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Abstract 

 The tidal–fluvial transition (TFT) in rivers exhibits a complex distribution of 
sediments and bioturbation that results from the interaction between river flow and tides. 
In the Fraser River, British Columbia, Canada, inclined heterolithic stratification (IHS) 
accumulates in intertidal positions on channel bars across the longitudinal profile of the 
TFT. Correspondingly, this portion of the river is studied to gain insight as to how 
sediments are distributed. The Cretaceous-aged McMurray Formation of Alberta, 
Canada contains thick and widespread IHS successions in the southern Athabasca 
region that accumulated on channel bars in a large river. This thesis focuses on 
identifying physical manifestations of channel-bar deposits that reflect along-strike 
variations in depositional processes within the TFT. These observations are put forward 
as criteria that can be used to determine depositional position relative to the TFT for 
other river systems in the modern and rock record. 

 Vibracores, box cores, and surface-sediment samples were collected from nine 
channel-bars across the Fraser River’s TFT. Results show that mud bed thickness and 
mud volume are highest in the freshwater to brackish-water transition zone, with 
bioturbation decreasing from seaward to landward across the TFT. Heterolithic bedding 
is formed where mud is deposited, and is limited to locations with persistent brackish-
water conditions. In the freshwater and tidal realm, amalgamated sand beds dominate 
channel-bar successions, although sand-mud rhythmicity increases towards the river 
mouth and reflects seasonal variations in river discharge.  

 Thirty-one subsurface cores of the McMurray Formation were analyzed to test 
the depositional trends defined from the TFT in the Fraser River. Quantification of 
sedimentological and ichnological parameters was undertaken to differentiate between 
channel-bar successions deposited towards the seaward, middle, and landward ends of 
the paleo-TFT. The core dataset utilized in this study is too limited to draw direct 
comparisons between the Fraser and the McMurray, yet, trends are identified that 
suggest a potentially broad TFT was present in the “A Valley” of the McMurray 
Formation in the southern Athabasca region. Further work is needed to confirm this 
assessment.  

Keywords:  Tidal–fluvial transition; inclined heterolithic stratification; Fraser River; 
McMurray Formation; sedimentology; ichnology 
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Chapter 1.  
 
Introduction 

1.1. Background 

Facies models are the fundamental underpinning for interpreting sedimentary 

strata. Models, however, largely rely on observations from modern depositional 

environments in order to establish process-response linkages between sedimentary 

characteristics and the depositional conditions under which sediments accumulate. 

Facies models and characterization of sediments across the tidal–fluvial transition in 

rivers are only empirically understood, and there is a need for quantified models that 

permit recognizing a sedimentary body’s depositional position in this understudied 

sedimentological regime. 

The tidal–fluvial transition is situated where rivers approach a marine basin, 

wherein fluvial and basinal processes (e.g., tides, waves, brackish-water inundation) 

interact. In both modern-day rivers and sedimentary strata, tidal–fluvial deposits 

commonly consist of interbedded sand and mud with depositional dip (i.e., inclined 

heterolithic stratification [IHS]) that records lateral or downstream accretion of channel 

bars (cf. Thomas et al. 1987). The mechanisms for IHS development are only now 

beginning to be unravelled; however, these studies have mainly focused on tide- and 

river-dominated end-members. Sedimentation in mixed tidal–fluvial river reaches 

remains poorly understood. The progressive changes in the characteristics of channel-

bar deposits with corresponding shifts in their hydrodynamic conditions across the tidal–

fluvial transition have not been documented to date. 

The primary focus of this thesis is to establish criteria for predicting the 

depositional position of channel-bar deposits across the tidal–fluvial transition. Through 
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integration of sedimentological and ichnological datasets, supplemented by mudstone 

geochemistry and palynology, process-response linkages are derived from the Fraser 

River, BC, Canada (Fig. 1.1). The trends defined from the Fraser River are then applied 

to the Lower Cretaceous McMurray Formation, Alberta, Canada (Fig. 1.2). From this 

work, several contributions are made to the scientific literature that will aid in developing 

and refining tidal–fluvial facies models. The major themes that are addressed herein are: 

(1) the distribution of lithologies, physical sedimentary structures, and bioturbation style 

across the tidal–fluvial transition; (2) the ichnological characteristics across the brackish-

water to freshwater transition; and (3) high-resolution depositional interpretations of 

channel-bar successions in the rock record. 

This thesis is written in “paper format” and contains 6 chapters. Chapter 1 is an 

introduction to the thesis. Chapters 2 to 5 represent the core of the thesis, with 3 of the 4 

chapters having been published. Chapter 6 is the conclusions. Below is a brief 

description of chapters 2 to 5 that provide modern and ancient perspectives on the tidal–

fluvial transition in rivers from a sedimentological and ichnological perspective. 

 

 
Figure 1.1 Satellite image of the Fraser River in the Lower Mainland of British Columbia and the 

position of the Fraser River Delta in Canada (inset map). Each of the main distributary 
channels is labeled. (Image Source: USGS and NASA). 
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Figure 1.2 (previous page) Map of the southern Athabasca region showing the distribution of 
the three major paleovalley incisions in the Lower Cretaceous McMurray Formation: 
Valley A, Valley B, and Valley C from youngest to oldest, respectively. The map was 
derived from data in AEUB 2003. The inset map shows the location of the McMurray 
sub-basin within Canada. The stratigraphic column shows the position of the McMurray 
Formation in the northeast plains and eastern plains within the Western Canada 
Sedimentary Basin. 

1.2. Summary of Chapter 2: Quantifying Bed Thickness 
Distributions  

Inclined heterolithic stratification is one of the most widespread stratal 

architectures in tidal–fluvial successions, because mud-deposition is generally 

concentrated near the coastline where salt- and freshwater mix (Wolanski et al. 1995; 

Hughes et al. 1998; Uncles et al. 2002; Lettley et al. 2005; La Croix and Dashtgard 

2015). Moreover, IHS has a higher preservation potential than equivalent fluvial deposits 

that are situated further landward and above base level. Owing to its preservation 

potential and widespread distribution through the tidal–fluvial transition (TFT), IHS 

constitutes the dominant architecture in tidal–fluvial successions in the rock record; this 

certainly being the case of the Lower Cretaceous McMurray Formation of Alberta, 

Canada (Pemberton and Wightman 1992; Ranger and Pemberton 1997; Musial et al. 

2012). The vertical and lateral continuity, thickness, and distribution of mud beds in IHS 

is the primary control on reservoir compartmentalization, and largely controls the 

effectiveness of producing hydrocarbons from these deposits (Hein and Cotterill 2006; 

Strobl et al. 1997). Consequently, it is necessary to understand how sand and mud are 

distributed on channel bars through the TFT, and to define sedimentological and 

ichnological criteria for establishing a unit’s depositional position within the TFT. 

In Chapter 2, the distribution of sand and mud on channel bars from the lower 

Fraser River are quantitatively assessed. Lithological criteria for determining the 

depositional position of channel bars within the TFT are established in relation to the 

zone of mixing between freshwater and saltwater (i.e. turbidity maximum zone [TMZ]). A 

version of Chapter 2 is published in La Croix and Dashtgard (2014). 
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1.3. Summary of Chapter 3: Neoichnology of the Brackish-
Water to Freshwater Transition 

The ichnological characteristics of brackish-water environments have been 

studied extensively, and are supported by datasets derived from a number of modern 

systems (Seilacher 1963; Howard and Frey 1973; Dörjes and Howard 1975; Howard and 

Frey 1975; Howard et al. 1975; Majou and Howard 1975). From these data, an informal 

“brackish-water ichnological model” has been established that parallels the distribution 

and diversity of benthic communities (e.g., Pemberton et al. 1982; Wightman et al. 1987; 

Pemberton and Wightman 1992; Wightman and Pemberton 1997; Buatois et al. 2005; 

MacEachern and Gingras 2007). The brackish-water model defines ichnological 

characteristics of sediments across the marine to brackish-water transition, but largely 

ignores the transition from brackish-water to freshwater. The working model indicates 

that the ichnology of the freshwater reaches of rivers are characterized by trails, 

trackways, and grazing traces predominantly produced by terrestrial and freshwater 

organisms. These freshwater trace associations are of high density but low diversity, and 

correspond to trace assemblages that include trace fossils common to both the Scoyenia 

and Mermia ichnofacies (Buatois et al. 1997; Buatois and Mangano 2011). 

Chapter 3 presents neoichnological data collected from intertidal and subtidal 

deposits from Willapa Bay (Gingras et al. 1999), transgressive embayments at 

Kouchibouguac National Park, New Brunswick (Hauck et al. 2009), and deltaic 

distributary channels of the Fraser River Delta, British Columbia (Dashtgard et al. 2012; 

Johnson and Dashtgard 2014; La Croix and Dashtgard 2015; Sisulak and Dashtgard 

2012). The ichnological trends defined from five distributaries in these three distinctive 

environments are used to challenge the current ichnological model for the brackish-

water to freshwater transition. A version of Chapter 3 is published in La Croix et al. 

(2015). 
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1.4. Summary of Chapter 4: A Synthesis of the Sedimentary 
Characteristics of Channel-Bars 

The sedimentological and ichnological character of sediments deposited in the 

tidal–fluvial transition varies as a function of depositional position, as well as the relative 

energy and salinity conditions at the site of deposition. Studies of channel-bars situated 

in the tidal–fluvial transition have defined various sedimentological and ichnological 

aspects of the sediments (Howard and Frey 1973; Howard et al. 1975; Smith 1987; 

Thomas et al. 1987; Gingras et al. 1999; Pearson and Gingras 2006; Dalrymple and 

Choi 2007; Van den Berg et al. 2007; Sisulak and Dashtgard 2012; Johnson and 

Dashtgard 2014; La Croix and Dashtgard 2014). The geochemical and palynological 

aspects of TFT deposits are less understood (cf. Thornton and McManus 1994; 

Czarnecki et al. 2014). A framework for determining the depositional position within the 

tidal–fluvial transition has not been established, and channel bars across the TFT within 

a single river system have not yet been characterized. 

Chapter 3 synthesizes sedimentological, ichnological, palynological, and 

mudstone geochemical data from the Fraser River, Canada into a comprehensive 

framework for interpreting tidal–fluvial deposits. The datasets that are most useful for 

determining the depositional position of sediments within architecturally complex tidal–

fluvial strata are highlighted. A version of Chapter 4 is published in La Croix and 

Dashtgard (2015). 

1.5. Summary of Chapter 5: A Modern-Ancient Comparison 
of IHS Across the Tidal–fluvial Transition 

Studies of IHS in the modern have linked sediment character to the processes 

responsible for its deposition across the tidal–fluvial transition (Smith 1985; Allen 1991; 

Dalrymple et al. 1992; Dalrymple and Choi 2007; Jablonski and Dalrymple in press). 

