities and grain sizes, a preliminary three-dimensional bedform 

phase diagram has been constructed for fine-grained sediment based on recent flumes 

studies.  The phase diagram can be applied to mudrocks beyond the Tilje Formation. 
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CHAPTER 1

 GENERAL INTRODUCTION

1.1 Introduction

 “Fluid mud” is an increasingly common term in the sedimentary geology 

literature.  Although fluid muds were first documented in the 1950’s (Inglis and Allen 

1957) they are best defined by McAnnaly (2007) as “high concentration aqueous 

suspensions of fine-grained sediment in which settling is substantially hindered by the 

proximity of sediment grains and flocs.”   The suspended-sediment concentration (SSC) 

at which this begins to occur is commonly taken as 10 g/l, but the SSC in fluid muds 

can range from 10’s g/l to 100’s g/l (McAnnaly, 2007).  In the modern, fluid-muds have 

been detected in a growing number of mainly tidal environments (e.g., Wolanski et al., 

1995; Dalrymple et al., 2003; Harris et al., 2004; Schrottke et al., 2006; Doxaran et al., 

2009), but they also occur in wave-dominated settings (Lamb and Parsons, 2005; Hsu 

et al., 2007; Traykovski et al., 2007).   Based on observations from the Tilje Formation 

(Jurassic, offshore Norway), it has been proposed that fluid-mud deposits are represented 

by the presence of anomalously thick, structureless mud layers that can be interpreted 

to have accumulated in a very short time (Ichaso and Dalrymple, 2009), contrary to 

the notion that mud layers typically accumulate slowly, over a longer period of time. 

More recently, Mackay and Dalrymple (2011) have suggested that fluid-mud deposits 

from the Bluesky Formation (Cretaceous, Alberta) are much more complex and have a 

wider variety of internal structures.  Mackay and Dalrymple (2011) have moved away 
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from exclusive use of the term fluid mud because mudstone layers that would be termed 

“fluid-mud deposits” according to the thickness criterion of Ichaso and Dalrymple (2009) 

contain structures that are believed to be associated with transitional flow conditions 

between “clear water” and “substantially hindered suspension” based on the flume work 

of Baas and Best (2008) and Best et al. (2009, 2011).   

 Mackay and Dalrymple (2011) have implied that the structures within fluid-

mud layers are more complex than originally thought, but no detailed studies have 

been undertaken of such deposits.  Therefore, it is appropriate to reexamine the fluid-

mud deposits in the Tilje Formation in greater detail, using thin sections, because these 

deposits were the basis on which the identification criteria of Ichaso and Dalrymple 

(2009) are based. Thus the goals of this study are: 1) to describe in detail the structures 

observed in thin sections from thick mudstone layers of the tidally, wave- and river-

influenced Tilje Formation; 2) interpret the flow conditions (current velocity and 

suspended-sediment concentration) that were present during deposition; and 3) develop 

a framework for using mudrock layers as an interpretive tool, especially in tidal 

environments, to reconstruct the evolution of near-bed conditions as a function of tidal 

cyclicity, and to advance environmental interpretations.  

   

1.2 Fine Sediment in Nature

  The mudstone layers being analyzed in this study have been previously 

interpreted by Ichaso and Dalrymple (2009) to have accumulated in three environments 

(tidal-fluvial channels, mouth bars and delta fronts) and likely reflect the complex 

temporal and spatial variations that exists in these three settings.  The flume work done 
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by Baas and Best (2008) and Best et al. (2009, 2011) is an important addition to the very 

small number of studies that have examined the behavior of highly concentrated flows 

containing fine-grained material.  However, it is not known how closely conditions in 

natural environments mimic what is observed in these studies. It is difficult to monitor the 

bed configuration beneath high-concentration suspensions in modern environments, but it 

is possible to measure the SSC and current velocity. 

Dynamics of Fine-Grained Sediment in Tidal Systems

 Mud concentrations in modern tidal environments can reach high values 

and have been studied by numerous workers (e.g., Fly River: Wolanski et al., 1995; 

Dalrymple et al., 2003; Harris et al., 2004; San Pablo Bar: Ganju et al., 2004; Weser 

Estuary: Grabemann and Krause, 1989; Schrottke et al., 2006; Gironde Estuary: Doxaran 

et al., 2009).  In all of these studies, the SSC values fluctuate with the ebb and flood 

tide (Figure 1.1 A), as well as in response to neap and spring cycles and variations in 

river discharge. These variations occur because mud is alternately resuspended by fast 

currents and deposited during slack-water periods. High river discharge introduces new 

suspended sediment into the system that then is deposited during inter-flood periods.  

The timing of the generation of high concentrations of fine-grained material is important 

in understanding when mud beds are deposited and the likelihood of their preservation.  

Mud deposition predominantly occurs during slack-water periods, and typically occurs as 

a drape that blankets the sandier bedforms which form during periods of higher current 

velocities. Fine-grained drapes deposited during slack water will likely be partially or 

completely re-suspended during the subsequent ebb or flood as the current velocity 
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Figure 1.1- Records of changes in suspended-sediment concentration (SPM—
suspended sediment matter) over various time periods in the Weser River estu-
ary: A- twice-daily ebb and flood tides; B-monthly neap and spring cycles; C, 
D- wet (C) and dry (D) years. From Grabbemann and Krause (2001).
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increases.  In the San Pablo estuary, peak SSC values occur directly after peak flood 

conditions, and deposition begins shortly after slack water at high tide, after which mud 

is then resuspended before peak ebb flow (Ganju et al., 2004) (Figure 1.2).  The Fly River 

delta is another modern environment where high SSC values have been observed.  SSC 

values reached 40 g/l at slack water (Wolanski and Eagle, 1991), high enough to form 

a lutocline, a sharp density contrast that separates the main flow from a near-bed high-

density suspension.  The peak velocity observed in the Fly River delta is roughly 1.3 m/s 

and occurs during spring tide.      

 Neap-spring cycles also influence the SSC values in a tidal environment (Figure 

Figure 1.2-  Time series of velocity and SSC from three sites in 
the San Pablo estuary, California: 2—inland near the TMZ; 3—
seaward of the TMZ; and 4—at the mouth of the estuary. The 
velocity peaks correlate with advection (A) and resuspension (R) 
of fine-grained sediment, whereas slack-water periods correlate 
with deposition (D). From Ganju et al., (2004).
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1.1 B).  The peak in SSC occurs slightly after the peak spring-tide current velocity, 

whereas the lowest SSC values occur directly after the neap tide (Doxaran et al., 2009) 

(Figure 1.3).  Conditions at spring tides in the Fly River delta generate near-bed SSC 

values that exceed 30 g/l and maintain a near-bed mobile suspension that persists beyond 

a single slack-water period (Wolanski et al., 1995).  Similar trends were observed in the 

San Pablo Bay estuary; however, because much less fine-grained sediment is present in 

this estuary, fluid muds did not persist beyond slack water even during spring tides in 

areas where SSC values were the highest (Ganju et al., 2004). 

 In tidal environments a zone of maximum turbidity occurs at the point of mixing 

between the more dense seawater and the less dense freshwater, which flows seaward 

on top of the saltwater.  An interesting feature of the turbidity maximum zone (TMZ) 

is that fine-grained sediment, which is sourced mainly from the river, has an increased 

potential for flocculation when freshwater and seawater mix, due to the increased number 

Figure 1.3- Series of satellite images showing SPM values at various 
times over a neap-spring cycle in the Gironde estuary.  During spring 
tides values are routinely twice as high or more than those at neap tides. 
From Doxaran et al. (2009).
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of positive ions in salt water, which increases the electrostatic attractive force between 

cohesive grains (Ani et al. 1991).  This flocculation, in turn, results in increased settling 

rates that contribute to the elevated SSC values in the TMZ.  The TMZ oscillates inwards 

and outwards within estuaries and deltas at time scales ranging from individual tidal 

cycles to seasonal in response to variations in river discharge.  

 Twice-daily flood and ebb tides will reposition the TMZ between two distinct 

locations, one landward at the end of the flood tide, and one seaward at the end of the ebb 

tide as seen in San Pablo Bay (Ganju et al. 2004).  Seasonal-scale changes in the TMZ 

location have been documented in the Weser estuary (Grabemann and Krause, 2001) and 

the Gironde Estuary (Doxaran et al. 2009), where river floods move the TMZ seaward 

with the higher influx of fresh, river water, whereas the TMZ migrates landward during 

times of reduced discharge. During storms, the TMZ moves upstream as saltwater is 

pushed further inland during surges (Grabemann and Krause, 2001)  

Dynamics of Fine-Grained Sediment In Wave-dominated Systems

 Recent studies (Mehta, 1991; Traykovsky et al., 2000) have observed that fine-

grained sediment is resuspended by wave action at high enough concentrations to 

reduce near-bed turbulence and generate high-density suspensions. These suspensions 

are capable of flowing down slope as long as wave energy is sufficient to maintain 

the suspension, but they come to rest on top of sandy storm deposits as wave energy 

is reduced.  Studies on the modern Eel River shelf have observed fluid muds being 

transported during periods of high wave energy (Traykovski et al., 2000).  The muddy 

sediment is first deposited in a nearshore/inner-shelf area during times of high river 
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discharge.  In the Traykovsky et al. (2000) study, a period of a week passed before 

the mud was resuspended by wave action and transported downslope to the midshelf 

(roughly 90 m water depth) where wave strength could no longer support the mud flow. 

These flows are considered to be supported by wave turbulence and are driven downslope 

by gravity.
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CHAPTER 2

INTRODUCTION TO FINE-GRAIN DEPOSITIONAL PROCESSES  

2.1 Fine-Grained Depositional Processes 

 High concentrations of fine-grained sediment can occur in modern tidal and wave 

environments as discussed in Chapter 1.  What impact do these observed SSC and current 

velocities have on the configuration of the bed and what sedimentary structures are 

formed in the associated deposits?  Although the bedforms created in sandy sediment are 

much better understood (Boguchwal and Southard, 1990), flume studies have started to 

constrain the variables and expected deposits produced by muddy flows (Baas and Best, 

2002; Schieber et al., 2007; Baas and Best, 2008; Baas et al., 2009; Baas et al., 2011).  In 

this chapter, the near-bed mechanics will be discussed as a precursor to developing a bed-

configuration diagram for fine-grained sediment.     

Dynamics of High-Concentration Muddy Flows :Flocculation and Settling Rates

 An important property of fine-grained material is that electrostatic forces will act 

upon grains causing them to flocculate, a process in which the particles become attracted 

to one another to form flocs (McAnnaly, 2007).   The electrostatic forces are caused by 

the fact that the fine particles (fine silt and smaller) have a large surface area to weight 

ratio such that if enough particles are present, they will attract one another as a result of 

unsatisfied electrical charges at the edges of the crystal lattices (McAnally, 2007; Mehta 
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and McAnally, 2008), aided by the presence of dissolved organic material. The degree 

of flocculation and the resulting effect that is has on the settling velocity of the flocs and 

grains depend primarily on the amount of suspended sediment present, as the grains must 

be close together for the attractive forces to be effective. Free grain-by-grain settling 

occurs when SSC values are low and the particle collisions needed for flocculation to 

occur do not happen often.  The formation of flocs and flocculation settling begins to 

become more important as SSC values increase, leading to an increased settling velocity 

and settling flux (i.e., an increased rate of deposition; Figure 2.1).  The increase in 

settling velocity occurs as flocs become bigger due to the increased likelihood of particle 
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Figure 2.1- Settling flux of fine-grained material at differing SSC values. 
Note the decrease in settling flux at SSC values above 10 g/l (0.4 vol%). 
Modified from Mehta (1991).
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collisions.  This, coupled with the increased number of grains and flocs present at higher 

SSC values leads to the increased settling flux.  The relation between SSC and settling 

flux reverses at higher SSC values, however, as interstitial water cannot be removed 

upward through the increasingly dense muddy suspension due to the low permeability 

(Mehta and McAnally, 2008).  Studies have shown that this “hindered” settling begins 

to occur at approximately 10 g/l and is often associated with the formation of a lutocline 

(a discrete horizon that marks the top of a zone of increased SSC immediately above 

the bed) (Mehta, 1991) (Figure 2.2). The near-bed dense suspension below the lutocline 

is termed a fluid mud if the SSC is > 10 g/l (Mehta and McAnally, 2008).   Because the 

interaction of velocity, SSC and turbulence at the bed is integral to understanding the 

Figure 2.2- Vertical density profile in a flow with a near-bed high-density muddy 
suspension that is separated from the main flow by a lutocline.  Below the luto-
cline, horizontal layers illustrate the physical changes in the rheology of the sus-
pension as the concentration increases near the bed. From Mehta (1991).
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deposits of muddy systems, boundary-layer profiles for these varying conditions are 

examined in the following section. 

Flow Phases

 Three general flow phases have been observed in flume experiments using fine-

grained sediment (Baas and Best, 2008; Best et al., 2009, 2011) based on the SSC values 

present.  Turbulent flow occurs when little to no suspended sediment (roughly <1 g/l or 

0.04 vol%) is present; in such flows, there is a normal turbulent boundary layer (with a 

logarithmic velocity profile) and the intensity of turbulence (relative to the local average 

velocity) increases towards the bed (Figure 2.3A). This condition is identical to the 

“free settling” flow noted by Mehta and McAnally (2008), where turbulence prevents 

significant flocculation and aggregation of the suspended clay. For any deposition to 

occur in this flow phase, the shear stress at the bed must be below the threshold for 

removal of unconsolidated mud with a very low yield strength; such shear stresses are 

Figure 2.3- Boundary-layer profiles for varying SSC values (increasing to the right).  
The red line indicates the threshold for mud erosion. Note that the turbulent eddy size 
increases away from the bed, but that the intensity of turbulence (relative to the current 
speed at that level) increases towards the bed. K-H indicates a density interface where 
Kelvin-Helmholtz instabilities may form. From Mackay and Dalrymple (2011) after 
Baas et al. (2009).

D
ep

th
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lower than those that allow the accumulation of mud beneath the other flow phases 

mentioned below (Mehta and McAnnaly (2008). 

 When SSC values become high enough (>10 g/l or 0.4 vol%), hindered settling 

occurs and cohesive forces within the dense suspension dominate over shear forces 

allowing a non-shearing plug to form directly above the bed.  Within this plug turbulence 

is partially or completely suppressed. The boundary-layer profile will no longer have a 

logarithmic shape, although, above the lutocline (i.e., the top of the plug), a logarithmic 

shape will exist, signifying the presence of turbulent flow above the plug (Figure 2.3C 

and D).  Depending on the SSC value within these high-concentration flows, conditions 

below the plug, in the viscous sublayer, may be either laminar or turbulent.  Transitional 

plug flow occurs when turbulence persists in the viscous sublayer (between the bed 

and the plug), a condition that occurs at lower SSC values (<100 g/l or 4 vol%) than 

where laminar flow exists below the plug, a condition termed quasi-laminar plug flow.  

Turbulent eddies may be shed from the plug in the shear layer either above (transitional 

and quasi-laminar plug flow) or below (transitional plug flow) the plug, by means of 

Kelvin-Helmholtz instabilities that have been observed as sawtooth waves that propagate 

along these boundaries.  In transitional or quasi-laminar plug-flow settings, current 

velocities above the plug are well above the threshold of mud erosion, even though 

deposition can be occurring beneath the plug. Maximum flow velocities of 1.3 m/s have 

been documented by Baas and Best (2008).

 The third flow phase observed by Baas et al. (2009) occurs at intermediate SSC 

values, between plug flow and clear-water turbulent flow. Occurring at mid to low SSC 

values (1-10 g/l), transitional turbulent flow displays a logarithmic boundary-layer 
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profile; however, in this phase there are higher intensities of turbulence at the bed than in 

normal turbulent flow (Figure 2.3B).  Transitional turbulent flow is especially apparent in 

the flow separation zone and reattachment point downstream of an irregularity on the bed. 

The increased turbulent intensities originate from Kelvin-Helmholtz instabilities shed 

upward from a shear layer between a thickened viscous sublayer and the overriding flow.             