Further, a framework for understanding progressive changes in IHS character across the 

TFT has been developed based on depositional trends from the lower Fraser River, 

Canada (La Croix and Dashtgard 2015). However, in the Cretaceous-aged McMurray 

Formation where IHS constitutes a widespread and economically important reservoir 
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facies, most published studies constitute highly localized high-resolution assessments of 

strata (e.g., Mossop and Flach 1983; Strobl et al. 1997; Hubbard et al. 2011; Labrecque 

et al. 2011; Musial et al. 2012; Nardin et al. 2013) or attempt to resolve the complex 

stratigraphy of the sedimentary fill across the entire McMurray sub-basin (e.g., Ranger 

and Pemberton 1997; Hein and Cotterill 2006; Hein et al. 2013). No quantitative 

examination of the changes in sedimentary characteristics across the paleo-TFT of a 

single valley system has been undertaken to date, and a high-resolution 

paleoenvironmental interpretation of channel bars extending beyond the local study area 

(100 – 300 km2) remains elusive. 

Quantified sedimentological, ichnological, and bed-thickness data from IHS 

occurring in multiple channel stories of a single valley complex are compared to trends 

defined for the TFT of the modern Fraser River (Chapter 3; La Croix and Dashtgard 

2015). From this, the approximate depositional position of channel-bar deposits in 

relation to the zone of freshwater and saltwater mixing (i.e., turbidity maximum zone 

[TMZ]) is interpreted. With this information, a better understanding of the distribution of 

reservoir and non-reservoir intervals can be made, and a framework for predicting the 

paleogeographic position in the TFT of McMurray Formation valleys is proposed. 
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Chapter 2.  
 
Sedimentological Criteria for Identifying the Turbidity 
Maximum Zone in the Tidally Influenced Fraser 
River1 

2.1. Introduction 

In basins with strong tides, lower river reaches are influenced by the interaction 

between river flow and tidal flux, and transition from being fluvial-dominated in the 

landward direction to tide-dominated in the seaward direction. Between these two end 

members, sedimentation is a function of the relative energy contributions from tides and 

fluvial flow, as well as the incursion of saltwater into the channels. Such tidal–fluvial 

zones are found in all tide-dominated and tide-influenced deltas and estuaries 

(Dalrymple et al. 1992, 2011).  

At the landward end of mixed tidal-influenced and fluvial-influenced channels is 

the ‘tidal–fluvial transition’ (TFT; Dalrymple and Choi 2007; Dalrymple et al. 2011). 

Within the TFT, mud and sand are deposited on channel bars, commonly resulting in the 

development of inclined heterolithic stratification (IHS), which is interbedded sand and 

mud (heterolithic bedding) that preserves depositional dip. Allen (1963) first described 

IHS under the name ‘Epsilon Cross Stratification’, and later Thomas et al (1987) 

suggested that IHS primarily accumulates on channel bars with or without tidal influence. 

Recent efforts have focused on understanding the development of IHS in the TFT by 

studying deposits in modern environments (Smith 1985, 1987, 1988; Thomas et al. 

 
1 A version of this chapter is published in SEDIMENTOLOGY, 2014, v. 61, p. 1961–1981: “Of 

sand and mud: Sedimentological criteria for identifying the turbidity maximum zone in a tidally 
influenced river.” Authored by: La Croix, A.D. and Dashtgard, S.E. 
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1987; Allen 1991; Gingras et al. 1999; Dalrymple et al. 2003; Choi et al. 2004; Pearson 

and Gingras 2006; Dalrymple and Choi 2007; Smith et al. 2009, 2011; Dashtgard et al. 

2012; Sisulak and Dashtgard 2012; Johnson and Dashtgard 2014) and in the rock 

record (Thomas et al. 1987; Dalrymple and Choi 2007; Lettley et al. 2007; Van den Berg 

et al. 2007; Hubbard et al. 2011; Labrecque et al. 2011a,b; Musial et al. 2012). These 

studies span the full continuum from tide-dominated to fluvial-dominated systems. 

Inclined heterolithic stratification produced in the TFT is spatially widespread. 

Although the lateral and downstream migration of channels results in erosion and a low 

preservation potential of individual bar deposits, during sea-level transgressions, it may 

also lead to overall higher preservation potential of channel bars relative to other fluvial 

subenvironments (Ranger and Pemberton 1992). In the rock record, IHS-dominated 

channel bars comprise one of the major depositional facies of the bitumen-hosting 

Cretaceous McMurray Formation in north-east Alberta, Canada (Pemberton and 

Wightman 1992; Ranger and Pemberton 1997; Musial et al. 2012). The vertical and 

lateral continuity, thickness and distribution of mud beds and muddy bedsets in IHS 

successions are a major control on reservoir compartmentalization, and determine the 

viability of producing hydrocarbons from these deposits (Strobl et al. 1997; Hein and 

Cotterill 2006). Burton and Wood (2013) provided quantified assessments of the 

thickness and lateral distribution of mud beds in tidally influenced reservoirs. From the 

standpoint of reservoir heterogeneity, the ‘shale length’ (i.e. lateral mud bed length) and 

‘shale frequency’ (i.e. number of mud beds per vertical metre) are primary controls on 

the horizontal to vertical permeability ratio and are important parameters to be 

determined when developing reservoir models (Haldorsen and Lake 1984; Begg and 

King 1985; Burton and Wood 2013; Nardin et al. 2013). The paucity of quantitative bed 

thickness data for IHS deposits accumulated in various tidal–fluvial channel settings 

needs to be addressed if reservoir models are to be improved. 

The aim of this study was to quantitatively assess the distribution of sand and 

mud on channel bars in fluvial-dominated; tide-influenced but fluvial-dominated; and 

mixed tidal–fluvial channels in the distributaries of the lower Fraser River, British 

Columbia, Canada. Through this assessment lithological criteria for determining the 

depositional position of channel bars within the TFT and in relation to the zone of mixing 
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between freshwater and saltwater [i.e. turbidity maximum zone (TMZ)] are proposed. 

These criteria represent an attempt to quantify mud-bed thicknesses in modern IHS from 

a rigorous statistical standpoint. Quantified thickness data will ultimately aid in refining 

facies models for channel deposits in tidal–fluvial deltaic and estuarine successions, and 

may aid in subsurface reservoir modelling of equivalent deposits. 

2.2. Study Area 

The Fraser River is 1375 km long and drains 228 000 km2
  of mountainous terrain 

in British Columbia. During base flow, the discharge rate is 1000 m3/s, and increases up 

to 15 200 m3/s (mean = 8642 m3/s) during the freshet (June to August). The Fraser 

bifurcates into two main distributaries, the Main Channel and the North Arm after it 

passes through a gap between Pleistocene highlands at New Westminster (Fig. 2.1). 

The North Arm bifurcates further seaward to form the Middle Arm, and the two 

distributaries carry approximately 7% and 5% of river discharge, respectively (WCHL 

1977). The Main Channel carries approximately 88% of river flow seaward of the North 

Arm fork, and 70% of river flow after it bifurcates into the Main Channel and Canoe 

Passage; Canoe Passage carries approximately 18% of flow. It is unlikely that these 

values change significantly from year to year since the position of the channels has been 

fixed for about 100 years (Johnson 1921). 

At the mouth of the river tides are mixed semidiurnal. The mean tidal amplitude is 

3 m and ranges from 2 to 5 m through the neap–spring tidal cycle (Milliman 1980). Tides 

in the Fraser River produce a tidal backwater zone that extends up to 102 km upstream 

from the delta front to Yaalstrick Island during base flow. Yaalstrick Island is also where 

depositional gradients decrease significantly in the seaward direction, and it is the gravel 

to sand transition; landward of this location, the bedload is gravel-dominated, and 

seaward of this transition, bed material is sand-dominated (Venditti et al. 2010). During 

flood conditions the tidal limit occurs approximately 85 km upstream from the delta front. 

During base flow and spring high tides, a saltwater wedge (SWW) intrudes 30 km 

up the Main Channel of the Fraser River (Hughes and Ages 1975; Ages 1979; 

Kostaschuk et al. 1989; Kostaschuk and Atwood 1990) and 16 km up the North and 
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Middle arms (Fig. 2.2). The reduced incursion up the North Arm is attributed to higher 

topography preventing the SWW from penetrating any further upstream (FREMP-BEAP 

2006). At river flows between 5000 m3/s and 7000 m3/s, the SWW penetrates only a few 

kilometres up the Main Channel during spring high tides (Milliman 1980). At flows 

greater than 8000 m3/s, the SWW does not enter the Main Channel, and mixing of 

freshwater and saltwater occurs in the channel as it crosses the tidal flats, approximately 

9 km up-channel from Sand Heads (Kostaschuk and Atwood 1990). 

 
Figure 2.1 Satellite image of the Fraser River in the Lower Mainland of British Columbia and the 

position of the Fraser River Delta in Canada (inset map). The labels on top of the figure 
indicate the generalized hydrodynamic and water salinity conditions in the channels, as 
well as the zonation used to group channel bars. Each of the main distributaries is 
labeled (i.e., North Arm, Middle Arm, Main Channel, and Canoe Pass), and annotated in 
red with the approximate percentage of flow in each distributary (WCHL 1977). The nine 
bars sampled in this study are identified by number and colour: red boxes = freshwater 
and tidal (Zone 3); orange boxes = freshwater to brackish-water transition and tidal 
(Zone 2); blue boxes = mixed tidal–fluvial and generally sustained brackish-water (Zone 
1). (Image Source: USGS and NASA). 

Sediment flux in the Fraser River is primarily washload (Church 2006; FREMP-

BEAP 2006; Dashtgard et al. 2012). In the Main Channel and North Arm, washload is 

fine sand (< 0.177 mm), silt and clay. This is the same range of grain size that comprises 

the bulk of bed-material load in the Middle Arm and Canoe Passage during nonpeak 

flows (FREMP-BEAP 2006; Johnson 2012). It remains poorly understood how the 

sediment load of the river is distributed through the various distributary channels. 
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The banks of the lower Fraser River were originally dyked between 1913 and 

1919 to prevent lateral and downstream migration of the distributaries, and to prevent 

flooding of the upper delta plain (Johnson 1921). The system of dykes has since 

expanded to train about 90% of the river downstream of Hope (approximately 130 km 

east of the Strait of Georgia). To maintain a navigation channel to New Westminster, the 

Main Channel is regularly dredged. Dredging removes sandy bed material from the 

lowermost reaches of the river and disposes of the bulk of that material at Sand Heads; 

disposal of dredge material in the river is minimal. 

 
Figure 2.2 Seasonal time-averaged position of the tip of the SWW during: (A) freshet flow (May–

August); and, (B) base flow (September–April). Light blue in the river channels 
represents freshwater, dark blue indicated saltwater, and white shows the general zone 
of freshwater and saltwater mixing. Arrows point to the tip of the SWW during freshet 
(red arrows) and base flow (orange arrows). Seven of the bars utilized in this study are 
identified by number and colour. Some of the bars are not captured in the image 
because they are impermanent features that are under water in the satellite time-slice. 

2.2.1. Seasonality in the Fraser River 

Fluvial flow in the Fraser River varies dramatically throughout the year with a low 

flow period during the autumn and winter months and high flows during the late spring 

and summer months. These changes in river flow have a strong effect on tidal incursion 

up the river, the magnitude of fluvial currents, the capacity and competence of the river 

with respect to sediment load, and the incursion of a SWW up the various distributary 

channels (Fig. 2.2). During the onset of the freshet (high flow period), the river is 
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dominantly in an erosive stage (Dashtgard et al. 2012). As the freshet proceeds, the 

river shifts from erosion with sediment bypass to a stage of sand deposition. As freshet 

flow wanes, mud is deposited until the bulk of sediment load in the river is exhausted. 

Through the majority of the low flow period, deposition is minimal. The interbedding of 

sand and mud on channel bars is strongly linked to these hydrodynamic processes and, 

therefore, is associated with seasonality in the Fraser River discharge patterns (Sisulak 

and Dashtgard 2012; Johnson and Dashtgard 2014). 

2.3. Methods 

To quantify vertical and lateral variability in sand-bed and mud-bed thicknesses 

on channel bars, vibracore transects were set up along the subtidal– intertidal margin, 

from the upstream side to the downstream side of each bar. Nine transects, consisting of 

three to 17 stations were erected, and cores were acquired at each station (Appendix A). 

Spacing between cores ranged from 250 to 2000 m. Cores were collected in 3 m long, 

7.6 cm diameter aluminum pipe. Cores were brought back to the laboratory where they 

were split in half (length-wise), and then dried for 48 to 72 hours. Following drying, a 

two-part epoxy fiberglass resin was applied to the flat surface of the cores and 

particleboard was placed on top of the resin. When the resin cured, the particleboard 

and resin were removed from the half aluminum tubes. The sediment was prepared for 

logging by systematically cutting and brushing away loose sand and mud to reveal the 

sedimentological and ichnological characteristics. Core lengths were measured after 

dewatering/drying of the sediment. Due to the vibration process, the cores were typically 

shorter than the penetration length of the core pipe, with a shrinkage factor of 10 to 20%. 

Shrinkage was most pronounced in sandier cores; mud beds and bedsets remained 

relatively intact.  

After the cores were prepared, they were photographed and logged in detail. The 

strip logs focused on determining the average grain size of beds and bedsets, as well as 

the primary physical sedimentary structures, bioturbation intensity and ichnogenera 

present in the cores. The thickness and proportion of sand and mud (i.e. silt and clay) 

beds and bedsets were measured in all cores. Bed thickness data were then averaged 

for all cores on the upstream and downstream side of each bar, and for the whole bar. 
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Bed and bedset (herein referred to as ‘beds’) thicknesses were grouped into non-linear 

bins considered to be indicative of depositional conditions: < 1 cm, 1–5 cm, 5–10 cm, 

10–20 cm, 20–50 cm, 50–100 cm and > 100 cm (Table 2.1). The standard deviation of 

thickness values is also tabulated and highlights variation in thicknesses. The range of 

bed and bedset thickness is considered to fall within one standard deviation above and 

below the mean thickness. 

To minimize error and to ensure comparison of mud-bed and sand-bed thickness 

data from equivalent positions on the bar, the interval of evaluation was constrained to 

1.8 m above (i.e. intertidal zone) and 3.3 m below (i.e. subtidal zone) the maximum 2012 

low tide limit. Although cores penetrate different portions of this zone, the interval of 

evaluation remains consistent for all bars, and this zone straddles the intertidal–subtidal 

boundary. The intention of bracketing the zone of evaluation is to minimize error 

associated with comparing cores that are acquired from different vertical positions on the 

bar. For example, intertidal cores are not compared with the base of channel cores. The 

position of cores relative to the low tide limit was determined from the time of core 

recovery and published tide charts, and it is estimated that core positions are accurate to 

within 30 cm of the maximum 2012 low tide limit. 
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Table 2.1  Sand and Mud Bed Thickness Data 
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2.4. Results 

This study presents core data collected from nine channel bars along the Fraser 

River (Figs 2.1 and 2.2). The nine bars are grouped into three zones that share 

distinctive hydrodynamic and water chemistry conditions. Zone 1 is the mixed tidal–

fluvial and sustained brackish-water zone; Zone 2 encompasses the fluvial-dominated 

and tide-influenced, freshwater to brackish-water transition zone; and Zone 3 constitutes 

the freshwater, fluvial-dominated and tide-influenced zone. The boundaries between 

zones are intergradational but were set up to in such a way as to differentiate deposition 

occurring within the vicinity of the turbidity maximum zone, from deposition under fully 

freshwater or brackish-water conditions. The bars studied herein are identified by zone 

and number, where bar number increases upstream. For example, the most seaward 

bar is 1-1 (Zone 1, Bar 1), and the most landward bar is 3-9 (Zone 3, Bar 9; Fig. 2.1). All 

bars in zone 1 were located off the Main Channel trend, and possibly reflect more 

marine influenced deposition than might occur within the Main Channel. 

2.4.1. Zone 1 

Bar 1-1  

Bar 1-1 is a point bar situated in Canoe Passage, south of the Main Channel 

(Figs 2.1 and 2.2). There are six cores taken from the bar, with a total core length of 

approximately 13.4 m (Fig. 2.3A). Cores 1 and 2 are considered to be typical of the 

upstream side of the bar, and cores 5 and 6 are typical of the downstream side. Across 

Bar 1-1, the average sand-bed thickness is 23.8 cm, with a standard deviation of 37.6 

cm (Table 2.1). Mud beds average 5 cm thick, with a standard deviation of 4.4 cm. From 

upstream (landward) to downstream (seaward), the average sand-bed thickness 

decreases from 26 to 21.6 cm, and the average mud-bed thickness increases from 3.5 

to 6.4 cm (Table 2.1). Overall, cores from Bar 1-1 comprise 86% sand and 14% mud. 

Bar 1-2 

Bar 1-2 is an in-channel bar located where the Main Channel bifurcates to form 

Canoe Passage, and is referred to as the South Arm Marshes (Figs 2.1 and 2.2). Five 

cores taken from the bar are included in this study, and they record 10.1 m of vertical 
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section (Fig. 2.3B). Cores 1 and 2 are considered to be indicative of the upstream side of 

the bar, and cores 4 and 5 are indicative of the downstream side. For all cores from Bar 

1-2, the mean thickness of sand beds is 4.3 cm, with a standard deviation of 13.5 cm 

(Table 2.1). Mud beds have an average thickness of 3.8 cm and a standard deviation of 

8.7 cm. From the upstream to downstream side of Bar 1-2, the mean sand bed thickness 

decreases from 5.5 to 3.8 cm, and mud beds increase in average thickness from 3 to 4 

cm (Table 2.1). Overall, cores from Bar 1-2 consist of 54% sand and 46% mud. 

Bar 1-3 

Bar 1-3 is a semi-detached point bar situated towards the seaward end of the 

Middle Arm, and is situated in the lower delta plain tidal flats (Figs 2.1 and 2.2). There 

are seven cores collected from Bar 1-3, consisting of approximately 14.4 m of sediment 

(Fig. 2.4A). Cores 1 and 2 are considered to be characteristic of the upstream side of the 

bar, and cores 6 and 7 are characteristic of the downstream side. Across the entire bar, 

the average sand-bed thickness is 4.9 cm, with a standard deviation of 9.9 cm (Table 

2.1). Mud beds have a mean thickness of 3.8 cm with a standard deviation of 4.3 cm. 

From the upstream to downstream side of the bar, the average sand-bed thickness 

decreases from 5.8 to 3.9 cm, and mud beds increase in average thickness from 3.4 to 

4.1 cm (Table 2.1). Overall, cores from Bar 1-3 contain 59% sand and 41% mud.  

Bar 1-4 

Bar 1-4 is an in-channel bar located in the Middle Arm at the transition from the 

upper delta plain to the lower delta plain (Figs 2.1 and 2.2). There are four cores 

collected from the bar, with a total length of 7.6 m (Fig. 2.4B). Cores 1 and 2 are 

considered to be characteristic of the upstream side of the bar, and cores 3 and 4 are 

characteristic of the downstream side. For all cores from Bar 1-4, the average sand-bed 

thickness is 7.7 cm and the standard deviation is 11.1 cm (Table 2.1). Mud beds have a 

mean thickness of 4.9 cm, with a standard deviation of 6.7 cm. From the upstream to 

downstream side of the bar, the average sand-bed thickness decreases from 12.4 to 5.6 

cm, and the average mud-bed thickness decreases from 5.1 to 4.8 cm (Table 2.1). 

Cores from Bar 1-4 comprise 65% sand and 35% mud. 
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Figure 2.3 Vibracore cross-sections for: (A) Bar 1-1 and (B) Bar 1-2 in Zone 1. White arrows on 

the maps (and on the maps in Figs. 2.4 to 2.7) show the direction of river discharge. The 
cross-sections use the maximum low tide limit from 2012 as a datum, and the datum 
separates the subtidal and intertidal zones. The 2012 low tide limit is the same datum 
used in Figs. 2.4 to 2.7. The bottom inset maps use numbers to identify the precise 
location on each bar where cores were collected. The Bar 1-1 section displays all six 
cores used in the numerical analysis, whereas the Bar 1-2 section shows only five of 17 
cores utilized for quantification. 
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Figure 2.4 Vibracore cross-sections for: (A) Bar 1-3 and (B) Bar 1-4 in Zone 1. The bottom inset 

maps use numbers to identify the precise location on each bar where the cores were 
collected. The Bar 1-3 section shows all seven cores used in the numerical analysis, 
while the Bar 1-4 section shows four cores. 
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2.4.2. Zone 2 

Bar 2-5 

Bar 2-5 is a point bar located on the southern banks of the Main Channel and is 

known as Tilbury Island (Figs 2.1 and 2.2). There are five cores retrieved from this bar, 

totaling 7.7 m of section (Fig. 2.5A). Cores 1 and 2 are considered to be representative 

of the upstream side of the bar, and cores 4 and 5 are representative of the downstream 

side. For all cores from Bar 2-5, sand beds average 7.5 cm thick with a standard 

deviation of 13.9 cm (Table 2.1). Mud beds have a mean thickness of 10.9 cm and a 

standard deviation of 9.9 cm. From the upstream to downstream side of the bar, the 

average sand-bed thickness increases from 2.9 to 9.9 cm, and the average mud-bed 

thickness decreases from 13.9 to 9.3 cm (Table 2.1). Overall, 46% of beds in Bar 2-5 

cores are sand and 54% are mud. 