2.2 Bed-Configuration Phase Diagram

  Using data from Baas et al. (2009), Mackay and Dalrymple (2011, Fig. 3) created 

a phase diagram for the various flow phases with respect to velocity and SSC.  This two-

dimensional approach will be expanded here to include a broader range of conditions by 

adding a third dimension, grain size (Figure 2.4).  The data used in the present study to 

extend the capabilities of the Mackay and Dalrymple (2011) phase diagram were acquired 

from a range of sources (see text below) integrating information for both fine-grained and 

sandy sediments. As discussed in the previous section, cohesion is an important factor 

for deposition of fine-grained sediment and extra caution must be taken when comparing 

observations from studies using cohesive and non-cohesive sediment.  

 Several constraints are inherent to the diagram, and are due to limitations imposed 

by the nature of the flume studies on which it is based; therefore, some consideration 

must be taken of these when using the diagram.  The net result of these limitations is that 

the precise location, and to a lesser extent the shape, of the phase boundaries must be 

considered approximate at the present time. 

 First, the flume experiments used to construct the phase diagram were primarily 

conducted with decelerating flow.  Much of the work on the deposition of sediment from 
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high-concentration fine-grained flows was done by Baas et al. (2011) whose flume runs 

decreased in velocity from 1.2 m/s to 0.46 m/s.  By contrast, the experimental data for 

sandy sediments (e.g., Boguchwal and Southard, 1990) are obtained from steady flows. 

 Secondly, the flow is not assumed to be at capacity.  In an under-capacity 

decelerating flow, deposition may, but does not necessarily, occur and, as a result, 

there may be an erosion or by-pass field at high current speeds and fine grain sizes that 

are easily suspended. This is contrary to the conditions underlying the bedform phase 
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(1990), Schieber et al. (2007) and Baas et al. (2009), plus others listed 
in the main text. Dotted areas are formed in a plug flow (transitional or 
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diagram for sandy sediment (e.g., Boguchwal and Southard, 1990) in which it is assumed 

that the flow was at capacity and in equilibrium (i.e., steady-state conditions such that 

neither net deposition or erosion occur).  

  Thirdly, the grain size is not represented simply as a grain diameter.  The grains 

in muddy systems are influenced by the existence of interparticle cohesive forces leading 

to flocculation, which causes aggregation of the grains into larger particles (McAnnaly, 

2007).  Cohesion can also impart a shear strength to high-density suspensions (Baas 

et al. 2009, 2011).  In general, these cohesive affects become stronger as the sediment 

becomes finer.  Silt grains finer than 0.01 mm are considered to be cohesive by McCave 

et al. (1995), who studied “sortable silt” (0.01 to 0.063 mm silt): sortable silts are capable 

of being sorted by a flow and, hence, McCave et al. (1995) believe that current speeds 

can be inferred from the grain size of such sediments.  Because of the importance of 

cohesion, the grain-size axis in these phase diagrams is the relative proportion of coarse, 

non-cohesive grains (sortable silt and sand) and finer grains that display cohesion. 

  Fourthly, the water depth is not considered in this phase diagram because of the 

visual complication associated with the addition of a fourth dimension and the lack of 

data on the influence of depth on bed configurations in fine-grained flows.  The studies 

from which the phase diagram was developed reported the flow depth, but they did 

not control it as a separate variable, meaning that the complete effect it has on the bed 

configuration cannot be determined.  Williams (1970) suggests that at current speeds 

lower than 1.2 m/s (which accounts for nearly the entire diagram), the water depth will 

have an influence on bed configuration, but the nature of that influence remains to be 

determined.  
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 Lastly, the flume experiments by Baas and Best (2008) and Best et al. (2009, 

2011) use recirculation, which may lead to destruction of any flocs that have been 

generated in suspension (Schieber et al. 2007).  The destruction of flocs does not allow 

for the development of an equilibrium size distribution of flocs in the water column, 

something that would exist in nature, but rather creates a size distribution skewed to 

smaller flocs. The influence of this is also not fully understood. 

  The X and Y axis of the phase diagram (Figure 2.4) are relative grain size and 

depth-averaged current velocity, while the Z axis is SSC.  Each plane (X-Y) of the phase 

diagram (Figures 2.5-2.8) will be examined individually in the following sections. 

0.1 vol% SSC (Figure 2.5)

 The flow is fully turbulent at these low SSC values, except at current speeds 

near zero, and shows a logarithmic boundary-layer profile (Figure 2.3A). It is likely that 

floccule settling (Fig. 2.1; Mehta and McAnally, 2008) occurs at lower velocities in flows 

with a significant cohesive-sediment fraction. Traction transport of flocs occurs at higher 

current speeds, creating floccule ripples in cohesive sediment below 0.2 m/s (Scheiber 

et al., 2007).  The Scheiber et al. (2007) study is used to constrain the fine-grained end 

on the phase diagram and is extrapolated to coarser grain sizes where linguoid ripples 

have been observed to form in non-cohesive (i.e., sortable) silt (Rees, 1966) and very 

fine sand (Boguchwal and Southard, 1990).  Above the current-speed values in which 

floccule ripples are observed (Schieber et al., 2007), the bed contains no stable bedforms 

in cohesive sediment.  The ripple stability field increases in size (with respect to current 

speed) as the sediment becomes coarser and less cohesive, joining with the rippled bed-
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configuration phase in sand-size sediment (Boguchwal and Southard, 1990; Schieber 

et al. 2007). The upper-plane-bed field is extrapolated from the very-fine sand end 

of the phase diagram for non-cohesive (sandy) sediment (Boguchwal and Southard, 

1990). Below the rippled-bed field there is a lower plane-bed (laminated) field, which is 

based theoretically on the “D” division of the Bouma sequence.  This field is thought to 

expand towards the sand end of the diagram despite the fact that the phase diagrams in 

Boguchwal and Southard (1990) do not contain an equivalent lower plane-bed field in 

fine grain sizes.  This is likely due to the non-steady and decelerating nature of the flows 
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Figure 2.5- Two-dimensional graph of bed configurations 
with respect to grain size and velocity at 0.1% SSC. The 
flow is fully turbulent; only at the lowest current speeds 
will fine-grained sediment accumulate.
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on which the phase diagram developed here is based, compared to the steady flow used in 

Boguchwal and Southard (1990).  At velocities below those that create a laminated lower 

plane bed, all sediment in suspension settles out, which creates an un-laminated lower 

plane-bed deposit.  

1 vol% SSC (Figure 2.6)  

 At 1% SSC the flow enters the turbulence-enhanced transitional flow phase 

in situations where the sediment consists primarily of cohesive grains, where greater 

turbulence intensities exist at the bed than in clear-water flows. Because of the increased 
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Figure 2.6- Two-dimensional graph of bed configurations 
with respect to grain size and velocity at 1% SSC.  Note 
the overall decrease in the area of deposition, due to the 
enhanced turbulence associated with transitional turbulent 
flow.
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turbulence, the erosional field is larger than at lower (0.1%) SSC values (Figure 2.5) 

(Baas et al. (2009).  Schieber et al. (2007) did not observe floccule ripples at this SSC 

level, presumably because increased SSC values impede the formation of bed defects 

(especially in cohesive sediment), which are required for the initiation of any three 

dimensional bedform (Arnott, 2012).  In its place, the lower plane, laminated-bed 

configuration will persist in cohesive sediment due to burst and sweep cycles (Bridge, 

1978).  The lower plane, laminated-bed configuration will transition into a rippled-bed 

towards the less cohesive end of the diagram, where Mackay and Dalrymple (2011) have 

interpreted mixed grain-size ripples, in which mud appears in either the trough or crest, 

to have formed at these SSC values.   The un-laminated lower plane bed field remains 

equal in size as in the 0.1% SSC plane. The upper plane-bed (laminated) field is slightly 

decreased relative to the 0.1% SSC plane, due to the increased turbulence.    

5 vol% SSC (Figure 2.7)

  Transitional plug flow occurs in the finer grain sizes (dotted area) in flows of 

5% SSC because turbulence near the bed is suppressed.  Due to this elevated SSC the 

depositional field is overall larger than in the previous two phase planes (Figures 2.5 and 

2.6).  The un-laminated lower plane-bed field is stable in faster current speeds because the 

transitional plug layer has a higher internal strength and can withstand a higher current 

speed in the over-riding flow than at 0.1% and 1% SSC (Baas et al. 2011).  Un-laminated 

lower plane-bedded fine-grained cohesive material is stable over the widest range of 

current speeds at this SSC concentration as interpreted by Mackay and Dalrymple (2011), 

who attributed the sorting that defines the lamination to the presence of Kelvin-Helmholtz 
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shear instabilities along the base of the plug. This lower plane bed configuration, 

produced by Kelvin-Helmholtz waves along a density boundary differs from the lower 

plane beds at 0.1% and 1% which are thought to be created by the action of burst and 

sweep cycles (Bridge, 1978).  These two mechanisms may not operate continuously as 

SSC increases, but rather the burst and sweep mechanism may taper out at concentrations 

between 1-5%, because the developing plug prevents turbulence from impinging on the 

bed, whereas the development of a transitional plug that allows the presence of Kelvin-
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area) which limits traction transport and the formation of 
ripples in all grain sizes.
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Helmholtz instabilities might not occur until somewhat higher SSCs, the situation 

indicated by the continuous line in Figure 2.8.  In this case, laminated plane bed will 

not be present across the full range of SSC values.  Alternatively if Kelvin-Helmholtz 

instabilities begin to occur at the same SSC  values as burst and sweeps become less 

effective as a grain-sorting mechanism, then the lower plane bed (laminated) field is 

continuous between 1 and 5 % SSC as indicated by the hashed line in Figure 2.8.  More 
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flume studies are required to understand the relationship between the differing lamina-

creating mechanisms in lower flow regimes over the complete range of SSC.  These 

lower plane bed laminations produced by Kelvin-Helmholtz instabilities are not present 

in the coarser end of the diagram because a plug is required for their formation (plug 

occurs in dotted area), which is not possible in non-cohesive material.  The rippled bed 

field is no longer stable at 5% SSC due to the lack of a mechanism to initiate bed defects 

at high SSCs (Arnott, 2012).  Upper plane bedding has been observed in non-cohesive 

Figure 2.9- Two-dimensional graph of bed configurations with 
respect to grain size and velocity at 10% SSC.  Quasi-laminar 
plug flow occurs at this concentration in the dotted area.  Conse-
quently, turbulence at the bed is near zero in fine-grained sedi-
ment (Baas et al. 2009), whereas sorting into upper plane beds 
has been observed in coarser, non-cohesive sediment at these 
SSC levels by Leclaire and Arnott (2005).
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sediment at high volume fractions and moderate currents speeds by Leclair and Arnott 

(2005).  

10 vol% SSC (Figure 2.9)

 At 10% SSC quasi-laminar plug flow persists in the cohesive grain sizes (dotted 

area), suppressing turbulence at the bed; consequently, there is no mechanism to sort 

the fine grains resulting in the absence of lower plane bed (unlaminated) in cohesive 

sediment.  In non-cohesive sediment, lower plane-bedded (unlaminated) mud exists at 

lower current speeds and upper plane-bedded sand at higher current speeds.  Because of 

the lack of sorting beneath the plug, lower plane-laminae are not possible at any grain 

size.  As demonstrated by Leclair and Arnott (2005), upper plane bed can occur in non-

cohesive sediment at SSC values of up to 20%; therefore, the highest velocities of this 

phase plane will generate laminated sand.  The erosional field only exists at the very 

highest current velocities and smallest grain sizes, where the shear forces from the flow 

are great enough to break apart and re-suspend the plug.  

2.3 Conclusion

 The foregoing analysis of the available flume data suggest that it is possible to 

generate a bedform phase diagram for fine-grained sediment.  However, although this is 

possible, the uncertainties are significant and much further work is needed to locate the 

position and shape of the phase boundaries.  Despite this, these phase diagrams will be 

used in the subsequent chapters to interpret the origin of the mudstone layers examined in 

this study.
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CHAPTER 3 

GEOLOGICAL SETTING AND METHODS

3.1 Introduction     

 The Tilje Formation, from which the samples used in this study are obtained, is 

an Early Jurassic tide-influenced to tide-dominated deltaic succession (Ichaso, 2012) 

located offshore mid-Norway, beneath the Halten Terrace (Figure 3.1)  The presence of 

thick mudstone layers (many interpreted by Ichaso and Dalrymple (2009) as fluid-mud 

deposits) throughout certain environments (tidal-fluvial channel, mouth bar and delta 

front) are partially responsible for the heterolithic nature of the Tilje Formation.  The 

processes that occur as a result of moderate to high SSC values (outlined in Chapter 1 

and 2) are likely influential in the deposition of these thick mudstone layers.  The tidal 

deltaic nature of the Tilje Formation, along with seasonal periods of high discharge, were 

responsible for the development of a turbidity maximum zone (TMZ), beneath which 

fluid-mud deposits can accumulate in a variety of tidal-fluvial and deltaic environments 

(Ichaso and Dalrymple, 2009).  These mudstone layers are the basis of this study and 

their context within the Tilje Formation is discussed below.  This is followed by a review 

of the methods used in the examination of these mudstone layers.

3.2 Geological Setting

Stratigraphy

 The Tilje Formation is Pliensbachian (Early Jurassic) in age and erosively 

overlies the delta-plain deposits of the Hettangian-Sinemurian Åre Formation and sharply 
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underlies the marine shales of the Toarcian Ror Formation (Martinius et al., 2005) (Figure 

3.2) (Martinius et al., 2001). The Tilje Formation has an average thickness of 120 to 150 

m (maximum 300 m) and can be subdivided into two stratigraphic sequences (Martinius 

Figure 3.1- Location map of the Halten Terrace in relation to A) Europe and B) 
Norway, with Trondheim being the nearest city.  C) Map of the Halten Terrace, with 
hydrocarbon producing fields labeled.  Outlined in yellow are the three fields from 
which samples are taken for this study: Smorbukk, Trestakk and Heidrun.  ASG- 
Åsgard Field (which contains the Smorbukk field) (From Ichaso, 2012 after Marsh 
et al., 2010).  
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et al., 2001). The lower sequence is interpreted to be a tide-influenced to -dominated delta 

showing alternations of proximal tidal and more distal wave-influenced environments, all 

with an overprinting of fluvial seasonality (Figure 3.2).  The upper sequence is interpreted 

to be a tide- and fluvial-dominated delta and contains many tidal-fluvial channels and 

mouth bars that show wave influence (Martinius et al., 2001; Ichaso, 2012).   Two major 

tectonic pulses are associated with the two sequences observed in the Tilje, and are likely 

responsible for the geomorphological changes to the basin that caused the transition from 

a more wave-dominated to a tide-influenced coast (Ichaso, 2012). 

  

Paleogeography

 The Tilje Formation is a deltaic succession located in the northern North Sea 

on the Halten Terrace.  During the time of deposition, the Halten Terrace was located 

at a paleo-latitude between 49o and 53o north in a warm and seasonally variable climate 

(Martinius et al., 2001). The Tilje was deposited during the syn-rift phase associated 

with the breakup of Pangea and opening of the North Atlantic Ocean; subsidence is 

controlled by crustal extension and thermal sagging (Martinius et al., 2009; Ichaso, 

2012), supplemented by sediment loading.  During this time the North Atlantic was a 

narrow (1500 km long by 250 km wide) seaway that connected the Boreal Ocean and 

the Tethys Ocean (Martinius et al., 2001) (Figure 3.3).  A topographic high to the west of 

the Halten Terrace produced by domal uplift from pre-rift heating separated the seaway-

parallel Tilje depositional basin from the main proto-North Atlantic seaway.  The north-

south-oriented Tilje basin connected to the main seaway primarily to the south (Ichaso, 

2012).  Petrographic evidence indicates that sediment was sourced primarily from the 
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Figure 3.2- Left-Stratigraphy of the Late Triassic to Middle Jurassic succession from 
offshore mid-Norway.  The Tilje Formation, which is part of the Bat Group, overlies 
the Åre Formation and underlies the Ror Formation. Right-Generalized summary 
log of the Tilje Formation showing the vertical distribution of depositional environ-
ments as well as the sequence-stratigraphic subdivision of the succession. From Ichaso 
(2012) after Nøttvedt et al. (1995), Corfield and Sharp (2000), and Marsh et al. (2010).
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Figure 3.3-Paleogeographic map of the Early Jurrassic during deposi-
tion of the Tilje Formation.  Highlighed in the red box is the proto-
North Atlantic Ocean. From Martinius et al. (2001).
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Baltic Shield to the east of the Halten Basin (Martinius et al. 2001), with sediment 

entry generally from the north (Ichaso, 2012) into a southward-flaring embayment, in 

which wave action was more intense in the wider southern areas and tidal action was 

accentuated in the more constricted northern part. 