Bar 2-6 

Bar 2-6 is a channel-margin bar situated on the north bank of the Fraser River 

along the Annacis Channel, small chute channel (Figs 2.1 and 2.2). There are five cores 

retrieved from the bar, with a total of 7.9 m of sediment (Fig. 2.5B). Cores 1 and 2 are 

considered to be indicative of the upstream side of the bar, and cores 4 and 5 are 

indicative of the downstream side. For all cores from Bar 2-6, sand beds average 2.8 cm 

thick and have a standard deviation of 4.5 cm (Table 2.1). Mud beds average 17.8 cm 

thick, with a standard deviation of 22.6 cm. From the upstream to downstream side of 

the bar, the average sand-bed thickness decreases from 5.3 to 1.9 cm. Mud beds 

average 19.4 cm on the upstream side of the bar, but thin to 17.1 cm in the downstream 

direction (Table 2.1). Cores from Bar 2-6 contain 12% sand beds and 88% mud beds. 
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Figure 2.5 Vibracore cross-sections for: (A) Bar 2-5 and (B) Bar 2-6 in Zone 2. The bottom inset 

maps use numbers to identify the precise location on each bar where the cores were 
collected. Both of the sections show all five cores that were used from each bar in the 
numerical analysis. 

Bar 2-7 

Bar 2-7 is a point bar situated east of the Port Mann Bridge at a bend in the river 

between Douglas Island and Barnston Island; the bar rims the southern margin of the 

Main Channel (Figs 2.1 and 2.2). There are five cores collected from Bar 2-7, 

intersecting 8.2 m of section (Fig. 2.6). Cores 1 and 2 are considered to be indicative of 

the upstream side of the bar, and cores 4 and 5 are indicative of the downstream side. 

Across the whole bar, sand beds average 5.7 cm thick, with a standard deviation of 7.6 
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cm (Table 2.1). Mud beds average 6.4 cm and have a standard deviation of 7.3 cm. 

From the upstream to downstream side of the bar, the average sand-bed thickness 

decreases from 5.9 to 5.6 cm, and the average mud-bed thickness increases from 4.3 to 

7.9 cm (Table 2.1). Overall, 46% of the cored succession was sand and 54% was mud. 

 
Figure 2.6 Vibracore cross-sections for Bar 2-7 in Zone 2. The bottom inset maps use numbers 

to identify the precise location on the bar where the cores were collected. The section 
shows all five cores that were used in the numerical analysis. 

2.4.3. Zone 3 

Bar 3-8 

Bar 3-8 is an in-channel bar located along the northern edge of McMillan Island, 

and faces the main channel of the Fraser River in this area (Fig. 2.1). There are four 

cores collected from Bar 3-8, which record 11.8 m of the sedimentary succession (Fig. 

2.7A). Cores 1 and 2 are considered to be representative of the upstream side of the 

bar, and cores 3 and 4 are representative of the downstream side. The average sand-

bed thickness across the bar is 21.2 cm with a standard deviation of 30.8 cm (Table 2.1). 

Mud beds across Bar 3-8 average 4.6 cm, and have a standard deviation of 4.2 cm. 

From upstream to downstream, the average sand-bed thickness increases from 13.4 to 

30.9 cm, and the average mud-bed thickness increases from 4.4 to 5.0 cm (Table 2.1). 

Overall, Bar 3-8 cores comprise 82% sand and 18% mud. 
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Figure 2.7 Vibracore cross-sections for: (A) Bar 3-8 and (B) Bar 3-9 in Zone 3. The bottom inset 

map uses numbers to identify the precise location along the bars where the cores were 
collected. The sections show all four cores that were used in the numerical analysis of 
Bar 3-8 and all three cores that were collected from Bar 3-9. 

Bar 3-9 

Bar 3-9 is an in-channel bar located on the southern side of Matsqui Island, on 

the west side of the Mission Bridge (Fig. 2.1). There are three cores collected from Bar 

3-9, and they recovered 6 m of sediment. Core 1 is considered to represent the 

upstream side of the bar, and core 3 is considered to represent the downstream side. 



 

32 

Vibracore successions from Bar 3-9 are entirely sandy (Fig. 2.7B). No quantification of 

bed thickness was undertaken from this bar, and sand comprises 100% of the cored 

interval. 

2.5. Discussion 

2.5.1. Lithological Trends 

The results of the quantitative analysis of bed thickness indicate that there are 

three important sand–mud thickness trends through the tidal–fluvial transition (TFT) of 

the Fraser River: (i) variation in the overall sand to mud ratio; (ii) variation in inter-bar 

(i.e. between bars) bed thickness distributions; and (iii) variation in intra-bar (i.e. within a 

single bar) bed thickness distributions. Among these, variation in the sand to mud ratio is 

the most conspicuous sedimentological trend (Fig. 2.8).  

Near the landward limit of tidal influence, at Bar 3-9 (river kilometre 85), vibracore 

successions comprise 100% sand. At Bar 3-8 (river kilometre 65), the proportion of mud 

increases to approximately 18%. Further seaward, the mud content on channel margins 

progressively increases to 54% (Bar 2-7; river kilometre 48) and reaches a maximum of 

88% (Bar 2-6; river kilometre 28). The maximum proportion of mud in channel bar 

successions from the Fraser River occurs in close proximity to the maximum landward 

incursion of the saltwater wedge (SWW), however, Bar 2-6 occurs off the Main Channel 

trend and therefore this might overestimate the trends in mud content. Seaward of this 

position, mud proportions on channel margins progressively decrease from 54% at Bar 

2-5 (river kilometre 21) to 46% at Bar 1-2 (river kilometre 12) and to 14% at Bar 1-1 

(river kilometre 10; Fig. 2.8). 

Inter-bar variability in sand-bed and mud-bed thicknesses between the three 

zones defined for the lower Fraser River is strongly linked to the major hydrodynamic 

zones across the TFT (Fig. 2.9; Table 2.1). Sand beds are thicker (average 3.8 to 26 

cm) than mud beds (average 3 to 6.4 cm) in Zone 1 (mixed tidal–fluvial with sustained 

brackish-water zone). However, sand-bed thicknesses vary significantly as evidenced by 

the relatively large standard deviation in thickness values (Fig. 2.9A and B; Table 2.1). 
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By comparison, mud beds are thin and exhibit more uniformity in thickness (small 

standard deviations, Fig. 2.10C and D; Table 2.1). Sand beds in Zone 2 (fluvial-

dominated and tide-influenced, freshwater to brackish-water transition zone) are 

generally thin (average 2.8 to 7.5 cm) and show little variability in thicknesses (Fig. 2.9A 

and B; Table 2.1). Mud beds are thicker (average 6.4 to 7.8 cm) than in Zone 1, and 

show significant variability in thickness (large standard deviations; Table 2.1). Finally in 

Zone 3 (fluvial-dominated, tide-influenced and freshwater zone), sand beds are relatively 

thick (average > 21.2 cm) and are highly variable in thickness (Fig. 2.9A and B; Table 

2.1). Mud beds are thin (average 4.6 cm) and their thickness is more uniform. 

There is also considerable intra-bar variability in bed and bedset thickness 

distributions from upstream to downstream ends of bars through the TFT (Fig. 2.10; 

Table 2.1). Zone 1 is characterized by a decrease in average sand-bed thicknesses and 

an increase in average mud-bed thicknesses from the upstream to downstream ends of 

the bars. Zone 2 shows no clear trend between the distribution of sand and mud beds 

from the upstream to downstream ends. This zone consists of sand beds that vary from 

thicker (i.e. Bar 2-6; river kilometre 28), to thinner (i.e. Bar 2-6; river kilometre 21), to 

approximately the same (i.e. Bar 2-7; river kilometre 48) from the upstream to 

downstream ends of their respective channel bars. In this freshwater to brackish-water 

transition zone, however, average mud-bed thicknesses are always greater on the 

upstream sides of bars than they are on the downstream sides. Finally, Zone 3 is typified 

by sand and mud beds and bedsets that thicken from upstream to downstream positions 

within any given channel bar. The intra-bar trends described above are derived by 

grouping cores from each bar into upstream and downstream bar positions and then 

averaging bed thicknesses from multiple cores (Table 2.1). It is much more difficult to 

predict intra-bar bed thicknesses when data from individual cores are compared together 

(Fig. 2.10). The mechanism for developing core to core variability in bed thicknesses is 

unknown; however, it is apparent that averaging data from multiple cores is necessary to 

define both intra-bar and inter-bar trends. 
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Figure 2.8 Fence diagram showing the overall proportion of sand (yellow) and mud (brown) on 

the various bars sampled in this study. 
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Figure 2.9 Graphs of the range of bed/bedset thickness plotted against distance upstream from 

the delta front. The mean bed thickness is marked with a black dot and the vertical lines 
mark one standard deviation from the mean. The number of beds used in calculations is 
indicated next to the mean value. Solid red lines connect means, and dotted red lines 
indicate the inferred trends in the mean. At approximately 30 km upstream from the 
delta front, the Middle Arm connects with the Main Channel. A) Sand thickness data for 
the Main Channel–Canoe Passage distributaries. B) Sand thickness for the Middle Arm 
distributary channel. C) Mud thickness data for the Main Channel–Canoe Passage 
distributaries. D) Mud thickness data for the Middle Arm distributary channel. 
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It is important to note that three bars in Zones 1 and 2 (Bars 1-1, 1-2 and 2-6) are 

not situated along the Main Channel or Middle Arm of the Fraser River. The positions of 

these bars are projected into the Main Channel based on their position relative to the 

delta front and based on the published salinity and hydrodynamic data available for 

these sites. The data from the three off-trend bars do not contravene data derived from 

bars along the Main Channel axis, although it is possible that core data acquired from 

the margins of the Main Channel may affect the trends defined herein. 

The results of this study are derived from three distinctive bar types: point bars, 

in-channel bars and channel-margin bars. Although these three bar types vary 

morphologically, sedimentological and ichnological trends transcend bar type and reflect 

differences in fluvial flow, tidal flux and the presence of saltwater at the bed (Johnson 

and Dashtgard 2014). If preserved in the rock record, all of the bars considered within 

this study would exhibit accumulations of interbedded sand and mud. It would be very 

difficult to derive the morphology of the bar based solely on the sedimentology and 

ichnology of the sedimentary succession. 

2.5.2. Turbidity Maximum and the Backwater Effect 

The overall proportion of sand and mud on channel bars, as well as the intra-bar 

and interbar trends in bed thickness distribution in the lower Fraser River are controlled 

by tidal flux, fluvial flow and saltwater incursion up the various distributary channels. The 

relative contribution and interaction between these hydrodynamic processes determine 

the position of the leading edge of the SWW and, therefore, the location of the turbidity 

maximum zone (TMZ). Although the position of the SWW in the Fraser River shifts 

considerably with short term changes in tidal height, as well as seasonal variations in 

fluvial discharge (Fig. 2.2; Kostaschuk and Atwood 1990), the primary locus of 

suspended sediment concentration (SSC) in the water column, and thus deposition of 

mud on channel margins in the Fraser River, occurs near the maximum landward limit of 

saltwater incursion. Seaward of this toe, the SSC in the water column declines 

substantially as the thickness of the overriding freshwater layer decreases (Kostaschuk 

et al. 1992). This is probably due to the flocculation of silts and clays, where flocculation 

dilutes the sediment–water mixture and reduces turbulence in the overriding layer 
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(Kostaschuk et al. 1992). Moreover, it is possible that the role of dynamic mud 

deposition (cf. MacKay and Dalrymple 2011) decreases in the seaward direction 

because of increased turbulence near the bed relative to the toe of the SWW. As a 

result, the thickest accumulations of mud occur in distributary channels close to the time-

averaged position of the TMZ. 

The tidal backwater effect is another major contributing factor to the deposition of 

fine-grained (i.e. mostly silt and clay) sediment in the Fraser River and it’s various 

distributary channels. Venditti et al. (2010) suggest that the landward extent of 

backwater effects, derived from ocean tides, occurs at the major break in river gradient 

at approximately river kilometre 102. Seaward of that point, the modulation of fluvial flow 

velocities by tidal flux gradually increases towards the river mouth. The precise effects of 

tidal dampening of river flow in the backwater zone are unknown. Nonetheless, based on 

this analysis of the overall proportion of mud beds on channel bars, it is inferred that the 

backwater effect is important for decelerating flow velocities and reducing turbulence 

near the bed on channel margins. This suggests that there is the potential for dynamic 

mud deposition (i.e. deposition of silt-sized and clay-sized particles at flow velocities 

typically associated with sand deposition (Baas and Best 2008; Schieber and Southard 

2009; MacKay and Dalrymple 2011) to occur at least as far landward as river kilometre 

50 (i.e. Bar 2-7). Channel narrowing in the vicinity of the Port Mann Bridge also appears 

to produce a backwater effect locally, and may contribute to the concentration of mud on 

channel margins within close proximity to the bridge (FREMP–BEAP, 2006). Finally, flow 

separation along the channel margins has been observed throughout the lower Fraser 

River. Based on the work of Leeder and Bridges (1975), Rubin et al.  (1990) and Rubin 

and McDonald (1995), as well as the morphology of the Fraser River, it is likely that flow 

separation results from the seaward widening of the channel, the sharp break in slope 

between the channel thalweg and the channel margins, and/or flow around meander 

bends. Where flow separation occurs on the channel margins, reverse eddies develop 

and assist in the upstream transport of fine-grained sediment (Czarnecki et al. 2014), 

and deposition of mud in a zone that extends landward of the SWW incursion. 
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Figure 2.10 Graphs of the average bed/bedset thickness for all cores on all bars (A–H). Bed and 

bedset thickness is plotted against distance upstream from the seaward end of each 
bar. The mean bed thickness in each core is marked with an orange (sand) and brown 
(mud) dot. Solid lines connect mean values, and dotted lines indicate the inferred trend 
in the mean. 
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2.5.3. Implications for the Rock Record 

The results presented in this study provide two important and interrelated 

implications for ancient sedimentary strata and reservoir models, including: (1) insights 

into the palaeoenvironmental interpretation of IHS deposits; and (2) predicting the quality 

and compartmentalization of subsurface aquifers and hydrocarbon reservoirs.  

(1) In the Fraser River, there is an increase in the thickness and abundance of 

mud beds from the most landward positions of the TFT, where SSC is low and towards 

the TMZ where the SSC is at a maximum. Seaward of the TMZ, the SSC and the overall 

proportion of mud on bars progressively decline. Dalrymple and Choi (2007) note that 

the abundance and thickness of mud beds at any position in a channel is strongly 

controlled by variations in the SSC of the overlying water column. Consequently, mud 

beds should be most abundant and thickest in the TMZ of the tidal–fluvial transition. The 

present study recognizes that sand-bed thickness and distribution are also important 

parameters with regard to recognizing the position of the TMZ; the TMZ is characterized 

by relatively thin sand beds compared to more landward or seaward positions. 

Moreover, channel bars near the TMZ generally contain <50% sand. A possible 

explanation for this relation is a decrease in the flow capacity (i.e. ability to transport 

sediment) in proximity to the TMZ. Such reduced flow velocities result from the 

backwater effect causing accumulation of mud on channel margins. On the other hand, 

sand-sized particles continue to be transported seaward, or are deposited near the 

channel base where flow velocities and turbulence at the bed are too high for any 

deposition of mud. It is also important to mention that sand transport and deposition 

primarily occur during the early waning stages of river flood, whereas mud deposition 

occurs near the end of waning flow and into the low river flow stages (Sisulak and 

Dashtgard 2012). 

In rock record examples of tidal–fluvial deposits, bed thickness data should be 

tabulated and graphically compared to determine depositional position with respect to a 

palaeo-TMZ. This is necessary because mud-dominated IHS successions can develop 

at the distal end of point bars or counter point bars, due to factors other than the 

presence of a TMZ (Smith et al. 2009). Primary physical sedimentary structures and 

ichnology can be used to differentiate mud deposition associated with the TMZ from 
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other channel-associated mud deposits; the TMZ wiil consist of wavy- and lenticular-

bedded successions containing a brackish-water ichnological suite of traces. Indeed 

deposition across the TFT is complex and integrating bed thickness data with other lines 

of reasoning is a more powerful interpretation tool.  

(2) Mudstones in sandstone-dominated successions increase tortuosity of fluid 

flow through otherwise permeable reservoir sandstones. As a result, reservoir-scale 

permeability and flow simulation utilizing mud-bed parameters are undertaken to 

understand how mudstones impact reservoir performance (Haldorsen and Lake 1984; 

Begg and King 1985; Burton and Wood 2013). Using the Fraser River as an analogue 

model, the present authors predict that reservoir compartmentalization will progressively 

change in complexity from the landward limit of tidal influence (i.e. tide-influenced, fluvial 

dominated and freshwater positions) to the mouth of tidally influenced rivers (i.e. mixed 

tidal–fluvial positions with sustained brackish-water):  

(i) In fluvially dominated channels, mud beds will probably be thin and vertical 

reservoir compartmentalization limited. Sandstone beds will exhibit increased 

connectivity with fewer impermeable barriers between beds.  

(ii) In successions deposited near the TMZ, mudstone beds will probably thicken 

and exhibit greater uniformity in thickness. Sandstone beds will be relatively thin. 

Sediments deposited in and near the TMZ will exhibit the greatest degree of reservoir 

compartmentalization, and fluid flow will be strongly anisotropic in the horizontal 

direction. 

(iii) Sediments deposited seaward of the TMZ will have thick sand beds, and 

thinner mud beds. Reservoirs in this position are inferred to possess better reservoir 

characteristics than sediments deposited in the TMZ, and similar characteristics to 

sediments deposited in fluvial dominated freshwater positions. 
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2.6. Conclusions 

The results of this study show important trends in the distribution of sand-bed 

and mud-bed thicknesses along the tidally influenced, lower Fraser River. Trends in bed 

thickness are governed by river flow and the modulation of river flow by tidal flux, and 

seasonal variation in the upstream position of the saltwater wedge and turbidity 

maximum zone. Three significant trends are defined: 

(1) In the tidal–fluvial transition, sand beds are thickest near the landward limit of 

tidal influence; they progressively decrease in thickness towards the time-averaged 

position of the turbidity maximum zone, and then thicken with proximity to the distributary 

mouth. The trend in sand-bed thickness is coupled with a near absence of mud beds at 

the freshwater tidal limit, and an increase in mud-bed thickness towards the turbidity 

maximum zone. The thickness of mud beds declines from the turbidity maximum zone 

towards the river mouth. 

(2) Variability in sand-bed thicknesses is greatest at the landward limit of tidal 

influence, decreases towards the turbidity maximum zone, and increases again towards 

the river mouth. Variability in mud-bed thickness increases from the tidal limit towards 

the turbidity maximum zone, and then decreases from the turbidity maximum zone 

towards the river mouth. Both sand-bed and mud-bed thicknesses exhibit the greatest 

uniformity in sediment deposited near the time-averaged position of the turbidity 

maximum zone. 

(3) In fluvial-dominated and tide-influenced positions with freshwater (Zone 3 in 

this study), on average sand beds are thicker on the upstream side of bars and thin 

downstream. Mud beds exhibit the reverse trend, and thicken downstream in general. In 

fluvial-dominated and tide-influenced river reaches with mixed freshwater and brackish-

water (Zone 2), sand beds do not exhibit noticeable variations in average thickness 

between upstream and downstream ends of bars. This differs from mud beds, which are 

generally thicker at the upstream ends of bars. In the mixed tidal–fluvial positions with 

sustained brackish-water conditions (Zone 1), both average sand and average mud-bed 

thickness increase in the downstream direction.  
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The results of this study have two important implications for tidal–fluvial channel 

bar successions in the rock record.  

(1) Sand-bed and mud-bed thicknesses and distributions can be used to predict 

the time-averaged position of the turbidity maximum zone. Sand beds thin and exhibit 

increasing uniformity in thickness towards to the turbidity maximum zone, and mud beds 

thicken and show increased thickness variability towards the turbidity maximum zone.  

(2) Reservoir compartmentalization associated with thick and abundant mud 

beds is greatest near the time-averaged position of the turbidity maximum zone, and 

decreases in both the landward and seaward directions. Reservoirs deposited both 

landward and seaward of the turbidity maximum zone will probably have the highest 

reservoir quality and lowest degree of compartmentalization. 
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Chapter 3.  
 