3.3 Environmental Context of Thick Mudstone Layers

 Three environments (tidal-fluvial channels, mouth bars and delta-front areas) 

within the Tilje have been identified to contain fluid-mud deposits, all of which are 

represented in the selected samples.  These environmental interpretations are derived 

from Ichaso (2012) who based them on careful examination of cores. 

 Tidal/ Fluvial Channel

 Tidal-fluvial channels have been recognized in the upper mid-Tilje as sharp- and 

erosionally based, fining-upward successions that are 1-5 m thick (Figure 3.4, Appendix 

3). The coarsest sand and/or gravel grains occur at the base along with rip-up mud clasts 

and thick fluid-mud layers.  The thickest fluid-mud layers occur at or near the channel 

base and decrease in occurrence and become thinner (from > 1-2 cm thick to only a few 

millimeters thick) upwards in the successions. The decrease in the abundance of fluid–

mud layers upwards is thought to be due to the decrease in SSC values upwards in the 

channels (Ichaso and Dalrymple, 2009).  The fluid-muds are thought to be slack-water 

deposits formed by variations in the current speed.  Strong fluvial currents are inferred 

from the presence of unidirectional dune cross-bedding and conglomerates.  Tidal 

indicators exist, but are not ubiquitous throughout the channel successions and include 

bidirectional paleocurrents (herringbone cross-beds) and alternating thick and thin 
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mudstone drapes. Bioturbation is low, containing mostly vertical burrows, likely a result 

of a brackish-water stressed environment.

     

Base

Top

Channel

Figure 3.4- Representative core photos of interpreted tidal-fluvial 
channel. Locations of several sampled mudstone layers are highlighted 
in yellow in the close-up core photos.  From the Trestakk Field, well 
6406/3-2,  4294.00-4289.00 m depth. 
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Mouth Bar 

 Mouth bars occur in the middle of the Tilje Formation and can be recognized as 

upward coarsening, 2-4 m-thick successions (Figure 3.5, Appendix 3).  The lower one-

half to two-thirds of each mouth-bar succession is very heterolithic with both thin and 

thick (i.e., fluid-mud) layers alternating with cross bedded sandstone. Based on variations 

Top

Base

Mouth Bar

Figure 3.5- Representative core photos of interpreted mouth-bar de-
posit. Locations of sampled mudstone layers are highlighted in yellow 
in the close-up core photos.  From the Smorbukk Field, well 6506/11-
4S,  4957-4952 m depth.
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in sand grain size and degree of bioturbation, the lower portion of mouth-bar successions 

contains packages of sediment 10-30 cm thick that are interpreted to show evidence of 

seasonal variations in river discharge (Ichaso and Dalrymple, 2009). Higher-discharge, 

river-flood deposits are thicker bedded, contain coarser grains and a greater abundance 

of fluid-mud layers, and lack bioturbation.  By contrast, the lower-discharge interflood 

deposits are thinly bedded, finer-grained and more intensely bioturbated.   Fluid-mud 

layers accumulate during slack-water in the mouth-bar area when the TMZ is pushed 

further seaward as a result of river floods. Interspersed within these mouth-bar deposits 

are 2-4 m-thick upward-fining successions that are interpreted as terminal distributary 

channels.  Terminal distributary channels occur as sharp-based cross-bedded sandstones 

with thick (+3 cm) fluid-mud layers and mudstone rip-up clasts. The upper part of these 

successions consists of sandstones showing bidirectional ripple cross-lamination and 

double mud drapes.  Although these tidal indicators are present throughout the mouth-bar 

deposits, HCS (hummocky cross stratification) is also present, indicating that storm-wave 

action did occur sporadically.  

Delta Front

 Delta-front deposits in the Tilje are heterolithic, mixed sandstone-mudstone, 

1-1.5 m-thick successions that thicken and coarsen upwards (Figure 3.6, Appendix 

3). Combined-flow ripples and HCS indicate that regular wave activity reworked 

the sediment. Storm cyclicity is observed as storms deposits (sharp-based, weakly 

bioturbated beds with HCS) that are interbedded with fair-weather deposits (strongly 

bioturbated beds). Fluid mud layers are always associated with storm-generated structures 
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and overlie the storm-deposited sandstone layers. The fluid mud was likely resuspended 

by wave action and moved as a mobile layer downslope, coming to rest atop the 

sandstone layer deposited by the same storm.   

Top

Base

Delta Front

Figure 3.6- Representative core photos of interpreted delta-front deposit. Locations 
of sampled mudstone layers are highlighted in yellow in the close-up core photos. 
From the Smorbukk Field, well 6506/11-G-1H (6506/11-5S), 4634.00 to 4629.00 m 
depth.
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3.5 Sample Database 

  Forty-five samples of suspected fluid-mud layers have been selected from 

core taken by Statoil from the Trestakk, Smorbukk and Heidrun hydrocarbon fields 

on the Halten Terrace, offshore mid-Norway (Figure 3.1C). Each sample was selected 

based on the criteria proposed by Ichaso and Dalrymple (2009) from study of the same 

rocks.  Samples were selected prior to the work by Mackay and Dalrymple (2011) on 

intermediate SSC flows and their deposits, and, therefore, the selection process was 

biased to the thickest mudstone layers (Table 3.1).  However, variation does occur within 

and between these thick mudstone layers and documenting that variability is the purpose 

of the project. Of these 45 samples, 17 were selected to be made into thin sections based 

the quality of the samples (broken and fissile samples were avoided because it is harder 

to make thin sections from them), and to obtain a large variation in mudstone-layer 

thickness and depositional environment.  Channel mudstone layers are the most sampled 

(8 out of 17) and are the thickest, with an average of 3.77 cm.  Mouth-bar mudstone 

layers are on average slightly thinner (2.18 cm) than channels based on the 6 samples 

taken.  Delta front mudstone layers are the least samples (3 out of 17) and the thinnest, 

with an average of 1.83 cm.

Table 3.1- Selected sample overview (number of samples and average layer 
thickness in cm) based on environment.

Samples

Page 1

Channel 8 3.77

6 2.18

Delta Front 3 1.83

Environment Number of Samples Sampled Layer Average Thickness

Mouth Bar
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3.6 Methods

 Thin sections were made from each of the 17 selected core samples using an 

oil-based saw during preparation, to insure that water did not come in contact with the 

samples to prevent the clay grains from swelling.  Thin sections were made by Vancouver 

Petrographics from vertical (single and serial) and horizontal cuts. The samples were cut 

into 20 μm super-thin polished sections to allow as much light as possible to pass through 

the section during examination.  A few standard 30 μm thin sections were cut, but these 

tended to be too dark for detailed observation of structures within the mudstone.  Each 

thin section had blue or clear epoxy filling any pore space and fractures.  Thin-section 

pictures were taken with a Leica DFC 295 camera and variables such as contrast and 

brightness were adjusted using Adobe Lightroom.  

 Observations detailing vertical changes in grain-size and structures in the thin 

sections were made at 0.5 to 1 mm scale.  Detailed logs (Appendix 3) were made 

by using core photographs and logged at a ~5-10 cm scale.  Although not central to 

the study, the mineralogy of the sand and silt was determined using a petrographic 

microscope.  The clay grains in some mudstone layers were also examined under an SEM 

and XRD to obtain general mineralogical data.
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CHAPTER 4

FACIES AND INTERPRETATION OF THICK MUDSTONE LAYERS

4.1 Mudstone Analysis

Introduction

 Mudstone layers in the Tilje Formation are abundant, often very thick (2-3 cm 

average but can be > 10 cm), and appear to be structureless in hand sample (Ichaso and 

Dalrymple, 2009; Ichaso, 2012).  However, structures are observable in thin section 

and several different structures can occur within a single mudstone layer.  The thick 

mudstones that occur in tidally influenced environments such as tidal-fluvial channels and 

mouth bars typically contain little or no syndepositional bioturbation, commonly exhibit 

evidence of tidal cyclicity, and are generally but not universally associated with thick and 

commonly cross-bedded sandstones, this suggests that these mudstone layers were likely 

deposited over a short period of time (e.g., tidal slack-water periods).  Those associated 

with HCS in delta-front deposits are likewise not bioturbated, except for burrows that 

are clearly post-depositional in origin, and are also interpreted to be rapidly deposited 

in the immediate aftermath of storms (Ichaso and Dalrymple, 2009). The mineralogy 

of the cohesive fraction of mudstone layers is very micaceous, with elongate mica 

(biotite and muscovite) grains occurring with possible illite grains.  The coarser siltstone 

and sandstone non-cohesive fraction, occurring within or surrounding mud layers, is 

dominated by angular quartz grains, with minor amounts of feldspar.  These coarser 

grains can range from fine silt to very coarse sand, but most commonly range from coarse 
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silt to fine sand. The mudstone samples are generally competent and non-fissile, but can 

have increased fissility when organic layers, which can occur as styloseams, are present.  

The color of the mudstone layers ranges from grey to dark grey.         

PLM

CLM

UM

A

C

B

Figure 4.1- Schematic illustrations and thin-section pictures of the three mudstone 
facies types recognized in the Tilje Formation.  The areas where each facies is present 
are marked by the red line at the left edge of each sketch. Sand is the lighter grains 
whereas the claystones are darker brown.  The UM facies in A is from Smorbukk 
Field, well 6506/12-I-4H, 5144.51 m depth. The PLM facies in B is from the Trestakk 
Field well 6406/3-2, 4291.53 m depth. The CLM facies in C is from the Trestakk 
Field, well 6406/3-2, 4292.16 m depth.
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 Three different facies are recognized within these mudstone layers: unstratified 

mudstones (UM) are structureless (Figure 4.1 A); parallel-laminated mudstones (PLM) 

display lamina-scale (sub-millimeter) alternations of clay and silt or silt plus sand 

(Figure 4.1 B); and cross-laminated mudstones (CLM) that are composed of silty cross 

lamination that commonly exhibits ripple-formset morphologies (Figure 4.1 C).  Mackay 

and Dalrymple (2011) analyzed the mudstone layers in the Bluesky Formation, Alberta, 

Canada, and identified four facies based on sedimentary structures.  Facies UM, PLM 

and CLM correspond, respectively, to their facies UM2, SM2 and SM1.  Facies UM1 in 

Mackay and Dalrymple (2011) is represented by thin (< 3 mm thick) mudstone layers 

which were not examined in this study because only mudstone layers more than about 10 

mm thick were sampled. The depositional conditions under which each facies formed, 

along with the vertical facies successions present within individual mudstone layers will 

be used to interpret the suspended-sediment concentration (SSC) values and the current 

velocities of the flow during deposition of the layers. 

 

4.2 Unstratified Mudstone (UM) Facies

UM Description

 This facies consists of thick claystone and siltstone laminae (2-10 mm thick) and 

beds (> 10 mm thick) that do not contain any internal lamination in thin section.  On 

average the thickness of this facies is 5-8 mm (Figure 4.2).  Sharp upper contacts are 

ubiquitous when sand overlies the UM layer; however, the upper contact is gradational 

where overlying sediment is fine grained and laminated.  Soft-sediment deformation (i.e., 



40

loading) is rarely present where sandstone overlies a UM layer, and where it is present 

it is minimal.   Bottom contacts may be sharp into underlying rippled or structureless 

sandstone and laminated mudstone, or gradational into laminated mudstone.  The 

gradational transitions occur due to the combination of grain size and thickness of the 

laminae.  Within some UM layers, “floating” sand and silt grains (i.e.,outsized, large 

particles are distributed randomly throughout otherwise structureless fine-grained 

sediment) (Figures 4.1 A, 4.2).  The presence or absence of these floating coarse particles 

is used to define two subfacies.  The size of the floating grains may show no vertical 

grain-size trend, or can become coarser or finer upward.  Structureless coarse layers, 

ranging from 1-4 mm thick, commonly occur at the base of UM layers that do not contain 

floating grains; however, basal coarse layers are occasionally associated with layers 

containing floating grains (Figure 4.3).  The size of the grains within these basal coarse 

Figure 4.2- Example of UM without any floating grains underlying a layer of UM 
with an upward coarsening and increase in the abundance of floating coarse grains. 
The lower UM layer has been truncated by a stepped erosion surface (indicated 
by the red dashed line). A basal coarse layer is present along the stepped erosional 
surface, except at the steepest part (the grains likely slide down the slope).  Sample 
from Smorbukk Field, well 6506/12-I-4H, 5145.11 m depth.

UM (Upward Coarsening 
      Floating Grains)

UM (No 
Floating Grains) 

5 mm
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layers is similar to that of the floating grains, ranging from coarse silt to fine sand.  These 

basal layers often have a cohesive matrix that increases in percentage upwards to 100% 

in the upper part of the UM layer.  Unstratified mudstones are observed in all three 

environments (channel, mouth bar and delta front). 

UM Interpretation

 Unstratified mudstones are interpreted to have formed over a range of SSC 

levels, from low (1%) to high (>10%), under conditions where near-bed turbulence 

was completely suppressed by the presence of a “plug” (a strong cohesive network of 

clay floccules, with or without dispersed coarser grains) (Baas et al., 2009; Mackay 

and Dalrymple, 2011). Quasi-laminar plug flow, which lacks turbulence and, thus, a 

mechanism to sort the grains into layers (Baas et al., 2009) is likely responsible for the 

formation of UM layers (Figure 2.3 D). The difference between the subfacies with or 

UM 

5 mm

Basal Coarse Layer 

Figure 4.3-  UM layer containing a basal coarse layer. 
Sample from Smorbukk Field, well 6506/11-G-1H, 
4557.39 m depth.
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without floating coarse grains is dependent on the cohesive strength of the suspension: 

if the cohesive strength is low, the larger grains are able to settle to the bottom, whereas 

settling is inhibited at higher values of cohesive strength within the muddy suspension. 

Baas et al. (2011) noted that the critical value occurred at SSC levels of ~12% to 15%.  At 

values below this, the coarser grains sink through the mud, forming a basal coarse layer; 

at higher values, they remain suspended within the mud (Figure 4.3).  In some cases 

the floating coarser grains appear to be graded with the larger floating grains occurring 

lower within the mudstone layer. This is normally attributed to turbulent sorting, but in 

these structureless mud layers it is interpreted to be due to the differential ability to sink 

through the suspension: coarser grains exert more stress on the muddy suspension and 

sink farther than smaller grains. 

4.2 Planar-Laminated Mudstone (PLM) Facies

PLM Description

 Planar-laminated mudstones are common to all three environments in this study; 

many intervals interpreted by Ichaso and Dalrymple (2009) as unstratified based on 

macroscopic examination are actually laminated when observed in thin section.  Layers 

consisting of PLM range from <1 mm to 15 mm while the thickness of individual 

laminae is approximately 0.1 mm.  The laminae are primarily composed of single-

grain layers of fine to very fine silt, alternating with laminae consisting of clay grains 

(Figure 4.4). In some instances the laminae may be composed of even coarser grains 

(up to coarse silt or even very fine sand) alternating with clay grains.  Less commonly, 

the laminae are composed entirely of alternating layer of very-fine silt and clay-sized 
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grains.  The distinctness of laminae is variable, ranging from very prominent to indistinct 

which is based on the grain size and laminae thickness. Indeed, there is apparently a 

complete gradation into unstratified mudstone, especially in examples where the laminae 

are composed entirely of cohesive-sized particles (i.e., very fine silt and clay grains).  

Within a sample the distinctness of the laminae may change vertically, usually being 

more prominent and distinct where the proportion of coarser grains is greatest (Figure 

Figure 4.4- Example of a thick continuous PLM bed, with a basal sand 
layer and an upper contact with SSD (soft sediment deformation). 
Sample from the Smorbukk Field, well 6506/11-4S, 4955.39 m depth.

Basal Sand Layer

PLM (Continuous)

SSD

5 mm
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4.4) or when laminae are thickest.  Two distinct subfacies have been observed, based on 

the continuity of the coarse laminae: continuous and non-continuous PLM.  Laminations 

are considered continuous if they can be traced across the width of a thin section (i.e., 

26-46 mm; Figure 4.1 B), whereas non-continuous PLM are often orders of magnitude 

shorter in length, with the coarser grains occurring in short “grain clusters” that are 1-5 

mm or several grains in length.  Intervening clay layers surrounding the grain clusters are 

continuous across a thin section. Grain clusters are typically one grain thick and are often 

well sorted, with a large grain (fine to coarse sand) at one end, with smaller grains (fine/

very-fine to coarse silt) extending laterally in one direction (Figure 4.5).  

 In general, the upper contact of PLM with an overlying sand layer is always 

sharp and rarely displays soft-sediment deformation; such deformation is generally 

subtle (2-3 mm maximum relief).  When PLM layers are overlain by another mud facies 

(most commonly UM), the contact is typically gradational, but sharp contacts do occur 

Figure 4.5- Example of a grain cluster outlined in the red box. 
Sample is from Trestakk Field, well 6406/3-2, 4291.53 m depth.  
The dark lines in the upper left part of the image are organic lay-
ers that may have been concentrated along stylolites.

2 mm

Grain Cluster
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(with no soft-sediment deformation). The lower contact of PLM with an underlying sand 

is invariably sharp, with the exception of where a basal coarse layer, similar to those 

associated with UM, is gradational into the underlying cross-bedded sand (Figure 4.4). 

Where PLM overlies UM or CLM, the contact is generally gradational. 

PLM Interpretation

 Unlike UM, PLM requires turbulence at the bed to form, as well as a mechanism 

that facilitates the alternating deposition of finer and coarser sediment.  Figure 2.3 A, 

B and C illustrates the conditions with respect to SSC in which turbulence exists at the 

bed.  In Figure 2.3 A and B turbulence is present throughout the full flow, whereas in 

Figure 2.3 C it occurs only beneath a transitional plug.  The mechanisms in place to sort 

the sediment into laminations may vary depending on the SSC, but generally they are 

produced by burst and sweep cycles at low SSC and by Kelvin-Helmholtz instabilities at 

moderate to high SSC values as discussed in Chapter 2.

 Burst and sweep cycles are a quasi-cyclic fluid motion in turbulent flows that 

result in a variation in bed shear, both spatially and temporally (Bridge, 1978).  Laminae 

are formed first by the “burst”, in which the finer part of the bedload sediment is ejected 

upwards, with only a small amount of the coarsest grains remaining as a deposit, 

followed by a “sweep”, where a decelerating high-velocity inrush deposits finer grains 

(Bridge, 1978).  Burst and sweep cycles can occur in a turbulent boundary layer (Figure 

2.3 A and B) and therefore the formation of a plug (Figure 2.3 C and D) would prevent 

them from occurring. 

 In a transitional plug flow (Figure 2.3 C) Kelvin-Helmholtz instabilities can 
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produce sorted laminae.  These instabilities propagate along the base of the transitional 

plug, due to the sharp density interface, and will cause periodic velocity fluctuations 

that allow for alternating deposition of mud and silt (Baas et al., 2009; Mackay and 

Dalrymple, 2011). Kelvin-Helmholtz instabilities are restricted to SSC values of 

approximately 5%: at lower concentrations, a plug cannot develop and the sharp density 

interface will not form, while at higher concentrations, the sublayer below the plug is 

much less turbulent such that sorting cannot occur (Baas et al., 2011).  The transition 

from burst and sweep cycles to Kelvin-Helmholtz instabilities may not continuous as 

discussed in Chapter 2 (Figure 2.8), thus PLM might not form across the full range of 

SSC values.

 To produce a non-continuous lamination, the same mechanisms will operate, but 

under differing bed conditions. Hesse and Chough (1980) noted that many of the silty 

(coarser) continuous laminae within the TD division of turbidites were composed of 

numerous thin discontinuous streaks. Also, the silty laminae were less well-sorted than 

the clay (finer) laminae. To account for these differences, they suggested that, instead 

of the complete lamina being deposited during one burst and sweep cycle as proposed 

by Bridge (1978), the composite coarse laminae were deposited during periods of more 

intense bursts and sweeps which kept the finer grains suspended, whereas periods of 

less-intense bursts and sweeps allowed for deposition of the clay-rich, finer laminae. 

The periods of more intense burst and sweep cycles are thought to occur due to velocity 

fluctuations in the flow (Hesse and Chough, 1980).

 Pebble clusters are analogous to non-continuous coarse grain clusters and are 

likely produced by burst and sweep cycles.  The burst and sweep cycles are modified 
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by the presence of a large grain protruding into the flow, creating a rougher bed where 

increased turbulence keeps finer grains in suspension, while similarly sized or slightly 

smaller grains tend to be trapped in the wake or shadow of the larger grain (Brayshaw 

et al., 1983).  Thus, by analogy, the grain clusters that form non-continuous PLM are 

hypothesized to occur due to continuous entrainment of fine grains, and an insufficient 

number of coarse grains to produce a continuous laminae.  

 The continuous laminae produced by burst and sweep cycles and Kelvin-

Helmholtz instabilities are not easily distinguishable. The presence of UM gradationally 

overlying the PLM facies suggests that SSC increased and the flow went from 

transitional-plug to quasi-laminar plug, in which case the laminae were most likely 

created by Kelvin-Helmholtz instabilities.  Another depositional feature that might 

indicate deposition by Kelvin-Helmholtz instabilities would be exceptionally thick (> 

10 mm) PLM layers that contain soft-sediment deformation (SSD) at the top (Figure 

4.4).   SSD is an indicator that deposition was relatively rapid, as would be expected 

in moderate to high SSCs (Mill, 1983). PLM layers that do not contain gradationally 

overlying UMs or SSD, or are not exceptionally thick are therefore concluded to be 

deposited under lower SSC conditions (i.e., 0-1%) and generated by burst and sweep 

cycles.  

4.4 Cross-laminated Mudstone (CLM)

CLM Description

 Cross-laminated mudstones (CLM) are the least common of the three facies 

and are present only in the channel and mouth-bar environments. Two styles of CLM 
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have been observed in Tilje Formation. The first consists of starved ripple formsets, 

where fine-silty round-crested ripples are preserved with clay grains draping over the 

entire ripple crest and trough (Figure 4.1 C). The ripple formsets have a height of 1.5- 2 

mm and they occur in ripple trains which can be a single layer thick or a stacked set of 

rippled layers with no more than three layers in any occurrence.  Cross laminations in the 

formsets are very faint but, where present, clay laminae occur in the toeset.          

 The second style of CLM consists of rippled sand or coarse silt that passes 

gradationally into clay laminations in the trough (Figure 4.6).  In this case, a more bi-

model grain assemblage is present within the ripples (fine to medium sand interfingering 

with clay-rich mud).  In all cases the cross-laminated layers have a sharp upper contact on 

the stoss side of the ripples, but a gradational transition into the overlying mudstone on 

CLM 

UM 

Figure 4.6- Example of mixed-grain CLM with muddy sediment concentrated in 
the ripple trough. The scale below is in mm.  Sample is from the Smorbukk Field, 
well 6506/11-G-1H, 4557.85 m depth.
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the ripple lee side.  Mixed grain-size ripples have a height of 3 to 7 mm and always occur 

as individual ripples or in single-layer trains.   

CLM Interpretation

 As with PLM layers, CLM layers require traction transport and sorting of the 

grains at the bed in either a turbulent or turbulence-enhanced transitional flow (Figure 2.3 

A and B) (Baas et al., 2009; Mackay and Dalrymple, 2011).  Ripples have been shown 

to form at low (<1%) SSC levels in flume studies (Schieber and Southard, 2009), where 

mud flocs can be transported as bedload to form floccule ripples. 

 Floccule ripples, as described by Schieber and Southard (2009), have not been 

observed in the Tilje Formation mudstones, because laminations within floccule ripples 

consist of variations in floc size, which are not easily observable after compaction and 

cementation.  However, the transport and deposition of floccules from bedload may 

be crucial in the formation of CLM layers in which larger non-cohesive grains occur 

together with flocs. Mackay and Dalrymple (2011) and Baas and Best (2008) proposed 

that muddier ripple troughs occur due to the higher shear stress on the ripple crests, while 

turbulence is suppressed in the troughs enabling the infill of mud via traction transport of 

flocs.  

 The finer-grained ripple-formset type of CLM is likely deposited prior to the 

formation of a plug, during increasing SSC values.  As SSC values increase, mud 

begins to mantle the ripples decreasing the amount of flow separation in the trough and 

preventing silt from being transported as bedload.  Any muddy cross laminae observed in 

the Tilje Formation was deposited in low SSC values (i.e., ~ <1 %) (Figure 2.4).     
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Figure 4.7- Fine-grained bedform phase diagram (cf. 
Figure 2.4) showing the conditions under which each 
of the three mud facies observed in the Tilje Formation 
were formed.
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4.5 Bedform Phase Diagram

 The bed-configuration phase diagram presented in Chapter 2 (Figure 2.4) can be 

modified easily to include the facies described above, which then allows it to be used 

as an interpretive tool for ancient deposits (Figure 4.7).  The precautions mentioned in 

Section 2.2 remain relevant.

 At all SSC values, the un-laminated lower plane-bed field is considered to form 

UM at finer (i.e., cohesive) grain sizes, and structureless silt and sand at coarser grain 

sizes.  At very high SSC values (i.e., 10% and 15%) and in flows with mixed grain sizes, 

the strength of the plug is a factor that will dictate whether or not sand or silt particles 

will be suspended (i.e., “float”) in the mud, or create a basal sand layer (Bass et al., 

2011): at 10% SSC the plug does not have enough internal strength to allow the grains to 

float, resulting in the formation of a basal coarse-grained layer, while at 15% the strength 

is sufficient to allow any coarser grains to float within the mud.  

 The laminated lower plane bed field in the bed-configuration diagram is 

represented as PLM at the finer-grained end of the field and parallel-laminated sand at the 

coarser end.  These lower-flow PLM layers are likely deposited by burst and sweep cycles 

as outlined in Section 4.2.  The rippled-bed field at 0.1% is subdivided by grain size, 

where CLM is present at the finer grains and sandy cross lamination formed by linguoid 

ripples at the coarser end.  Although not shown on the bedform phase diagram, the CLM 

field can be further subdivided into floccule ripples if the sediment is entirely cohesive, 

and mixed-grain ripples as observed by Mackay and Dalrymple (2011) at intermediate 

grain sizes.  At low-moderate SSC values (1%) the ripples become washed out at current 

velocities slightly higher than those in which linguoid ripples are stable (Baas and De 
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Konig, 1995).  The upper plane-bed field can be subdivided into PLM (in the finer grain 

sizes) and upper plane parallel lamination in the coarser grain sizes. 
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CHAPTER 5

VERTICAL SUCCESSIONS, SUCCESSION COMBINATIONS AND DEPOSITIONAL 

MODEL

 5.1 Vertical Successions- Observations

 Individual mudstone layers in the Tilje Formation rarely consist of a single 

facies.  Instead, it is usual to see vertical changes in facies within a single layer.  The 

vertical stacking of facies implies that flow conditions (i.e., current speed and suspended-

sediment concentration) changed over the time needed to deposit a single mudstone 

layer.  Most mud layers in modern tidal environments are deposited during a decelerating 

current (Kirby and Parker, 1983; Nichols 1985; Schrottke et al. 2006; Mackay and 

Dalrymple, 2011). Although it is less likely, accelerating currents can also deposit mud, 

especially when very high SSC values are present (Mackay and Dalrymple, 2011). The 

vertical successions (VS) of facies deposited as a result of a current deceleration or, less 

commonly, acceleration, are defined by internally gradational facies contacts and are the 

simplest building blocks within the mudstone layers. One or more vertical successions 

can occur within a single mudstone layer.  

 Based on the observations reported below, coupled with theoretical 

considerations, an idealized succession is proposed. Although the entire ideal succession 

was not observed, every observed vertical succession contains some part of it.  This 

vertical succession is based on the facies that are expected to be deposited by a 

decelerating flow, as predicted using the bedform phase diagram (Fig. 4.7).  These facies 

are: a basal sandstone layer that contains either cross lamination or upper plane-bed 
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lamination, overlain by CLM (cross-laminated mudstone) and a PLM (planar-laminated 

mudstone) layer, which is capped by an unstratified mudstone layer without floating 

grains (hereafter denoted as (UM(n)) followed by a UM layer containing floating sand 

(hereafter denoted as UM(f))(Figure 5.1).  For simplicity, when talking in general and not 

about specific unstratified mudstone layers, UM (with no suffix) will be used to denote an 

unspecified unstratified mudstone, either with or without floating sand.   

 The most common succession observed, vertical succession Sx-P-U (cross-bedded 

sandstone-PLM-UM), contains all of the components of the ideal succession except for 

the CLM (Figures 5.2,  5.3 and 5.4). The thickness of Sx-P-U successions ranges from 

7 mm to 55 mm.  The basal contact below the cross-bedded sandstone is ubiquitously 

sharp and the top contact of the vertical succession can be either sharp or gradational into 

CLM

PLM

UM(f )

X-Bed
Sand

UM(n)

Figure 5.1- “Idealized” complete vertical succession, based on the expected 
succession of bed configurations generated by a slowly decelerating current 
with a progressive increase in SSC values.  Although this succession was 
never observed, it is the foundation for the interpretation of all the observed 
successions.
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overlying sandstone or muddy facies. Sx-P-U successions were only observed in tidal 

environments and were equally common in both channels and mouth bars (Table 5.1).  

The thicknesses of the individual facies within the Sx-P-U succession have a large range: 

the basal sandstone layers can range from 2-40 mm, the PLM facies ranges from 2.5-15 

mm, and the UM facies ranges from 2.5-8 mm.  

 The Sx-P-U succession is very often not complete.  The most common missing 

facies is the basal cross-laminated sandstone, leaving planar-laminated mudstone (PLM) 

overlain by unstratified mudstone (UM) (Figures 5.2 and 5.5).  Typically upward fining 

UM w/ Floating Sand

PLM 

UM w/ Floating Sand

PLM 

5 mm

VS U-P

VS P-U

VS Sx-P-U

   Comb 1

Figure 5.2- Examples of vertical successions (VS) Sx-P-U, U-P and P-U that 
together form succession-combination (Comb) 1.  Epoxy filling voids is clear.
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occurs from PLM to UM as the silt context decreases.   As can be seen in Table 5.1, P-U 

(PLM-UM) successions occur in both tidal (channel and mouth bar) and, less commonly, 

wave-influenced (delta-front) environments.  The range in thicknesses of P-U successions 

is smaller than the Sx-P-U successions (5-30 mm); however, the thickness of only the 

mudstone facies in the Sx-P-U successions is comparable to that in the P-U successions.  

In delta-front environments, however, P-U successions may be thicker (up to 30 mm 

VS-Sp-C-U

VS-Sx-P-U

  Comb 2 CLM

UM w/ �oating sand 

Basal sand layer

UM w/ �oating sand

Figure 5.3- Examples of vertical successions Sp-C-U and Sx-P-U that together form 
succession-combination 2. (Core photo on left; thin-section image on right). The basal 
coarse layer is indicated by the arrows, just above the sandstone layer.  It is slightly lighter 
than the overlying mud.  Blue colour is epoxy filling voids.

Vertical Succession

Page 1

Vertical Succession Facies Total Count Delta Front Mouth Bar Channel
P-U PLM-UM 10 2 2 6
U-P UM-PLM 7 0 1 6

Sx-P-U X Bed Sand-PLM-UM 8 0 3 5
Sp-C-U Plane Bed Sand-CLM-UM 1 0 0 1

 Table 5.1- Distribution of vertical successions by environment.
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thick) than any Sx-P-U succession observed in the other environments. 

 Within Sx-P-U and P-U successions, a 1 to 2 mm-thick transition zone occurs and 

the base and/or top of the PLM layer, where prominent laminations gradationally become 

weaker until they are non-existent.  Sharper transitions do occur from PLM to UM layers, 

but these are much less common. A sharp transition does not necessarily denote an 

erosion surface, becasue a slight grain-size decrease (from visible silt grains to uniform 

clay-size grains) accompanies the facies change from PLM to UM.     