Bioturbation Trends Across the Freshwater to 
Brackish-Water Transition in Rivers1 

3.1. Introduction 

Burrowing organisms are sensitive to the physical and chemical conditions of 

their habitats. In deltas and estuaries, temporal and spatial changes in water salinity 

strongly affect organism behaviour and distribution (Carriker 1967; Remane and 

Schlieper 1971; Schäfer 1972; Wolff 1973; Perkins 1974; Dörjes and Howard 1975; 

Chapman and Brinkhurst 1981; Croghan 1983; Hudson 1990; Gingras et al. 1999; 

Pearson and Gingras 2006; Gingras et al. 2008; Hauck et al. 2009; Sisulak and 

Dashtgard 2012; Johnson and Dashtgard 2014; La Croix and Dashtgard 2015). Stresses 

imposed by fluctuating and generally reduced salinities produce a distinctive bioturbate 

signature that allows for the differentiation of brackish-water environments from their fully 

marine counterparts (Pemberton et al. 1982; Wightman et al. 1987; Gingras et al. 1999; 

Buatois et al. 2005; MacEachern and Gingras 2007). Herein, we evaluate ichnological 

trends across the tidal–fluvial transition of five modern channel systems: the Middle / 

North Arm and Main Channel of the Fraser River, British Columbia, Canada; the Palix 

River of Willapa Bay, Washington, U.S.A.; and the Kouchibouguac and Kouchibouguacis 

rivers, New Brunswick, Canada. The diversity and density of burrowing in these rivers 

are compared to their measured salinity profiles. From these comparisons, we test the 

validity of the commonly reproduced infaunal diversity graph (e.g., Remane and 

Schlieper 1971; Barnes 1989; Hudson 1990; Pickerill and Brenchley 1991; Buatois et al. 
 
1 A version of this chapter is published in PALAEOGEOGRAPHY, PALAEOCLIMATOLOGY, 

PALAEOECOLOGY, 2015, v. 440, p 66–77: “Bioturbation trends across the freshwater to 
brackish-water transition in rivers.” Authored by: La Croix, A.D. Dashtgard, S.E., Gingras, M.K., 
Hauck, T.E., and MacEachern, J.A. 
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1997) that indicates an increase in faunal diversity from brackish-water settings into the 

freshwater realm (Fig. 3.1). The graph was re-interpreted to suggest that the increase I 

faunal diversity equates to an increase in trace diversity into the freshwater realm 

(Pickerill and Brenchley, 1991; Buatois et al., 1997), however, the graph was originally 

intended to showcase only the relative number of species present in freshwater settings 

(Remane and Schlieper 1971; Barnes 1989; Hudson 1990), and was not meant to have 

any implications for the number of species of burrowing infauna. 

 

Figure 3.1 The relative number of marine and freshwater species at various ambient salinities (at 
the bed) between saltwater and fresh water and the corresponding diversity of traces 
and bioturbation intensity (modified from Remane and Schlieper, 1971; Barnes, 1989; 
Hudson, 1990; and, Buatois et al., 1997). 

Based on a foundation established by previous workers (Schäfer 1956; Seilacher 

1963; Howard and Frey 1973; Dörjes and Howard 1975; Howard et al. 1975; Howard 

and Frey 1975; Majou and Howard 1975), Pemberton et al. (1982) recognized that 

brackish-water trace fossils recur in predictable associations in a manner that parallels 

benthic communities. This informal “brackish-water ichnological model” is commonly 

used to decipher rock-record strata representing marginal-marine environments (e.g., 

Wightman et al. 1987; Pemberton and Wightman 1992; Wightman and Pemberton 1997; 

Buatois et al. 2005; MacEachern and Gingras 2007). The ichnological characteristics of 

sediments across the marine to brackish-water transition are well defined, but the 
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transition from brackish-water to freshwater is more poorly known. Some workers have 

reported that the freshwater reaches of rivers are characterized by trails, trackways, and 

grazing traces predominantly produced by terrestrial and freshwater organisms. These 

freshwater trace associations of high density but low diversity, and correspond to trace 

assemblages that include trace fossils common to both the Scoyenia and Mermia 

ichnofacies (Buatois et al. 1997; Buatois and Mangano 2011). On the other hand, a 

relatively unbioturbated brackish-water to freshwater transition was observed in 

Palaeozoic and Mesozoic rocks by (Miller 1984; Miller and Labandeira 2002; Miller et al. 

2002). The modern observations of intertidal and subtidal deposits from Willapa Bay 

estuary, U.S.A. (Gingras et al. 1999), transgressive embayments in Kouchibouguac 

National Park, New Brunswick, Canada (Hauck et al. 2009), and deltaic distributary 

channels of the Fraser River Delta, British Columbia, Canada (Dashtgard et al. 2012; 

Sisulak and Dashtgard 2012; Johnson and Dashtgard 2014; La Croix and Dashtgard 

2015) do not exhibit the landward increase in trace diversity and density into the 

freshwater part of the system, and show an unbioturbated transitional zone from 

brackish-water to freshwater. 

3.2. Study Areas 

3.2.1. Fraser River, British Columbia, Canada 

The Fraser River is 1 375 km long and drains 228 000 km2 of mountainous 

terrain in British Columbia, Canada (Fig. 3.2A). River flow varies from approximately 1 

000 m3 s-1 during low flow to 15 200 m3 s-1 during high flow. Mean annual discharge is 8 

642 m3 s-1. Tides are mixed semidiurnal. The mean tidal amplitude at the mouth of the 

river is 3.0 m and ranges from 2.1 to 4.9 m through the neap-spring tidal cycle.  

3.2.2. Palix River, Willapa Bay, Washington, U.S.A. 

Willapa Bay is a sheltered body of water in the southwest corner of Washington 

State, U.S.A. (Fig. 3.2B). Five small rivers discharge into the bay. The Palix River flows 

from the southeast and constitutes one of the sources of freshwater supplied to the 

estuary. The Palix River is approximately 11 km long, and consists of the South Fork, 
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Middle Fork, Cannon River, and mainstream Palix River. The drainage basin is 

approximately 110 km2 and the average discharge from the Palix is estimated to be 5 m3 

s-1 (maximum discharge estimated at 100 m3 s-1). 

Tidal range in Willapa Bay varies from 2 to 3 m. A large volume of water is 

exchanged through the estuary as a result of a tidal prism that is at least 700 000 m3; 

approximately 45% of the bay’s total volume (Engineers 1975). 

 



 

52 

Figure 3.2 (previous page) Satellite images of (A) Fraser River, British Columbia, Canada, (B) 
Willapa Bay, Washington, U.S.A., and (C) Kouchibouguac National Park, New 
Brunswick, Canada. The main rivers and distributary channels are annotated on their 
corresponding images. Numbers in orange show locations of stations where salinity 
measurements, sediment samples, and / or box cores were acquired. The sustained 
brackish-water, brackish-water to freshwater transition, and freshwater zones for each 
river are bracketed in blue, orange, and red respectively. (Image Source: USGS and 
NASA). 

3.2.3. Kouchibougac National Park, New Brunswick, Canada 

Kouchibouguac National Park is situated on the Northumberland Strait in the 

southern Gulf of St. Lawrence, Canada (Fig. 3.2C). The bay contains 29 km of arcuate 

barrier islands fronting a series of lagoons and estuaries of which the St. Louis and 

Kouchibouguac lagoons are the most prominent. The Kouchibouguacis River debouches 

into St. Louis Lagoon, whereas the Kouchibouguac and Black rivers empty into 

Kouchibouguac Lagoon. The catchment basin for the Kouchibouguac River is 

approximately 228 km2, with a mean annual discharge of 3.74 m3 s-1 (Robinson et al. 

2004). No drainage or discharge data have been published for the Kouchibouguacis 

River, but these values are probably similar given the comparable drainage area and 

dimensions of the two rivers (Hauck et al. 2009). Kouchibouguac Bay is microtidal, with 

a mean tidal range of 0.67 m and a maximum range of 1.25 m. 

3.3. Methods 

This paper synthesizes the results from three previously published studies on the 

neoichnology of rivers (Gingras et al. 1999; Hauck et al. 2009; La Croix and Dashtgard 

2015), where data were collected mainly from intertidal sediments. The exception to this 

is the Kouchibouguac and Kouchibouguacis rivers where the shallow water depths 

enabled both intertidal and subaqueous sampling to 3 m water depth (from maximum 

high tide). Datasets include surficial sediment samples, shallow cores, box cores, and 

water salinity measurements. Surficial sediment samples were used to determine the 

textural characteristics of the substrates inhabited by the bioturbating organisms. 

Shallow cores collected subaqueously in 10 cm diameter x 30 cm long PVC tubes (i.e., 

“shrimp guns”) were x-radiographed, and trace diversities and densities were recorded 

therein. Box cores (18 cm x 8 cm x 30 cm) were collected at intertidal stations for x-ray 
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imaging of in situ sedimentological and ichnological structures. In total, 364 sediment 

samples and 136 box cores from 56 stations were collected across the Fraser River’s 

tidal–fluvial transition (Appendix C). From the Palix River, 50 box cores and 60 sediment 

samples from 6 stations were utilized. Finally, 57 sediment samples and 26 box cores 

were analyzed from 57 stations along the Kouchibougacis and Kouchibouguac rivers, as 

well as in the adjacent tidal inlets. 

Water salinity data from the Fraser River were employed from published studies 

(Hughes and Ages 1975; Ages 1979; Chapman 1981; Chapman and Brinkhurst 1981; 

Kostaschuk and Atwood 1990). Measurements of water salinity in the Palix River at 

Willapa Bay are published in Gingras et al. (1999) and Schoengut (2011). Finally, salinity 

data was collected from the Kouchibouguac area by Hauck et al. (2009) and 

supplemented by salinity assessments in Patriquin and Butler (1976).  

The Palix River and the rivers in Kouchibouguac National Park are effectively 

homopycnal, such that there is no significant vertical salinity gradient in the shallow 

channels. By contrast, salinity gradients in the Fraser River distributaries are 

moderately- to highly-stratified (Hughes and Ages 1975; Ages 1979; Kostaschuk and 

Atwood 1990), resulting in a relatively large salinity gradient between the channel bottom 

and water surface. The salinity profiles in this study are for the upper 3 m of the water 

column in the Main Channel and North / Middle arms of the Fraser River, as these 

measurements reflect the component that impacts the infauna inhabiting intertidal 

channel bars. 

3.4. Results 

Five channel systems in three discrete study areas are used to assess the 

neoichnological characteristics across the brackish-water to freshwater transition zone in 

tidally influenced river systems: 1) Middle / North arms and 2) Main Channel of the lower 

Fraser River, British Columbia, Canada; 3) Palix River of Willapa Bay, Washington, 

U.S.A.; and 4) Kouchibouguac and 5) Kouchibouguacis rivers in Kouchibouguac Park, 

New Brunswick, Canada (Fig. 3.2). Although these rivers differ markedly in drainage-

basin area, discharge characteristics and climate, their deposits are influenced by tides 
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and brackish-water, and a brackish-water to freshwater transition is present in all 

systems. Ichnological characteristics are derived from intertidally exposed sediments, 

and / or from shallow subtidal sites (up to 3 m water depth) in the Kouchibouguac 

dataset. 