 The reverse of P-U vertical successions, U-P successions in which UM passes 

gradationally upward into PLM, is a very common occurrence.  Unlike P-U successions, 

PLM 

UM 

PLM 

VS Sx-P-U

VS Sx-P

   Comb 2 

5 mm

Figure 5.4- Example of stacked Sx-P-U and Sx-P vertical successions; the UM unit 
that may have capped the upper succession has been eroded when the overlying sand 
was emplaced.  This combination of vertical successions is, therefore, an example of 
succession-combination 2 (a sand-containing succession overlying another sand-con-
taining succession). Blue colour is epoxy filling voids.
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U-P successions were not observed in any wave environments and were predominately 

found in tidal-channel deposits (Table 5.1), except in one instance where it was observed 

in a mouth-bar sediments.  The thickness of these reverse successions is similar to that 

of the normal P-U successions found in tidal environments, ranging from 3-15 mm thick.  

Gradational contacts between the UM and PLM facies are ubiquitous and the transition 

from UM to PLM shows the same change in the prominence of laminations as in the P-U 

successions.  Grain-size grading, as with the P-U succession, occurs, and is the opposite 

(upward coarsening), with the coarser, silt grains restricted to the PLM layers.   

 A single facies may also represent an incomplete sequence.  UM layers are 

observed alone with sharp top and bottom contacts.  These successions are most 

commonly found in the mouth-bar and delta-front environments and occur with other 

single UM layers.  Single-facies UM layers tend not to be as thick as the UM layers 

within the more complete successions and range from <1 to 10 mm thick.  Sometimes the 

Figure 5.5- Examples of P-U and U-P vertical successions forming a succession-
combination 1.  Epoxy filling voids is clear.

5 mm

UM

PLM

UM

PLM

VS P-U

VS U-P

VS P-U
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sharp contacts between these single facies vertical successions may be associated with 

sudden changes in amount or presence of floating sand grains (Figure 5.6).  

  Other variations from the ideal succession occur in channel and mouth-bar 

deposits, most notably when either CLM or PLM (grain clusters) are present.  Although 

these facies are much less common than PLM (continuous) and UM, several vertical 

successions have been observed to contain them.  Typically, either CLM or PLM (grain 

clusters) occur in place of, or below, the PLM found in the ideal sequence.  Another 

variation observed is a basal parallel-laminated sand layer instead of the more common 

cross-laminated sand.  An observed vertical succession containing this basal parallel-

laminated sand, overlain by CLM and capped by a UM layer is termed a Sp-C-U 

(parallel-laminated sandstone-CLM-UM) succession.  Observed only once, its thickness 

is comparable to Sx-P-U successions, while the thicknesses of the individual facies 

UM PLM  UM 

PLM  

UM 

UM 

VS Sx-P-U

  Comb 3 

5 mm

PLM  

UM 

Sx 

Figure 5.6- Vertical-succession Sx-P-U overlying a succes-
sion-combination 3.  Epoxy filling voids is clear 
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are: parallel-laminated sandstone 10− mm, CLM− 8 mm and UM− 8 mm.  The contact 

between the CLM and UM is laterally gradational (i.e., the ripple lee side and trough 

become increasingly muddier with time), whereas the top contact on the ripple stoss side 

is sharp.    

5.2 Interpretation of Tidal Facies Successions 

 Vertical successions are deposits that represent some amount of change in current 

velocity, SSC or a combination of both, such that depositional conditions move out of the 

stability field of one facies into that of another.  Most commonly, a vertical succession 

is generated by a decelerating flow with the exception of vertical succession U-P   The 

bedform phase diagram constructed in Chapters 2 and 4 (Figures 2.4 And 4.7) is a useful 

tool that allow the reconstruction of flow history with respect to current velocity, SSC 

and grain size (Figures 5.7, 5.8 and 5.9).  In delta-front environments, wave energy is 

responsible for sediment transport and deposition as opposed to the tidal and/or river 

currents that are responsible for sedimentation in channels and mouth bars. 

Decelerating Flows

 Many of the vertical successions in the Tilje Formation are interpreted to have 

formed from decelerating flows. This is substantiated primarily by the grain-size changes 

throughout a vertical succession.  Successions Sx-P-U, Sp-C-U and P-U all show upward 

fining, which is reflected in the upward decrease in the amount of coarse silt. All of the 

vertical successions deposited during a decelerating flow have a common theme, with 
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SSC increasing as the current speed slows, with deposition ending in the quasi-laminar 

plug-flow or the stationary-plug field when the UM facies accumulates.  The differences 

amongst the different vertical successions are, for the most part, based on the conditions 

present when deposition begins.  In some instances the vertical successions may follow 

the same flow-history path after starting at differing points.  For example, PLM-UM-

containing successions (vertical successions Sx-P-U or P-U) (Figure 5.7 and 5.8) are 

likely generated by similar SSC and current velocities despite the presence or absence 

of a basal cross-laminated sand layer.  PLM layers are deposited in a transitional plug 

flow, where moderate to high amounts of suspended sediment accumulate prior to mud 

deposition occurring en masse from a quasi-laminar plug from or a stationary plug.  

Therefore, throughout the deposition of the PLM layer, SSC at the bed continues to 

increase until a non-turbulent quasi-laminar plug has formed and UM deposition begins.   

During the transition from PLM to UM layers, a plug is present and increases in strength 

as the flow decelerates and the SSC increases.  The addition of suspended sediment to the 

near-bed zone must not only be enough to change conditions from transitional-turbulent 

flow to the quasi-laminar regime, but it must also be enough to account for the loss of 

suspended sediment due the deposition of the PLM layer.  For the vertical succession 

Sx-P-U, higher current velocities and lower SSC values were present at the starting point, 

during deposition of the cross-laminated sand than is the case for P-U successions. The 

lack of sand at the base of the P-U succession is explained by either a lack of coarser 

sediment, perhaps because the bed had been mantled by a mud layer during the previous 

slack-water period, current speeds that were too low to transport sand, or SSC values that 

were high enough at the beginning of deceleration that sand was entrained in the plug as 



62

floating grains (P-U(f)).   

 Vertical succession Sp-C-U is interpreted to represent a decelerating flow but 

in this case starting from a higher current velocity compared to Sx-P-U successions, as 

indicated by the presence of sandy parallel laminations at the base (Figure 5.9).  During 

Figure 5.7- Interpreted flow history for the formation of vertical-succession P-U plot-
ted on the bedform phase diagram.  The numbers represent time, 1 the starting point 
and 2 the finishing point.
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deposition of the parallel-lamination sandstone, the flow is fully turbulent until the 

velocity decreases and SSC increases, as interpreted from the presence of the overlying 

finer-grained CLM unit.  The CLM represents a slower increase of SSC, initially, 

compared to the Sx-P-U succession as CLM is restricted to the 0.1 or 1% plane of 

Figure 5.8- Interpreted flow history for the formation of verti-
cal-succession Sx-P-U plotted on the bedform phase diagram. 
The numbers represent time, 1 the starting point and 4 the 
finishing point.
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the bedform phase diagram, whereas PLM is most stable at 5% SSC. The top of the 

succession is a UM layer with floating sand, indicating a plug with sufficient cohesive 

strength to suspend sand grains.  The lack of any facies that might have formed at 5% or 

10% SSC, which might be expected to be formed by a complete decelerating flow can be 

Figure 5.9- Interpreted flow history for the formation of vertical-suc-
cession Sp-C-U plotted on the bedform phase diagram. The numbers 
represent time, 1 the starting point and 3 the finishing point.
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explained by a rapid increase of SSC after the muddy ripples formed, such that turbulence 

at the bed was completely suppressed by a plug strong enough to support floating sand, 

thereby not allowing the grain sorting required to form PLM layers or UM(n) layers 

without floating sand.  If current velocities able to transport sand were present during 

the deposition of the UM(f) layer, as the presence of floating might indicate, deposition 

would not have been completely controlled by current speed but would have been more 

strongly influenced by the increasing SSC values. 

Accelerating Flows

 Accelerating flows are much less likely to deposit mud than decelerating flows 

(Kirby and Parker, 1983).  The most likely instance in which deposition will occur during 

flow acceleration is when the overlying flow has detached from, or has little influence on, 

the plug.  Vertical succession U-P is interpreted to form in an accelerating current with 

decreasing SSC (Figure 5.10).  In this situation a non-turbulent quasi-laminar plug is 

present prior to and during deposition of the basal UM layer and changes to a transitional 

plug over time.  This change may be due to an increase in current velocity, such that the 

increased turbulence partially disperses the plug, decreasing the SSC thereby allowing 

for transitional plug flow and the accumulation of the overlying PLM.  It should be noted 

that, alternatively, the facies change might represent a decrease in SSC caused by the 

collapse and deposition of the plug to form the UM layer, followed by a return to lower 

SSC values within the over-riding flow that then creates the PLM unit. Differentiating 

between these two situations is difficult and it may not be possible to infer current 

velocity changes from such successions.  
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Figure 5.10- Interpreted flow history for the formation of verti-
cal-succession U-P plotted on the bedform phase diagram. The 
numbers represent time, 1 the starting point and 2 the finishing 
point.
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5.3  Tidal Succession Combinations

Observations

 Within a single mud layer, several of the above-discussed vertical facies 

successions can occur together.  Typically two or three vertical successions occur within 

a single layer; however, some layers contain only one succession, while others contain 

up to five.  Stacked vertical successions are termed “succession combinations” and three 

common succession combinations have been observed (Table 5.2). The three succession 

combinations are differentiated by the presence (Sx-P-U and Sp-C-U) or absence (P-U, 

U-P and U) of sandstone layers within the vertical successions.  

 Succession-combination 1 (SC1) has a basal sand-containing vertical succession 

topped by one or more mud-only successions (Figure 5.2).  The alternation of muddy 

P-U or U-P successions are never discrete because vertical succession overlap with one 

another (Figure 5.5).  Succession-combination 2 (SC2) consists of two stacked sand-

containing successions and is less common than succession-combination 1 (Figure 

5.3 and 5.4).   In both succession combinations, two upward fining successions are 

 Table 5.2- Distribution of succession combinations with respect 
to environment.

Vertical Succession Combinations

Page 1

Succession Combination Total Count Delta Front Mouth Bar Channel
1-Sandy-Muddy 4 0 1 3
2-Sandy-Sandy 2 0 0 2

3-Multiple Successions 4 1 2 1
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separated by either an upward coarsening succession or an abrupt or erosional contact.  

The difference between the two succession combinations is that in combination 2, sand 

will be present either above the abrupt or erosional surface, or at the top of the upward 

coarsening succession, instead of coarser silt found in succession combination 1.  In 

succession combination 1, the lower sand containing vertical succession is always 

thicker (12-15 mm) than than the overlying mud succession (1-10 mm).  Similarly, in 

combination 2, the lower sand-containing vertical succession can range from 14-20 mm 

thick while the upper sand-containing succession is always much thinner (3-10 mm).  

As well, it should be noted that the sandstone layer at the base of the upper vertical 

succession in succession combination 2, is quite commonly thin <2-.3 mm while the 

lower sand layer, at the base of the succession combination is thick >1 cm (Figure 5.3).

 In most cases the contacts between the vertical successions within a succession 

combination are gradational, although abrupt and/or erosional contacts are observed.  In 

succession combinations 1 and 2 with internally gradational contacts, three successions 

are present: a decelerating-flow succession at the base and top, connected by the 

accelerating-flow succession U-P connects the two vertical successions: the UM layer at 

the base of the reversed incomplete succession is a part of the basal succession while the 

PLM at the top of the incomplete reversed sequence is the basal layer of the overlying 

succession.  Sharp contacts commonly occur at the base of any thin (<2-3 mm) sand 

laminations (e.g., the basal part of vertical successions Sx-P-U and Sp-C-U) that are 

present within a mudstone layer.  These sandstone laminations are not always continuous 

across the entire layer and are different than the thicker sandstone layers (> 1 cm) that 

separate mudstone layers. 
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 A third succession combination also occurs only in mouth-bar deposits.  This 

succession combination consists of stacked, relatively thin UM and occasional PLM 

layers (Figure 5.6).  The UM and PLM layers associated with this combination succession 

are ubiquitously thin (< 0.5 to 7 mm thick) and may be numerous (5 or 6 distinct layers).  

The contacts between the layers can be either sharp or gradational.  When the contacts are 

gradational, especially between two UM layers, the discrete layers are distinguished by 

changes in the presence/absence, abundance and distribution of floating sand grains. 

 At the complete mudstone-layer scale, the thickness of the mudstone layer is 

correlated positively with the thickness of the cross beds in the underlying sand layer in 

some environments.  Generally, in channel and mouth-bar deposits the thickest mudstone 

layers (which always contain succession-combination 1 or 2) are associated with the 

thickest cross-bedded sandstones, whereas in delta-front deposits thick mudstone layers 

were not correlated to the thickness of the underlying sandstone. 

Interpretation

 Succession combinations represent several decelerating or accelerating flows 

throughout which the SSC was quite variable.  Given the environments in which these 

mudstone layers occur, such variations are presumably due to tidal cyclicity (Ichaso and 

Dalrymple, 2009; Ichaso, 2012).  In analogous modern tidal environments, the range of 

expected values for current velocity and SSC tend to fall within the limits established in 

the bedform phase diagram as discussed in Chapter 2.  Before delving into the specifics 

of what each combination may represent, some general interpretations should be noted.  
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The thickness of a combination is likely tied to the current speed.  Faster currents will 

allow for more bedload sediment to be transported and are required to sustain high SSC 

values of fine material.  Therefore combination 2, the thickest of the three combinations, 

is believed to require faster currents than combination 1 (thinner than combination 2) and 

combination 3 (the thinnest).  (Note that the foregoing presumes a depositional setting, 

which is a reasonable assumption given that the deposit has been preserved).  As well, 

the difference between the two types of sandstone layers observed in SC 2 (thick >1 

cm between mudstone versus thin <2-3 mm within mudstone layers) may be due to the 

presence of a plug forming, which mantles the sand and prevents further transport or 

deposition.  Therefore higher SSC values are associated with the thin sand layers. 

Succession-Combination 1

 Succession-combination 1 (Figure 5.2), a succession containing a basal sand 

layer (Sx-P-U or Sp-C-U) overlain by a muddy succession (P-U, U-P or U) is present 

only in tidal environments and occurs primarily in tidal channels.  The flow history may 

have varying interpretations depending on the nature of the contact between the two 

vertical successions. If the contact is gradational, as indicated by the presence of a U-P 

vertical succession (interpreted to have been deposited by an accelerating flow) between 

the two upward-fining successions, this combination is likely to have been deposited 

continuously over a complete tidal cycle, with most of the deposition occurring during 

the two decelerating flows.  In a tidal environment this represents an ebb and flood (or 

a flood and ebb) with continuous deposition and persistence of a plug during the period 

of flow acceleration between the two decelerating flows (Figure 5.11).  The dominant, 
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higher velocity tidal current deposited the basal Sx-P-U succession, as the higher velocity 

is required to transport and deposit sand, whereas the subordinate current in the opposite 

direction deposited the overlying muddy succession (Figure 5.12).  

Figure 5.11- Interpreted flow history for the formation of 
succession-combination 1 plotted on the bedform phase dia-
gram. The numbers represent time, 1 the starting point and 6 
the finishing point.
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  Alternatively, combination 1, with gradational contacts between Sx-P-U and 

P-U, could have been deposited during a single half tidal cycle (Figure 5.13).  In this 

scenario, succession Sx-P-U would have accumulated during the initial period of flow 

deceleration, while vertical succession U-P represents a decrease in SSC due to collapse 

of the plug and accumulation of the UM layer at the top of vertical succession Sx-P-U, 

leading to a temporary decrease in the SSC level.  The SSC then increases again as the 

current speed continues to decrease, creating quasi-laminar plug flow conditions that 

deposit the upper_P-U succession.  To differentiate between these two interpretations 

(Figures 5.12 and 5.13), evidence for current direction is required: the first interpretation 

implies that there was a current reversal between the two successions, whereas the second 

occurs throughout a single unidirectional current.  In the example shown in Figure 5.2, 

the ripple cross lamination that is present in the overlying sand has the same orientation 

as is present at the base of the combination.  Thus, if the two rippled intervals represent 
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Figure 5.12- Timing of deposition of succession-combination 1 
(with gradational contacts) over a single tidal cycle.  Note the timing 
of the deposition of individual facies at the bottom.
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two dominant tides, then the succession combination in the intervening mudstone layer 

represents a complete tidal cycle with preserved evidence for flow acceleration at the start 

of the subordinate tide.   