3.4.1. Fraser River, British Columbia, Canada 

Water Salinity and Sediment Grain Size Distribution 

Water salinities throughout the lower Fraser River vary dramatically throughout 

the year. During high flow periods (the summer freshet during May to August), water in 

the channels is fresh (0 psu), except at the mouths of the smaller distributaries where 

salinities can reach 5 psu during spring high tides (Fig. 3.3A–B; Hughes and Ages 1975; 

Johnson and Dashtgard 2014). During low flow conditions (base flow from September to 

April), a saltwater wedge (SWW) shifts up- and down-river with the tidal cycles. During 

base flow and spring high tides, saline water incurs up to 30 river km inland in the Main 

Channel (Hughes and Ages 1975; Ages 1979; Kostaschuk et al. 1989; Kostaschuk and 

Atwood 1990), and 16 river km up the North and Middle arms (Figs. 3.2A and 3.3B). 

Landward of the leading edge of the SWW, water salinities remain fresh, whereas 

seaward of the SWW, water salinities vary from 0 psu to approximately 25 psu (Ages 

1979). The tidal backwater zone – the part of the river affected by tides but landward of 

saltwater intrusion – extends 102 km upriver (72 km beyond the saltwater wedge; 

Venditti et al. 2010; La Croix and Dashtgard 2015). 

In the Fraser River’s sustained brackish-water zone (Fig. 3.2A), mud is only 

deposited in upper subtidal and intertidal positions. Most channel bars exhibit an 

increase in the percentage of sand towards the bend-apex, resulting in a mud-sand-mud 

longitudinal distribution of sediments (Johnson and Dashtgard 2014; La Croix and 

Dashtgard 2014). The proportion of mud also increases towards the top of channel bars, 

such that mud proportions are greatest in the intertidal zone. Muds are clayey silts, 

containing less than 10% clay-sized particles.  
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Figure 3.3 (previous page) Water salinity profiles from (A) Fraser River Main Channel, (B) 
Fraser River North Arm, (C) Palix River, (D) Kouchibouguac River, and (E) 
Kouchibouguacis River. The numbers on the x-axis of each graph match station 
locations indicated in Figure 2. The polygons are intended to show the approximate 
range of water salinity within the channels in practical salinity units (psu). Dashed lines 
separate the sustained brackish-water, brackish-water to freshwater transition, and 
freshwater zone. Data from the Fraser River North Arm and Main Channel were 
collected from the upper 3 m of the water column so that the salinity measurements are 
comparable to those experienced by intertidal infauna. However, flow in the Fraser River 
is hypopycnal, and the salinity gradient shown herein differs from that expected at the 
base of the channels. Salinity measurements from the Palix, Kouchibouguac, and 
Kouchibouguacis rivers were collected at the bed, and there is no significant vertical 
gradient in water salinity. 

The freshwater to brackish-water transition zone of the Fraser River (Fig. 3.2A) is 

typified by a relatively consistent proportion of mud between the upstream and 

downstream sides of channel bars, and no clear downstream fining trend is observed. 

Channel bars range from mixed sandy and muddy to mud-dominated facies. Overall, the 

bars exhibit fining-upward profiles. Mud-dominated successions are more common near 

the landward limit of the SWW (i.e., turbidity maximum zone [TMZ]; La Croix and 

Dashtgard 2014). The upper subtidal zone is dominated by fine-grained sand. Sand 

beds thin, and the thicknesses and proportions of mud beds and bedsets increase 

vertically up the bars. 

In the fully freshwater part of the Fraser River, mud is only deposited in the 

uppermost subtidal and intertidal zones in close proximity to the channel margins. 

Channel bars tend to show a relatively even distribution of mud between their upstream 

and downstream sides, and there is no clear downstream fining trend.  

Neoichnology  

In the Fraser Rivers’ sustained brackish-water realm, bioturbation on channel 

bars is rarely observed in the upper subtidal zone, and becomes more evenly distributed 

and of higher intensity upward into the intertidal zone (Fig. 3.4A–B). Infaunal traces 

occur mainly in mud beds or muddy bedsets, or subtend into sand beds from overlying 

muds. The exception to this occurs at the seaward end of the Middle / North arms, 

where sustained brackish water enables year round colonization of the sediments as 

well as a more even distribution of burrows between sand and mud beds (Johnson and 

Dashtgard 2014). In all cases, sand and mud beds show a heterogeneous distribution of 
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traces and bioturbation intensity both laterally and vertically through bar successions. 

Mud beds exhibit significant variability in bioturbation intensity, with Bioturbation Index 

(BI) values ranging from 0 to 4 between beds (Fig. 3.5A–B). In general, mud beds 

thicker than 5 cm are bioturbated with a low diversity to monogeneric suite of diminutive 

traces consisting of Skolithos, Arenicolites, Polykladichnus, Cylindrichnus, 

Diplocraterion, Siphonichnus, Planolites, and / or unnamed burrows of thin threadworms 

(Fig. 4A–B). Mud beds less than 5 cm thick are typically devoid of traces (BI 0). Sand 

beds are sporadically and sparsely bioturbated (BI 0–2) displaying a low-diversity suite 

of diminutive traces that include Siphonichnus, Trichichnus, Palaeophycus, and / or 

fugichnia (Fig. 4A–B; Fig, 5A–B). Where channels cross the lower delta plain tidal flats, 

sands in the bar deposits are locally more intensely burrowed (BI 4–6) and contain large 

Siphonichnus. 
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Figure 3.4 (previous page) X-radiographs of box cores collected from intertidal sediments in the 
sustained brackish-water zone from: (A) Fraser River’s Canoe Passage (Fig. 3.2; salinity 
equivalent to Main Channel Stations 4-6), showing cyclically alternating beds of 
unburrowed sandy mud and burrowed mud. Burrows subtend from the top of mud beds 
and are generally characterized by vertical forms such as Skolithos, and Arenicolites. 
(B) Fraser River Middle Arm (Fig. 3.2; salinity equivalent to North Arm Stations 4-6), 
displaying a relatively large Siphonichnus cross-cutting less bioturbated sand and 
muddy sand beds with current ripples and parallel lamination. (C) Palix River near 
Station 3 (Fig. 3.2B) showing Cylindrichnus and Siphonichnus subtending from the tops 
of sandy mud and muddy sand beds. The open chamber (middle, lower third of image) 
is interpreted to be Thalassinoides. (D) Palix River near Station 3 (Fig. 3.1B) showing 
the generally bioturbated interbeds of sand and mud. Less bioturbated (typically mud) 
beds show parallel lamination.  (E) Kouchibouguacis River / St. Louis Lagoon, with 
moderately bioturbated sand and muddy sand displaying Heliochondromites and 
Arenicolites (Station 4, Fig. 3.2C). (F) Kouchibouguacis River / St. Louis Lagoon, 
showing alternating beds of moderately bioturbated and less bioturbated (with parallel 
lamination) muddy sand and sandy mud beds (Station 5, Fig. 3.2C). The beds contain 
Arenicolites, Gyrolithes, and Planolites. Ar = Arenicolites, Cy = Cylindrichnus, Gy = 
Gyrolithes, He = Helicodromites, Pl = Planolites, Si = Siphonichnus, Sk = Skolithos, Th = 
Thalassinoides. 

In the freshwater to brackish-water transition, channel bars are only rarely 

bioturbated in the subtidal zone, but burrowing is of higher intensity and is more evenly 

distributed between beds in the intertidal zone. Trace distributions and intensities are 

strongly heterogeneous between sand and mud beds. In mud beds, bioturbation is very 

sporadically distributed (BI 0–3; Fig. 3.5A–B): thicker mud beds are more commonly 

bioturbated, though thin beds may be burrowed as well. Trace suites are either of low 

diversity or are monogeneric, and comprise diminutive Skolithos, Arenicolites, 

Polykladichnus, Cylindrichnus, and / or Planolites (Fig. 3.6A–B). There is a distinctive 

decline in the abundance of burrows from the most seaward channel bars in the zone 

towards the most landward bars (Fig. 3.5A–B). Sands are sporadically bioturbated and 

display low intensity bioturbation (BI 0–2) characterized by low diversity suites of 

diminutive traces that include Trichichnus and / or Palaeophycus (Fig. 3.6A–B). 

Bioturbation on channel bars in the fully freshwater part of the system is very rare 

to absent (BI 0–1; Figs. 3.5A and 3.7A–B). Infaunal traces rarely occur in both mud beds 

and sand beds, but where present, tend to be associated with muddy sands. The 

alternation between burrowed and unburrowed beds within this zone is not apparent, as 

the majority of beds are unbioturbated (BI 0). Where burrows are present, they comprise 

a monogeneric or low-diversity suite of burrows produced by insect larvae and 

oligochaetes that are probably represented by ichnogenera such as Naktodemasis or 
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Taenidium and diminutive Arenicolites, Skolithos, or thin threadworm traces (Fig. 3.7A–

B). 
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Figure 3.5 Plots of the range in bioturbation intensity from sands (yellow) and muds (brown) on 
channel bars. (A) Fraser River Main Channel, (B) Fraser River Middle / North Arm, (C) 
Palix River, (D) Kouchibouguac River, and (E) Kouchibouguacis River. Each plot shows 
the relative distance upstream from the mouth of the river. The broad zones of each 
river system are indicated: brackish-water tidal, freshwater to brackish-water transition, 
and freshwater tidal. Arrows show the inferred trends, based on the data. 
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Figure 3.6 X-radiographs of box cores collected from intertidal sediments in the freshwater to 
brackish-water transition zone from: (A) Fraser River Main Channel, showing alternating 
beds of current rippled sand and sandy mud with low bioturbation intensity. Beds are 
burrowed with diminutive Arenicolites, Planolites, and Skolithos (Fig. 3.2A; Station 8). 
(B) Fraser River Main Channel, displaying mud with low bioturbation intensity 
interbedded with relatively unburrowed sandy mud. The bioturbated mud shows parallel 
lamination and contains Arenicolites, Planolites, and Skolithos (Fig. 3.2A, Station 9). (C) 
Palix River near Station 10 (Fig. 3.1B) showing subtly disrupted bedding due to small 
Skolithos and Siphonichnus, as well as one larger Skolithos. Beds of BI 1-2 are 
alternating with parallel laminated beds displaying BI 0-1. (D) Palix River near Station 10 
(Fig. 3.1B). Similar to 3.3C, but with smaller burrow disruptions. (E) Kouchibouguacis 
River x-radiograph showing muddy sand with low bioturbation intensity. Vertically-
oriented Siphonichnus and Polykladichnus are the two distinctive trace forms in the 
image (Station 7, Fig. 3.2C). (F) Kouchibouguac River, showing bioturbated sandy mud 
(BI 2) that displays Planolites, Polykladichnus, and Siphonichnus (Station 8, Fig. 3.2C). 
Ar = Arenicolites, Pk = Polykladichnus, Pl = Planolites, Si = Siphonichnus, Sk = 
Skolithos. 
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Figure 3.7 X-radiographs of box cores collected from intertidal sediments in the freshwater tidal 
zone from: (A) Fraser River Main Channel, showing current rippled and trough cross-
bedded sand with rare bioturbation. Skolithos is the only trace present in the image 
(Station 11, Fig. 3.2A); (B) Fraser River, displaying alternating structureless to parallel 
laminated muddy sand and current rippled sand, with rare bioturbation by Skolithos 
(Station 12, Fig. 3.2A). (C) Kouchibouguacis River, with alternating beds of 
unbioturbated sand and muddy sand with very low bioturbation intensity displaying 
Skolithos (Station 11, Fig. 3.2C). (D) Kouchibouguacis River, showing sand with rare 
Arenicolites (Station 11, Fig. 3.2C). Ar = Arenicolites, Sk = Skolithos. 
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3.4.2. Palix River, Willapa Bay, Washington, U.S.A.  