 If the contact between Sx-P-U and P-U is sharp, two more possible interpretations 

can be made.  The lack of any accelerating-flow deposit (U-P) between the two upward-

fining flow-deceleration successions, indicates that current velocity was too strong 

to deposit mud for some period of time, and that erosion might have occurred.  One 

interpretation is that, again, the succession combination was deposited during one 
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Figure 5.13- Timing of deposition of succession-combination 1 
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complete tidal cycle (Figure 5.14).  The only difference between this interpretation 

and the first situation discussed above is that the peak currents during the subordinate 

tide were capable of causing erosion and/or non-deposition.  The second interpretation 

is that combination 1, with a sharp internal contact, was deposited over two complete 

tidal cycles (Figure 5.15).  In this interpretation a tidal asymmetry exists due to diurnal 

inequality, where one dominant tide is stronger than the next, leading to the accumulation 

of a thinner, finer-grained succession in the upper part of the mudstone layer.  Deposition 

of the basal Sx-P-U succession occurs during the decelerating phase of the peak dominant 

tide.  During the acceleration and deceleration of the subordinate tide, deposition 

may occur; however, this sediment is eroded by the following peak dominant tide.  

Although this current is stronger than the subordinate, it is not as strong as the previous 
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Figure 5.14- Timing of deposition of succession-combination 1 (with sharp con-
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facies at the bottom.
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dominant and thus sand is not able to be transported which results in the accumulation of 

a P-U succession.  Differentiating between these two options is difficult, but, again, the 

current directionality differs between the two top vertical succession and overlying cross 

laminae may be used to differentiate between the two options.                    

Succession-Combination 2

  Two stacked sand-containing vertical successions (Sx-P-U or Sp-C-U) (Figure 

5.3 and 5.4) represent two decelerating flows (Figure 5.16).  As with combination 1, 

combination 2 can be interpreted in two possible ways: one complete tidal cycle or 

two tidal cycles.  If combination 2 represents a single tidal cycle, then the difference 

in peak current speeds for the dominant and subordinate tides is less than that recorded 

by combination 1 (Figure 5.17).  The presence of a cross-laminated or plane-bedded 

sandstone layer in the middle of this combination (at the base of the upper vertical 

succession) indicates that both dominant and subordinate tides are capable of transporting 

and depositing sand.  Alternatively, if this combination was deposited over two tidal 
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cycles, the tidal asymmetry caused by diurnal inequality between successive dominant 

tides is smaller when compared to combination 1 (Figure 5.18).  Instead of the second 

dominant tide only having the capability of depositing a P-U succession, it is strong 

enough to deposit an Sx-P-U succession.  The timing is somewhat easier to constrain 

Figure 5.16- Interpreted flow history for vertical for the forma-
tion of succession-combination 2 plotted on the bedform phase 
diagram.  The numbers represent time, 1 the starting point and 
6 the finishing point.
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between the two interpretations than for combination 1, due to the higher likelihood 

that directional data are preserved in the two sandstone layers (Figure 5.18).  If this 

sandstone layer contains directional data in the same orientation as the basal sandstone 

layer in the combination, the combination was most likely deposited over two tidal 

cycles.  Alternatively, if the two paleocurrent directions are opposite, then it is likely that 

deposition occurred over a single tidal cycle.  The thickness of the vertical successions 

may also give some insight to which current is the dominant current (single tidal cycle) or 

which dominant current is stronger (two tidal cycles): it is likely that the thicker vertical 

succession was deposited by the dominant current, while the thinner accumulated during 

the subordinate current, somewhat analogous to the thicker and thinner sandstone layers 

in a double mud drape, an analogy thats will be discussed further in Chapter 6.  However, 
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Figure 5.17- Timing of deposition of succession-combination 2 over a single 
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alternatively, the thickness may be controlled by the amount of truncation caused by the 

following tide.  

Succession-Combination 3

  This combination consists primarily stacked single UM or PLM-UM layers 

and is the most difficult to interpret as the successions record much less variation in 

flow conditions.  When the contacts between the UM and/or PLM layers are sharp and 

erosive, then it is likely that a period of faster currents occurred between accumulation 

of the two facies, in which case deposition of the succession must have occurred from 

at least a single tidal cycle if not more.  When the contacts between vertical successions 

are gradational, it is possible that the two successions (PLM-UM or UM) were deposited 

in a single period of flow deceleration, with the facies contacts occurring when SSC 

is reduced as a result of UM deposition, but still maintaining a plug which eventually 

deposits the next UM layer at slackwater, analogous to the situation shown in Figure 

Figure 5.18- Timing of deposition of succession-combination 2 over two tidal 
cycles.  Note the timing of the deposition of individual facies at the bottom.
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5.13.  An alternative interpretation of gradational contacts between single facies is 

that deposition occurs over a complete tidal cycle, analogous to Figure 5.12, where a 

plug is sustained over an entire tidal cycle, but with distinct times of deposition during 

successive slack-water periods. Due to the presence of several thin layers consisting of 

a single facies within these vertical successions and a lack of sandy facies, it is likely 

that combination 3 is deposited in areas or at times when the current speeds were lower 

than those that formed succession-combinations 1 and 2, and in conditions with less 

consolidation time or that mud has mantled and buried any nearby sand.  

5.4 Depositional Model

 The succession combinations described in Section 5.2 and interpreted in Section 

5.3 are thought to have accumulated as a result of decelerating and accelerating flows 

generated by tidal currents.  The distribution of the combinations is not equal across all 

environments (Table 5.2), which indicates that the environmental context exerts some 

control on the development and preservation of the combinations.  The depositional 

models for the accumulation of mudstones in each of the three environments will be 

discussed here.    

Channels

 Mudstone layers in channel successions tend be thicker than those in mouth-

bar deposits, especially near the base of the channel where high SSC levels have been 

observed in modern environments (e.g.,  Wolanski et al., 1995; Schrottke et al., 2006), 

especially in the area where fresh and salt water mix, forming the turbidity maximum 
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zone (TMZ) where the thick channel-associated mudstone layers are interpreted to have 

formed (Ichaso and Dalrymple, 2009).  These channel-bottom settings are the deepest and 

contain some of the fastest currents which lead to the formation of large dune bedforms.   

Preservation of these thick mudstone layers is aided by the presence of these large dunes.  

This association is apparent in the Tilje Formation where the thickest mudstone layers 

tend to be overlain by thick sandstone layers containing large crossbeds.  In modern 

environments fluid muds to persist over multiple tidal cycles within dune troughs, or they 

may be only partially resuspended by subsequent ebb or flood currents (Kirby and Parker 

1983; Kineke et al. 1996; Schrottke et al., 2006).

   Figure 5.19 is a simplified model for unequal tidal currents flowing over a dune 

and is a likely scenario for the deposition of the mudstone layers observed in the Tilje 

Formation tidal-fluvial channels.   This model begins with the dune migrating during the 

dominant tide followed by a slackwater, where enough mud accumulates in the trough for 

a plug to develop. (See Figure 10 A in Schrottke et al., 2006).  This plug is not completely 

removed during the following subordinate tide, as current strength is lower than that 

during the dominant current and because the dune trough is partially sheltered from the 

external current.  (Note: In Figure 5.19 and Figure 5.20 is a cap that forms during the 

subordinate tide on the dune stoss side as a reslt of partial erosion on the brink).  During 

the slackwater following the subordinate tide, a new plug is deposited and begins to 

dewater, forming a second mudstone layer that may contain a P-U, U-P or U vertical 

succession.  The next dominant tide may erode some of the upper part of this second 

mud layer, and it will also deposit sand on top as dune begins to migrate in the dominant 

direction again.  Following the cessation of dune migration during the next slackwater 
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period, a new plug will develop above the previously deposited plug and the dominant-

tide sand layer.  Based on this model, three succession combinations are present 

depending on the location within the trough of the dune (Figure 5.19): a succession-

combination 1 with gradational contacts over a single tidal cycle, a succession-

combination 1 with sharp contacts over two tidal cycles, and a succession combination 2 

over two tidal cycles are all possibilities based on this model.

 At times where the subordinate and dominant tidal currents are closer to being 

equal, some differences occur relative to the situation discussed above (Figure 5.20).  The 

primary difference is that the subordinate tide can cause erosion to the top of the plug.  

As well, rippled sand might be deposited above the mud layer in the reverse direction.  

The next slackwater allows for a second plug to be developed and deposit a second mud 

layer. The resulting composite mudstone layer contains two succession combinations, 

depending on location within the trough: succession-combination 1 with an internal 

erosion surface and succession-combination 2, each of which forms over a single tidal 

cycle. 

 Combinations 1 and 2 are interpreted as the result of the “dune-trough deposition” 

with the primary controls on the variation of these deposits being highly dependent on 

the difference between peak dominant and subordinate velocities, and location within the 

dune trough.  It should be noted that the amount that the plug fills the dune trough may be 

Figure 5.19- A model for mud deposition in dune troughs typically associated with deep 
channels.  In this model, the currents in the two directions are unequal, with a slower 
subordinate tide, which allows for persistence of a plug over multiple slackwaters in the 
trough. The plug is shown with gradational color (from gray to brown) which indicates 
that the bottom of the plug may be partly dewatered and more consolidated while the top 
remains unconsolidated and mobile.
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more than shown in Figures 5.19 and 5.20, even to the point where mud mantles the dune 

and spills out over the crest and down the stoss side (Schrottke et al., 2006).   

Mouth bars

 Ichaso and Dalrymple (2009) noted that mud layers deposited in mouth-bar 

successions tend to occur in association with river-flood deposits, as large river-flood 

events increase the overall SSC values and push the turbidity maximum zone seaward, 

making the mouth-bar area the primary deposition zone for fine-grain sediment at this 

time. Muddy mouth-bar successions differ from channel successions most obviously by 

the lack of association of mudstone layers with dune cross bedding: roughly 80% of the 

mudstone layers sampled were not associated with dune cross beds, meaning that the 

model proposed above for channelized deposition will not apply, due to the absence of a 

sheltered location in which mudstone layers can be preserved over several tidal cycles. 

The observed facies combinations present within mouth-bar deposits reflect this bedform 

change as single stacked UM or PLM mudstone layers (succession-combination 3) are 

the most common vertical succession present in mouth-bar deposits.  Combination 1 

(sand containing vertical succession overlain by a muddy vertical succession) is rarely 

observed in mouth-bar samples and its basal sand layer typically contains rippled cross 

lamination as opposed to dune cross beds.    

 A flat-bed or rippled-bed model is proposed for most mouth-bar mud successions, 

where mud is uniformly draped over the bed.   As opposed to channel dune-trough 

deposition, where thicker succession combinations are more common, it is unlikely that 

plugs deposited in mouth bars (on a flat or rippled bed) will be sustained over multiple 
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tidal cycles; thus, it is unlikely that multiple gradational or erosional vertical successions 

will be formed.  The preservation of mouth-bar muds, which are routinely subjected to 

strong currents, is due to the high SSC at the bed during periodic times of low current 

flow, especially during slackwater.  Partial or complete erosion by ebb or flood tides 

following slackwater is very likely.   In the small percentage of cases where dune 

cross bedding is associated with muddy mouth-bar deposits, it is likely that these were 

deposited in terminal distributary channels (Ichaso and Dalrymple, 2009; Ichaso, 2012), 

where dunes in the channel bottoms offer protection for the formation of thick mudstone 

layers (i.e., succession-combinations 1 and 2) in a manner similar to that proposed in the 

tidal-fluvial channel model (Figures 5.19, 5.20).

Delta Front

  The model proposed by Ichaso and Dalrymple (2009) for the deposition of fluid-

mudstone beds in this environment is based on studies by Mehta (1991) and Traykovsky 

et al. (2000), and suggests that fine-grained sediment is resuspended by wave action at 

high enough concentrations to reduce turbulence at the bed. These suspensions are then 

capable of flowing down slope and coming to rest atop the sandy storm deposits as wave 

energy is reduced.  While appearing similar to the current-generated thick mudstone 

deposits, the origin of this mud differs.  Studies on the Eel River shelf indicate that 

rivers transport mud to the coastal zone where it was intially deposited on the inner shelf 

(Traykovski et al., 2000).  A period of a week passed until the mud was resuspended 

by wave action and transported downslope to the midshelf (roughly 90 m water depth) 

where wave-generated turbulence could no longer support the mud flow (Traykovski et 
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al., 2000). These flows are considered to be supported by wave turbulence and are driven 

gravitationally downslope.  

  Evidence that mud accumulated in this way in the Tilje delta-front environment 

is indicated in several ways.  All of the vertical successions observed (PLM-UM, 

or a solitary UM layer) would be interpreted as decelerating current in fluvial/tidal 

environments.  In a wave environment such successions are believed to represent a 

decrease in wave energy during the waning stage of a storm.  The lack of an obviously 

current-generated mud facies (CLM) in every vertical succession is also consistent with 

the proposed depositional mechanism.  As well, all of the facies observed (PLM and UM) 

are generated from transitional or quasi-laminar plug flow.  Movement of a plug may 

cause shearing at its base which may produce a situation similar to the Kelvin-Helmholtz 

instabilities formed in transitional plug flows, which will produce a PLM layer (Baas et 

al., 2009).  The shearing will not persist at higher SSC values, leading to a lack of sorting 

and a solitary UM layer.

 The abundance of single stacked vertical successions (with no combinations) may 

also be indicative of wave resuspension and gravitational transport deposits.  Sustained 

high SSC values and plugs (which are required to deposit most of the succession 

combinations) over two or more depositional events, a necessary condition to get 

succession combinations, are impossible due to the long time period between storms.  

Plugs developed in tidal settings may be sustained over multiple cycles, which is not 

possible between storm events due to the length of time between events. As well the 

final resting place of gravitationally driven, wave-turbulence-supported mud flows is 

often close to storm wave base.  Not only is the length of time likely too long to sustain 
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a plug, but the required wave turbulence will only occur if the following storm is at least 

as strong as the previous one.  Therefore, single-layer vertical successions (P-U) are 

expected.   
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CHAPTER 6

DISCUSSION AND CONCLUSION

6.1 Introduction

 In the past decade many studies have focused on fine-grained assemblages in 

deposits from a broad range of environments, including tidal- (e.g., Dalrymple et al., 

2003; Harris et al., 2004; Doxaran et al., 2009) and wave-dominated settings (e.g., 

Lamb and Parsons, 2005; Hsu et al., 2007; Traykovski et al., 2007).  These studies, in 

conjunction with flume studies (Baas and Best, 2002; Schieber et al., 2007; Baas and 

Best, 2008; Baas et al., 2009; Baas et al., 2011), have allowed for the development of 

depositional regimes for flows heavily laden with fine-grained sediment.  However, 

linking these newly developed depositional regimes to ancient mud rocks has only 

recently been attempted (Bhattacharya and MacEachern, 2009; Ichaso and Dalrymple, 

2009; Mackay and Dalrymple, 2011).  This study was undertaken to advance the 

application of modern and flume observations to ancient mudstones.  Some of the original 

ways that this study has attempted to do this are:

•Construction of a first-pass three-variable bedform phase diagram for fine-

grained sediment; 

• Interpretation of variations in flow conditions over tidal cycles based on facies 

changes within a single mudstone layer;

• Development of an idealized succession of sand and mud facies from a 

decelerating high-SSC flow; and 
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• Development of a criterion for interpreting specific tidal and wave depositional 

environments using vertical successions and succession combinations within mud 

layers.  

 How can these findings from the Tilje Formation be used to frame a larger 

discussion about high-SSC tidal environments?  Here, the broader implications from this 

study will be discussed. 

 

6.2 Double Mud Drapes and Succession Combinations

 

 Double mud drapes are a feature observed primarily in sub-tidal environments 

and consist of two distinct mud layers deposited during successive slack-water periods of 

a tidal cycle. Commonly, the two mud drapes are separated by a thin sand layer deposited 

by the subordinate current, whereas one double-drape mudstone pair is separated from 

the next double drape by a thicker sand layer deposited by the dominant tide (Dalrymple, 

2010).  This pattern is produced by the difference in the current speed and duration 

between the ebb and flood halves of the tidal cycle.  Two variables are hypothesized 

to control deposition of the double mud drapes: the tidal asymmetry (which can be 

expressed as the ratio between the peak velocity of the dominant and subordinate tides) 

(Mowbray and Visser, 1984) and the SSC value.  It is useful, however, to express the tidal 

asymmetry as two variables because it is possible for two situations to have the same 

asymmetry value but different peak velocities of the ebb and flood tides (i.e., dominant 
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and subordinate speeds of 4 m/s and 2 m/s, respectively, give the same asymmetry ratio 

(2) as speeds of 0.5 m/s and 0.25 m/s, but generate very different deposits).  Figures 6.1 

and 6.2 show how these variables influence the nature of the deposits.  

How would double mud drapes change if the asymmetry, peak velocities and SSC 

changed? 

 An interesting approach to this question is to consider a double mud drape a 

succession combination.   In the criteria presented in Chapter 5, the “classic” double 

mud drape would be classified as SC2 (succession-combination 2) in which a basal 

sand-containing succession is stacked atop another basal sand-containing succession 

(Figure 6.1 B).  For this type of deposit to occur, some amount of tidal asymmetry is 

required, as the subordinate sand bed is thinner than the dominate current sand bed; as 

well, SSC values are not consistently high throughout the tidal cycle as clear or near 

clear-water conditions likely exist during the deposition of the two sand layers.  As the 

tidal asymmetry and relative current velocity change, the resulting deposits, while still 

recording a complete tidal cycle will begin to change.  For example, when the asymmetry 

is lower (peak dominant and subordinate current velocities are nearly equal), the 

subordinate-tide sand layer will be similar in thickness to that of the dominant tide and 

the classic appearance of the double mud drape will be lost.  Deposits similar to this were 

observed and interpreted as SC 2 in the Tilje Formation (Figure 5.3). 

 When peak velocities of both the dominant and subordinate tides are low, less 
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mud is resuspended and less sand is transported.  The resulting deposits consist of thinner 

sandstone and mudstone layers (Figure 6.1 C), and, when the asymmetry is high, no 

subordinate-current deposits are present (Figure 6.1 D).  Silt and mud tidal rhythmites 

(Figure 6.1 E) occur when the peak flood and ebb velocities are both weak, resulting in 

mud-on-mud deposits. Asymmetric currents will produce no subordinate mud layers, 

while symmetric currents will produce both subordinate and dominate current mud layers 
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Figure 6.1- Variations in the nature of double mud drapes based on the abso-
lute speeds of the peak dominant and subordinate currents and their asymmetry 
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times, and especially during slack-water period, but they are not consistently high 
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rents and 1/1 current symmetry. Because of the fast currents, the drapes might be 
included within dune cross-beds. B) The “classic” double mud drape. C and D) 
Thin sandstone and mudstone beds occurring with crossbeds oriented in the sub-
ordinate current direction when asymmetry is low. E) Fine-grained clay and silt 
tidal rhythmites which are very thinly laminated SC1 or SC3 successions.   



92

(which could be  difficult or impossible to distinguish due to the lack of current indicators 

in these deposits).     

 When high SSC values are able to persist through the slackwaters and the 

subordinate tide, the appearance of the double mud drapes changes significantly 

(Figure 6.2) as sand cannot be deposited during the subordinate tide.  This style of the 

 “High” SSC

1/1 Symmetry

2/
1 

Sy
m

m
et

ry

3/
1 

Sy
m

m
et

ry

4/
1 

Sy
m

m
et

ry

B

A

Absolute Peak Velocity Subordinate Current

A
bs

ol
ut

e 
Pe

ak
 V

el
oc

ity
 D

om
in

an
t C

ur
re

nt

Low High

High

Erosional Surface

C

Figure 6.2- Variations in the nature of double mud drapes in areas with high 
time-averaged SSC values, such that high-density mud suspensions are able 
to form during the decelerating phase of each tide and may persist through-
out the entire tidal cycle.  A and B) Variations of SC 1; (A) contains an 
internal erosional or non-depositional surface due to a stronger subordinate 
tide. C) SC 3 deposited from a high SSC flow but low peak current speeds.
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“double” mud drapes would be classified as a SC 1 (Figure 6.2 A and B) in cases where 

a basal sand-containing vertical succession is overlain by a muddy succession.  SC 1 

is subdivided into two types, one where an erosional or non-depositional surface exists 

between the basal sand-containing succession and the overlying muddy succession, and a 

second type where continuous deposition occurred and no erosional or non-depositional 

surface separates the two vertical successions.  The differences between these two cases 

can be explained by the velocity of the subordinate tide, which is related to the degree 

of asymmetry. When the tides are more relatively symmetrical (yellow area of Figure 

6.2), the subordinate tide can leave an erosion surface, allowing for two the preservation 

of two distinct mudstone layers (Figure 6.2 A).  When the tides are more asymmetrical 

(green area of Figure 6.2), the subordinate tide is weaker and not capable of eroding mud, 

leaving a single mud layer (Figure 6.2 B) that may contain evidence of flow acceleration.  

For the SSC to be sustained at high enough levels to prevent sand from being deposited 

by the peak subordinate tide (due to the development of a quasi-laminar plug that mantles 

the much of the previously deposited sandy bed), some asymmetry must occur.  For SC 

1 the dominant tide will re-suspend the fine grains in the system which will be deposited 

at the subsequent slackwater. It should be noted that at higher velocities in Figure 6.2, no 

hypothesized deposits occur near the 1/1 symmetry line because the subordinate current 

will be too strong and destroy the buildup of a plug. SC 3 (interrupted relatively thin 

mudstone layers) are interpreted to form in conditions where high SSC values can be 

sustained during lower peak flood and ebb current speeds (Figure 6.2 C)
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6.2 Lack of a Complete Idealized Succession

 Based on the bedform phase diagram (Figures 2.4, 4.7), it is proposed in Chapter 

5 that a decelerating, high-SSC tidal current should generate an idealized succession 

consisting of sandstone-CLM-PLM-UM(n)-UM(f) (Figure 5.1).  In the deposits studied 

here, this idealized succession is never present in its entirety; succession S-P-U is most 

common but does not contain CLM.  Indeed, CLM is the least common mud facies in the 

Tilje Formation despite the fact that it is expected to be present in all decelerating-flow 

successions, given the extent of the ripple stability field in Figure 2.4.  Why, therefore, is 

CLM so under-represented in the Tilje Formation?

  An interesting analogy to the idealized succession (Figure 5.1) is the Bouma 

Sequence for turbidites. The Bouma Sequence is based on observed bedform patterns 

from documented examples in the ancient; however, if an idealized turbidite succession 

were based on the Southard and Boguchwal, (1990) bedform phase diagram, a 

decelerating flow path would commonly pass through the dune stability field.  Thus, 

the scarcity of dunes in the deposits of decelerating turbidity currents is potentially 

analogous to the absence of current ripples in the muddy deposits of decelerating tidal 

currents.  The absence of dune bedforms in turbidites as well as the occasional absence of 

current ripples (division C) has recently been addressed by Arnott (2012).  Arnott (2012), 

following Venditti et al. (2005), suggests that a defect is required to initiate 3D bedforms 

on a flat bed.  It is proposed that Kelvin-Helmoltz instabilities are produced by searing at 

the density interface between a more-dense bedload layer and the less-dense and higher 

velocity external flow (Figure 6.3).  These instabilities produce local areas of deposition 
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and erosion on the bed.  The areas of deposition are then the locations at which flow 

separation occurs, resulting in the growth of 3D bedforms.  

 Arnott (2012), however, argues that most turbidity currents, even “low 

concentration” turbidity currents (Mulder and Alexander, 2001), have much higher 

SSC values than most rivers.  This elevated SSC does not allow for the presence of a 

Figure 6.3- Hypothetical vertical density profiles for low-concentration 
(dashed line) and high-concentration sandy suspensions.  In the case 
with elevated SSC values in which the lower part of the overlying flow 
has a density approaching that of the bedload layer, bedform defects 
will not occur because the density difference at the top of the bedload 
layer is too small.  In the clear-water case (dashed line), bedform de-
fects can be initiated by instabilities along the interface at the top of the 
bedload layer.  From Arnott (2012).
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density differentiation between the bedload layer and the lower part of the external flow, 

which, in turn, does not permit defect initiation and the development of 3D bedforms.  In 

situations where SSC values are high enough to reduce the density difference between the 

bedload layer and external flow, a flat bed and planar laminations are stable (Figure 6.3).

 The environments in which the thick mudstone layers accumulated in the Tilje 

Formation likely contained SSC values similar to, or higher than occur in most turbidity 

currents, as indicated by the textures within the thick mudstone layers.  Sand ripples 

and dunes are relatively common in the Tilje Formation; therefore, at peak velocities, 

SSC values are low enough that bed defects can be created and grow.  However, when 

SSC is high (i.e., when current speeds are lower), the sustained high near-bed sediment 

concentrations do not allow bed defects to be initiated and ripples are not developed.  In 

this situation, only planar lamination or structureless mudstone layers will occur.  CLM 

might also be uncommon because, as reported by Schieber et al. (2007), the time it takes 

for a defect to grow into a mud ripple is on the order of days; such long periods of flow 

in the ripple stability field are unlikely in a tidal environment.  When CLM layers are 

present, they are most commonly associated with rippled sandstone layers and represent a 

perpetuation of the defects that had been developed previously. 

 

6.3 Conclusions

 The Tilje Formation allows for a unique opportunity to study in detail tidal 

deposits formed by muddy high-SSC flows.  Thick mudstone layers are especially 

common in tidal-fluvial channel bases, in river-flood deposits in mouth bars, and in storm 
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deposits in the delta-front environment.  Our current understanding of the complex array 

of processes and deposits associated with SSC values within the range of fluid muds 

(10’s g/l to 100’s g/l) has improved greatly since Ichaso and Dalrymple (2009) previously 

described and interpreted the mudstones in the Tilje Formation.  In general these layers 

are deposited from “fluid muds;” however, this term is limited in the amount of relevant 

information it can provide when describing and interpreting mudstone deposits.  Instead, 

the terminology from Baas et al. (2009, 2011) (turbulence enhanced, transitional plug 

and quasi-laminar plug flow) is preferred here as a means of describing the mechanisms 

responsible for the various structures observed within the mudstone layers, which are 

generally not as structureless as the macroscopic observations of Ichaso and Dalrymple 

(2009) indicated.   

 Three mudstone facies were observed in the thick mudstone layers within the 

Tilje Formation: unstratified mudstones (UM), planar-stratified mudstones (PLM) and 

cross-laminated mudstones (CLM).  Each facies represents different conditions at the 

bed at the time of deposition, with the current velocity and SSC primarily controlling 

the facies deposited.  SSC may be the more important variable of the two: at higher SSC 

values the over-flowing current may become detached from the network of cohesive mud 

floccules that form a non-deforming plug at the bed and, thus, deposition is no longer 

controlled by the speed of the external current.  Each of the three facies represents a 

change in SSC values, from high (>10%) for UM to moderate (5%) for PLM and low to 

moderate for CLM (1%).  The UM facies is believed to always be the deposit of a plug, 

where cohesive strength may be high enough to suspend sand or silt grains within it (i.e., 

generating “floating” coarse grains within the structureless mudstone) and to completely 
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suppress all sorting mechanisms.  The PLM facies is also likely deposited from a plug, 

but with less cohesive strength, such that a mechanism is present to sort the fine grains. 

CLM is the result of lower SSC where no plug has formed and traction transport of the 

fine grains, including flocs, can occur.  CLM layers are observed much less commonly 

than PLM and UM.  This is likely because SSC values do not remain low enough after 

sand deposition ends to allow for a shear layer to form at the top of the bedload layer and  

the initial bed defects required to form ripples cannot form (Arnott, 2012).

 The vertical stacking of facies allows for reconstruction of changes of the near-

bed SSC values and current velocities that reflect changes in conditions as the tidal 

currents decelerate or accelerate over the tidal cycle.  Common decelerating-flow vertical 

succession are sandstone-PLM-UM (S-P-U), sandstone-CLM-UM (S-C-U) and PLM-

UM (P-U), while only a single accelerating vertical succession, UM-PLM (U-P), was 

observed.  An idealized vertical succession (sandstone-CLM-PLM-UM(n)-UM(f)), which 

is theorized as the complete succession of facies that should be formed by a decelerating 

flow, was never observed.   The lack of a complete idealized vertical succession is due the 

under-representation of CLM in the Tilje Formation compared to the other facies.   

 Succession combinations (SC) consist of two or more stacked vertical successions 

and represent multiple decelerating or accelerating flows.  SC 1 contains a vertical 

succession with no basal sandstone layer overlying a vertical succession that contains 

a basal sand layer, whereas SC 2 contains two stacked vertical successions each with 

a basal sandstone layer. These combinations typically contain the thickest mudstone 

successions and are often associated with dune cross bedding in tidal-fluvial channel or 

terminal distributary channels in mouth-bar deposits.  A third, but more poorly defined 
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combination (SC 3) was observed in the mouth-bar deposits and consists of multiple thin 

(0.5-7 mm-thick) mudstone successions (PLM-UM or UM) that are stacked upon one 

another and are repeated numerous times (5 or 6 distinct vertical successions).  

 The association of thick mudstone layers with dune cross bedding in SC 1 and 

2 indicates that deposition of the mudstones layers occurred in the protection of dune 

troughs (Figures 5.19, 5.20), where high SSC levels can be sustained over peak ebb and 

flood currents and erosion by subsequent currents is minimized because of the sheltered 

location.  Both SC 1 and 2 can be interpreted as a variation on a double mud drape, 

where inequalities between the ebb and flood tides can produce alternating thicker and 

thinner sandstone and mudstone layers.  The variables controlling these deposits are 

interpreted to be the tidal asymmetry (subdivided into two variables, peak velocity for 

the subordinate tide and peak velocity for the dominant tide) and SSC.  The “classic” 

double mud drapes (i.e., two mud layers separated by a thin sandstone) occur when 

high SSC levels do not occur or do not persist during the peak velocities allowing for 

traction transport of sand, which would also be classified as an SC 2 deposit.  When mud 

can persist throughout two successive slack-water periods as well as the intervening 

subordinate tide, the characteristic appearance of the double mud drape is lost and a 

single thick mud layer is present and is classified as SC1.  The lack of dunes associated 

with SC 3 means that this succession combination formed on a flat or rippled bed with 

much less protection from erosive currents.  The exposure to stronger currents explains 

the thinner mudstone layers as the plug could not persist over peak tidal flow as it did 

during deposition of SC1 and 2.     

 In delta-front environments, wave energy re-suspends fine grains which are then 
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transported downslope gravitationally and deposited as wave energy subsides. High-SSC 

mudstone layers formed in this setting differ from their current-generated counterparts 

in several ways.  Wave-generated mudstone successions never occur as combinations 

because deposition of fine-grained sediment is commonly restricted to the waning period 

of a single storm events.  As well, the inter-storm period is far too long to sustain a plug 

in the way that plugs can be sustained over multiple tidal cycles (Schrottke et al. 2006; 

Mackay and Dalrymple 2011).  The thickness of delta-front mudstone successions is 

similar to mouth-bar mudstone layers (1-7 mm); however, at core-box scale, delta-front 

successions are much sandier.  This difference occurs because the position of the turbidity 

maximum during river floods is interpreted never to have moved significantly seaward 

of the mouth-bar area (Ichaso and Dalrymple 2009; Ichaso 2012).  This produces overall 

muddier core-box-scale successions in mouth bars, while delta fronts do not have the 

same mechanism for trapping muddy sediment as the muddy sediment will be transported 

further downslope.  Due to these differences between wave and current environments, 

wave re-suspended and gravitationally driven muddy deposits will differ from tidal-

current mudstones in the following ways:

•the presence of only single vertical successions;

•an absence of current-generated structures; and

•the presence of thinner mudstone layers and overall sandier large-scale 

successions.

 In summary, the core samples from the Tilje Formation offer a unique opportunity 

to study thick mudstone layers that are interpreted to have formed under high SSC 

concentrations (i.e., “fluid-mud” deposits).  This study provides a starting point for a 
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more detailed interpretation of mudstone layers deposited from high-SSC suspensions, 

especially in tidal environments.  Mudstones have historically been thought to contain a 

lower interpretive potential (due to the lack of obvious directional and velocity indicators) 

then sand, but it is clear from this study that mudstones provide unique information for a 

more complete interpretation than is possible using sandstones alone.  As well, the fine-

grained bedform diagram compiled from observational data is a useful starting point ofr 

establishing depositional regimes for fine-grained sediment.  The results from this study 

are currently, and will become increasingly, useful as heterolithic hydrocarbon reservoirs 

become ever more attractive exploration targets.
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 A.1- Table containing location information for each of the 
samples from which thin sections were prepared.

Appendix 1- Sample Dataset

Sheet1

Page 1

Sample Well Core Box/Stick Depth (Marked on the box) Field Name

1 12 4 of 5 4291.53

2 12 4 of 5 4292.16

9 11 5 of 15 2596.17

13 11 3 of 5 4242.06

14 1 6 of 24 4557.39

15 1 6 of 24 4557.85

24 2 6 of 16 4625.45

26 2 8 of 16 4630.09

27 2 8 of 16 4631.75

31 6 7 of 25 4957.33

32 6 7 of 25 4955.39

33 6 9 of 25 4962.64

34 8 8 of 19 5053.36

35 1 5 of 5 5054.41

42 2 1 of 18 5064.28

44 3 10 of 10 5144.51

45 3 10 of 10 5145.11

6406/3-2
Trestakk Field

6406/3-2
Trestakk Field

6507/7-3
Heidrun

6506/12-1
Smorbukk

6506/11-G-1H
Smorbukk

6506/11-G-1H
Smorbukk

6506/11-G-1H
 (6506/11-5S)

Smorbukk
6506/11-G-1H
(6506/11-5S)

Smorbukk
6506/11-G-1H
 (6506/11-5S)

Smorbukk
6506/11-4S

Smorbukk
6506/11-4S

Smorbukk
6506/11-4S

Smorbukk
6506/11-4S

Smorbukk
6506/12-I-4H

Smorbukk
6506/12-I-4 H

Smorbukk
6506/12-I-4H

Smorbukk
6506/12-I-4H

Smorbukk

APPENDIX
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Appendix 2- Sample Descriptions

A.2- Descriptions of each of the samples from which 
thin sections were prepared.

Sheet1

Page 1

Sample Environment Macroscopic Observations

1 Channel

2 Channel

9 Distal Delta Front

13 Mouth Bar

14 Channel

15 Channel

24 Channel

26 Distal Delta Front

27 Distal Delta Front

31 Channel

32 Mouth Bar

33 Channel

34 Mouth Bar
35 Channel ~ 62 mm thick, structureless and dark colour; top of mud burrowed

42 Mouth Bar

44 Mouth Bar

45 Mouth Bar

20 mm thick, very faintly laminated and appears
 to become siltier upwards and more homogeneous.

Thickness 45 mm.  Faintly streaky appearance; streaks more
 prominent at base and become fainter into middle of layer;
 upper part of layer siltier and may be burrowed; capped by

laminated silty unit.
Homogeneous mud layer 6-8.5 mm thick; sharp base on
 medium-coarse sand containing wave ripples; burrowed 

at top; sampled left edge
3.5-9.5mm thick homogeneous mud, draping over ripple; 
sharp base and top; overlain by faintly laminated siltstone; 

underlying bed contains granules to small pebbles.
68 mm thick; very faint horizontal laminations that 

decrease in prominence upward.
29-33.5 mm thick, overlies thin rippled fine sand. Cross-bedded 
medium sands are present above and below; sharp base on ripple 

stoss side, but v. rapidly gradational on ripple lee.
7-10 mm thick and immediately above medium-coarse sand with mud pebbles;

sharp base; burrowed from top down; homogeneous to v. faintly laminated;
19 mm thick mud; it overlies another mud that in turn caps
 a fine sand containing wave ripples; the lower mud layer 

coarsens upwards. The base of sampled mud is sharp;
 sampled mud contains a sand streak in its middle; 

there are large sand-filled burrows at the level of this sand streak.
~23 mm thick mud; is part of an upward-fining succession 

On top of a storm bed containing HCS; lower part of mud is laminated.
50-72 mm thick slightly blotchy appearance. Lower part of thick 

mud layer; sharp base; draped over dune lee face.  Bottom 
appears unlaminated while top is faintly laminated

12 mm thick; sharply gradational base; very faint lamination; 
associated with thick X-bedded medium sand; small loads or

burrows on top
8.5 mm thick graded sand-silt at base, but mud has sharp base;

horizontal burrows; faint lamination
6 mm thick, thinly interbedded/ laminated at base becoming homogenous upwards

68.5 mm thick with faint horizontal streakiness- in middle of muddy
 interval with less streakiness above and below; overlies upward-thinning

succession of fine-v. fine sand layers
Thick homogeneous mud layer ~30 mm thick; sharp (on ripple stoss)
 to v. rapidly gradational (on ripple lee) base over medium-fine sand; 

one large burrow at top.
Mud layer 24-30 mm thick with several silty laminae, each only 

about 1 mm thick; interbedded with thin beds of coarse- v. coarse sand; 
some v. thin beds/laminae of fine sand also occur between coarser beds.
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Cl
ay

Si
lt

VF   F   M   C   VC Notes

4291.50

4292.50

Sample 2

Sample 1

4291.00

4292.00

-Channel base

-Channel base

-Thick (+10 cm) 
channel-bottom, 
mudstone layers 
(�uid mud candidates)

-Mudstone layers (�uid-mud
candidates) are not as thick 
(1-4 cm) as the channel base
still homogenous.

-Small amounts of 
soft-sediment deformation.

-Rip-up mud clasts 

-Low bioturbation index (0-1)

-Rip-up mud clasts 

Upward 
�ning

Sand
Depth (m)

Appendix 3- Detailed logs of Sample Containing Successions

A.3.1-Detailed log of a 
tidal-fluvial channel suc-
cessions. The succession 
is upward fining, with 
thick “fluid-mud” layers 
at the base. From Trestakk 
Field, well 6406/3-2, Core 
12, Box 4/5, 4292.50 to 
4291.00 m depth. Contains 
samples 1 and 2. Legend 
applies to all core logs.

Legend

Clean sandstone

Silty sandstone

Mudstone

Current ripples

Oscillatory ripples

Vertical burrow

Horizontal burrowRip-up mud clast

Soft sediment deformation
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Sample 9

Sand
Depth (m)

2599.00

2598.00

2597.00

2596.00

Upward 
coarsening

-Thick (+10 cm) HCS sandstone layers.  

-Low bioturbation index (0-1).

-Low mudstone content, sporadic 
thin (5 mm) laminations.

-Clean medium to coarse sandstone

 

- Alternating 
sandy-siltstone beds with 
mudstone layers.  

- Bioturbation index of 3-4. 
Skolithos and Planolites.

- Current and oscillatory ripples ob-
served 
in the thicker siltstone layers

-HCS in both sand and silty 
sand.

- Low bioturbation (0-1)  

-5-10 cm thick mudstone 
layers at the top of the large 
HCS beds.

-Thick (7 cm) dark organic layer.

A.3.2-Detailed log of an upward-coarsening delta-front succession. 
These delta-front deposits contain low degrees of bioturbation and HCS 
sand layers that are commonly capped by fluid-mud layers. These storm 
beds alternate with inter-storm deposits with high degrees of bioturba-
tion, finer grain sizes and thinner sandstone and mudstone layers. From 
Heidrun Field well 6507/7-3, Core 11, Box 5/15, 2599.00 to 2595.75 m 
depth. Contains sample 9.  See Figure A.3.1 for legend.
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4558.00

4557.50

4557.00

4556.50

Sample 15

Sample 14 Sand
Depth (m)

Upward 
�ning

-Channel base

-Clean medium to coarse sandstone, 
dune-scale cross beds

-Thick channel-bottom,
 mudstone layers 
(�uid-mud candidates)

-Core missing

-Core missing

-Washed-out ripples

-Fine sandstone with 
ripple cross-lamination.

-Mudstone layers decreasing
in size upwards from 3-7 cm to <1 cm.

-Lenticular bedding
-Channel base

-Low bioturbation index (0-1)

A.3.3- Detailed log of a tidal-fluvial channel successions.  
The succession is upward fining, with thick “fluid-mud” lay-
ers at the base.  From Smorbukk Field, well 6506/11-G-1H, 
Core 1, Box 6/24, 4558.00 to 4556.25 m depth.  Contains 
samples 14 and 15. 
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4625.75

4624.75

Depth (m)

Sample 24

Upward 
�ning

-Thin-bedded heterolithics

-Very �ne to �ne sandstone with 
ripple cross-lamination.

-Clean medium sandstone, 
dune-scale cross beds.

-Channel base

-Lenticular bedding

-Upward increase of rip-up 
mud clasts 

-Thick channel-bottom,
 mudstone layers 
(�uid-mud candidates)

-Erosional channel base

-Low bioturbation index (0-1)

A.3.4- Detailed log of a tidal-fluvial channel succession. The succession is 
upward fining, with thick “fluid-mud” layers at the base. From Smorbukk Field, 
well 6506/11-G-1H (6506/11-5S), Core 2, Box 6/16, 4625.75 to 4624.50 m 
depth. Contains sample 24.  See Figure A.3.1 for legend.
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Sample 27

Sample 26

4631.50

4631.00

4630.50

4630.00

4629.50

4629.00

- Alternating 
sandy-siltstone beds with 
mudstone layers.  

- Bioturbation index of 3-4. 
Skolithos and Planolites.

- Current and oscillatory ripples observed in 
the thicker siltstone layers

-Thick (+10 cm) HCS sandstone layers.  

- “Fluid-mud” mudstone layers ~ 5 cm thick are 
associated with the HCS sandstone layers.

-Low bioturbation index (0-1).

 

Oscillatory ripples
in sandy-silt along with 
moderate bioturbation (~3).

-HCS in both sand and silty sand.

- Low bioturbation (0-1)  
-5-10 cm thick mudstone layers at 
the top of the large HCS beds.

-Moderately bioturbated weakly laminated 
siltstone.

Sand
Depth (m)

Upward 
coarsening

A.3.5- Detailed log of an upward-coarsening delta-front 
succession. These delta-front deposits contain low degrees 
of bioturbation and HCS sand layers that are commonly 
capped by fluid-mud layers. These storm beds alternate with 
inter-storm deposits with high degrees of bioturbation, finer 
grain sizes and thinner sandstone and mudstone layers. From 
Smorbukk Filed well 6506/11-G-1H (6506/11-5S), Core 2, 
Box 8/16, 4631.5 to 4628.75 m depth. Contains samples 26 
and 27.  See Figure A.3.1 for legend.
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4957.50

4957.00

4956.50

-Channel base

-Clean medium to coarse sandstone, dune-scale 
 cross beds

-Thick channel-bottom,
 mudstone layers 
(�uid-mud candidates)

-Core missing

-Thin-bedded heterolithics

-Silty to very-�ne sand, containing ripple 
  cross laminae

-Ripple cross lamination in the thicker beds 

-Thin-bedded heterolithics

-Thin-bedded heterolithics increasing in mud
 content upwards. (Note: mud is not as thick 
as the layers at the channel base)

-Lenticular bedding

-Flaser bedding

-Erosional surface, channel base

-Thick channel-bottom,
 mudstone layers 

-Thin-bedded heterolithics

-Soft-sediment deformation
-Erosional channel base

Sample 31

4956.00

4955.50 -Rip-up mud clasts 

Sample 32
Depth (m)

Upward 
�ning

Upward 
�ning

Sand

A.3.6- Detailed log of two tidal-fluvial channel successions. Each is upward 
fining, with thick “fluid-mud” layers at the base. From Smorbukk Field, well 
6506/11-4S, Core 6, Box 6/25, 4957.50 to 4955.25 m depth. Contains samples 
31 and 32.  See Figure A.3.1 for legend.
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Upward 
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4963.50

4963.00

4962.50

4962.00

Depth (m)
Sand

-Thin-bedded heterolithics

-Low bioturbation index (0-1)

-Clean medium to coarse 
sandstone, dune-scale cross beds

-Rip-up mud clasts 

-Core missing

-Rip-up mud clasts decreasing in size
upwards. 

Sample 33

-Sandstone beds decreasing in thickness 
from 15-20 cm to 10 cm.
-Flaser bedding

-Lenticular bedding
-Thin-bedded heterolithics

-Erosional channel base

-Low bioturbation index (0-1)

A.3.7- Detailed log of a tidal-fluvial channel succession. The succession is 
upward fining, with thick “fluid-mud” layers at the base. From Smorbukk Field, 
well 6506/11-4S, Core 6, Box 9/25, 4963.50 to 4962.00 m depth. Contains 
sample 33.  See Figure A.3.1 for legend.
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Low discharge

River �ood

River �ood

Low discharge

River �ood

River �ood

Low discharge

Sand

5065.50

5065.00

5064.00

Depth (m)

Sample 42

Slight 
upward 
coarsening

-Very �ne to �ne sandstone with 
ripple cross-lamination.

-Low bioturbation index (0-1)

-Bioturbation index of 4-5
(Skolithos and Planolites), occuring
 in the sandy-silt layer.

-Bioturbation index of 3-4
(Planolites).

-Bioturbation index of 3-4
(Skolithos).

-Very �ne to �ne sandstone with 
ripple cross-lamination.

-Low bioturbation index (0-1)

-Lenticular bedding

-Clean medium to coarse 
sandstone, dune-scale cross beds

-Lenticular bedding

-Rip-up mud clasts 

A.3.8- Detailed log of an upward-coarsening mouth-bar succession. These 
deposits are characterized by alternating river-flood and low-discharge 
deposits. River-flood deposits contain low degrees of bioturbation, thicker 
and coarser sandstone layers and fluid-mud layers. Low-discharge times 
are marked by high degrees of bioturbation (Skolithos and Planolites) and 
thin, fine-grained sandstone layers. From Smorbukk Field well 6506/12-I-4 
H, Core 2, Box 1/18, 5065.50 to 5063.75m depth. Contains sample 42.  See 
Figure A.3.1 for legend.
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Sample 45

Sample 44
Low discharge

River �ood

Low discharge

River �ood

River �ood

River �ood

5145.50

5145.00

5144.50

Depth (m)

-Bioturbation index of 4-5
(Skolithos and Planolites), occuring
 in the sandy-silt layers.

-Low bioturbation index (0-1)

-Mud layers increasing in thickness uwards, 
some �aser beds becoming thicker 
upwards.

-Mud-dominanted heterolithic 
package. 

-Low bioturbation index (0-1). 

-Sand layers increasing in size (5-10 cm) 
compared to lower �ood packages (3-5 
cm). 

-Low bioturbation index (0-1)

-Current ripples occuring in the coarse layers

-Bioturbation index of 4-5
mainly Skolithos.

Slight 
upward 
coarsening

A.3.9- Detailed log of an upward-coarsening mouth-bar succession. These 
deposits are characterized by alternating river-flood and low-discharge deposits. 
River-flood deposits contain low degrees of bioturbation, thicker and coarser 
sandstone layers and fluid-mud layers. Low-discharge times are marked by 
high degrees of bioturbation (Skolithos and Planolites) and thin, fine-grained 
sandstone layers. From Smorbukk Field well 6506/12-I-4H, Core 3, Box 10/10, 
5146.00 to 5144.00m depth. Contains samples 44 and 45.  See Figure A.3.1 for 
legend.
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Appendix 4- Core photos of un-logged samples

 Two samples did not have sufficient core photos to make detailed logs.  The 

photos that were obtained are included here.

Sample 13

A.4.1- Core photo of sample 13 (red box) within 
a mouth-bar succession. These deposits are char-
acterized by alternating river-flood and low-dis-
charge deposits. This photo only displays a river-
flood deposit, with a low degree of bioturbation, 
thicker and coarser-grained sandstone and fluid-
mud layers. From Smorbukk Field well 6506/12-
1, Core 11, Box 3/5, 4242.50 to 4242.00m depth. 
Note the centimetre scale on the left.
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Low discharge

River �ood

Sample 34

A.4.2- Core photo of sample 34 (red box) within 
a mouth-bar succession. These deposits are 
characterized by alternating river-flood and low-
discharge deposits. This photo displays a river-
flood deposit, with a low degree of bioturbation, 
thicker and coarser sandstone beds and fluid-
mud layers. The river-flood deposit underlies a 
low-discharge deposit marked by high degrees 
of bioturbation (Skolithos and Planolites) and 
thin, fine-grained sandstone layers. From Smor-
bukk Field well 6506/11-4S, Core 8, Box 8/19, 
5053.66 to 5053.26 m depth. Note the decimetre 
scale on the left.