Water Salinity and Sediment Grain-Size Distribution 

Owing to its small outflow, water salinities in the Palix River are dominantly 

controlled by tides rather than by seasonal changes in river discharge. Near the mouth 

(Station 1; Fig. 3.2B), brackish-water is maintained and salinity values range from 20–32 

psu (Fig. 3C). In positions a few kilometres inland, salinities drop to between 10–23 psu 

(Station 6; Figs. 2B and 3C). At the landward limit of brackish-water (Station 11; Fig. 

3.2B), water salinities vary between 1–3 psu (Fig. 3.3C). Consequently, the brackish-

water zone has a width of about 8 km, whereas the brackish-water to freshwater 

transition occurs across a relatively narrow zone of approximately 1 km. The fully 

freshwater zone begins just landward of Station 11 (Fig. 3.2B) and continues to the 

headwaters of the Palix River. 

Channel-bar deposits exhibit notable textural variability from the mouth of the 

Palix River (Station 1; Fig. 3.2B) towards the landward limit of tides and brackish-water 

(Station 11; Fig. 3.2B). Sand-dominated deposits are tidally derived and are situated 

near the lower reaches of the river. Mud beds are sporadically distributed and tend to be 

laterally discontinuous. A relatively narrow (2–3 km long) zone of increasingly mud-rich 

channel bars occurs landward of the sand-dominated zone, and marks the transition into 

the mud-dominated upper reaches of the Palix River (Stations 3 to 6; Fig. 3.2B). Both 

the sand-dominated and heterolithic transition zones are contained with the sustained 

brackish-water portion of the Palix River. Salinities drop from between 20–32 psu at 

Station 1 to between 5–10 psu near Station 9 (Figs. 3.2B and 3.3C) 

The upper reaches of the Palix River (Stations 10 to 11; Fig. 3.2B) are 

characterized by silt and clay. Although sand beds and bedsets are very rare, isolated 

sand laminae are present. Here, water salinities approach fresh (1-4 psu; Station 11, 

Fig. 3.3C), and we consider these stations to be located within the freshwater to 

brackish-water transition zone. Landward of Station 11 (Fig. 3.2B), waters remain fresh 

throughout the year. 
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Neoichnology 

The most diverse suite of traces observed along the Palix River occurs in the 

sandy channel bars within the sustained brackish-water zone (Stations 1–2; Fig. 3.2B). 

There, sand-dominated deposits contain suites that are of low diversity or, rarely, are 

monogeneric. The trace suite consists of diminutive Thalassinoides, Arenicolites, 

Skolithos, Planolites, Siphonichnus, Palaeophycus, and cryptobiotubation (Fig. 3.4C–D). 

In the subtidal parts of the channel, sands show bioturbation intensities that range from 

BI 0–3. There is very little mud (Fig. 3.5C) in the setting. Intertidal flats adjacent to the 

channels are more highly burrowed, ranging from BI 3–5 and display a similar trace 

suite.  

Mixed sandy and muddy channel bars upstream of the river mouth (Stations 3–6; 

Fig. 3.2B), but still within the sustained brackish-water zone, possess less diverse trace 

suites than their sandy counterparts. At this position, traces occur in low diversity or, 

rarely, are monogeneric. The trace suite includes diminutive Thalassinoides, Skolithos, 

Arenicolites, Planolites, Cylindrichnus, Palaeophycus, Siphonichnus, and 

cryptobioturbation (Fig. 3.6C–D). Bioturbation intensities range from BI 0–3 in sand beds 

(Fig. 3.5C) and BI 0–2 in mud beds. Finally, bioturbation is evident in sediments from the 

channel margin to the thalweg, although the intertidal flat is more thoroughly burrowed 

than deposits in the channel (BI 3–5). 

In the muddy sediments within the brackish-water to freshwater transition 

(Stations 10 to 11; Fig. 3.2B), trace assemblages are of low diversity and include small-

diameter Skolithos, Arenicolites, Planolites, and small Siphonichnus (Fig. 3.6C–D). In 

this area, the intertidal part of the channel displays BI values from 1–3 (Fig. 3.5C). 

Channel bars beyond the landward limit of brackish-water typically exhibit the 

most restricted trace suites of the Palix River. The assemblage is of low diversity, and 

commonly comprises monogeneric suites primarily composed of insect burrows. Mud 

beds show bioturbation intensities that vary from BI 0–3, whereas sand beds show 

values that range from BI 0–1 (Fig. 3.5C). 
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3.4.3. Kouchibouguac National Park, New Brunswick, Canada 

Water Salinity and Sediment Grain-Size Distribution 

Salinity within the sustained brackish-water part of the Kouchibouguac and St. 

Louis lagoons (Kouchibouguac and Kouchibouguacis Stations 1 to 6; Fig. 3.2C) 

generally remains high (time averaged salinity: 26.1 psu; Hauck et al. 2009) throughout 

the year, but can vary from 3 to 28 psu (Patriquin and Butler 1976).  

Within the freshwater to brackish-water transition zone (Kouchibouguac and 

Kouchibouguacis Stations 7 to 10; Fig. 3.2C), channel bars show a sharp decrease in 

water salinity (Fig. 3.3D–E). The most substantial dilution of salinity and fluctuation over 

the shortest distance was observed within the innermost part of the estuary, where 

values range from 13 to 0.2 psu (Hauck et al. 2009). Consequently, the brackish-water 

to freshwater transition in the Kouchibouguac and Kouchibouguacis rivers occurs over a 

distance of between approximately 6 and 8 km, respectively. At station 11 and landward 

in both rivers (Fig. 3.2C), waters remain fresh throughout the year (Fig. 3.3D–E).  

Both estuary-lagoon systems show similar grain-size distributions. Well-sorted 

medium- to coarse-grained sand predominates near Kouchibouguac River Stations 10 to 

11, whereas poorly sorted mixtures of clay to medium-grained sand typifies Stations 7 to 

9.  Grain sizes in Stations 1 to 6 depend on distance from the barrier bar, with fine silt 

characterizing the quiescent locations in the lagoon, and well-sorted fine- to medium-

grained sand characterizing the barrier islands, tidal inlets, and associated environments 

(Fig. 3.2C). A similar downstream profile is observed in the Kouchibouguacis River. 

Well-sorted sediment is most common at the mouth of the channels and in their upper 

reaches, whereas sediments are typically poorly sorted in the central portions of both 

rivers. 

Neoichnology 

In the vicinity of the mouth of each channel (Kouchibouguac and 

Kouchibouguacis Stations 1 to 6; Fig. 3.2C), brackish-water conditions are sustained 

throughout the entire flow season. Bioturbation intensities range from BI 0–4 in sandy 

deposits and from BI 1–5 in muddier sediments (Fig. 3.5D–E). At these locations, trace 
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suites are of low diversity or, very rarely, consist of monogeneric suites of diminutive 

traces. Biogenic structures include Arenicolites, Auchlichnites, Gyrolithes, 

Helicodromites, Palaeophycus, Planolites, Psilonichnus, Siphonichnus, Skolithos, and 

Thalassinoides (Fig. 3.4E–F).  

Farther inland, within the brackish-water to freshwater transition zone 

(Kouchibouguac and Kouchibouguacis Stations 7 to 10; Fig. 3.2C), the intensity of 

bioturbation decreases significantly. Sands are characterized by bioturbation intensities 

that range from BI 0–2, whereas BI values in muds range from 0–3 (Fig. 3.5D–E). Trace 

suites are of low diversity and, rarely, are monogeneric. Traces include diminutive 

burrows such as Arenicolites, Gyrolithes, Palaeophycus, Planolites, Polykladichnus, 

Siphonichnus, Skolithos, Teichichnus, Thalassinoides, un-named stellate-shaped 

feeding traces, and equilibrichnia (Fig. 3.6E–F).  

Freshwater reaches of the Kouchibouguac and Kouchibouguacis rivers (Station 

11 in both rivers; Fig. 3.2C) are dominated by sand, and show a marked decrease in 

bioturbation intensity. Here, the intensity of bioturbation ranges from BI 0–1. Trace 

diversity is very low, and generally consists of monogeneric suites comprising small 

Skolithos, Arenicolites, and Tektonargus produced by terrestrial insects (Fig. 3.7C–D). 

3.5. Discussion 

Our analysis of the neoichnological characteristics of intertidal sediments through 

the tidal–fluvial transition support the brackish-water ichnological model from the marine 

to brackish-water realm (Pemberton and Wightman 1992; MacEachern et al. 2007; 

Hauck et al. 2009; Gingras et al. 2011). Trends defined in the five river systems 

supporting the brackish-water model relate to: (1) the distribution of traces and 

bioturbation intensities (Fig. 3.5); (2) progressive changes in the sizes of burrows; and 

(3) the changing diversity of traces and trace suites (Fig. 3.8). However, our results also 

differ from the present working model (Fig. 3.1), in that they show a decrease in 

bioturbation intensity and diversity from brackish-water into freshwater regimes. 
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Figure 3.8 Plots of the diversity of trace forms from intertidal sediments from river channel 
compared to the “full diversity” suites of traces that characterize the tidal flats or estuary 
mouths that surround each system. The diversity is indicated as a percentage of trace 
forms. (A) Fraser River Main Channel, (B) Fraser River Middle / North Arm, (C) Palix 
River, (D) Kouchibouguac River, and (E) Kouchibouguacis River. Each plot gives the 
relative distance upstream from the mouth of the river. The broad zones of each river 
system are indicated: brackish-water tidal, freshwater to brackish-water transition, and 
freshwater tidal. Arrows show the inferred diversity based on the data. 
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3.5.1. Ichnological Trends in Support of the Brackish-Water Model 

(1) Intertidal sediments in the tidal–fluvial transition (TFT) of the five systems 

show significant and predictable variations in bioturbation intensity and distribution at a 

local scale (i.e., within a few tens of meters), as well as at a regional scale (i.e., between 

different hydrodynamic zones). As water salinities and the persistence of saline water at 

the sediment-water interface decrease, bioturbation intensities likewise decrease 

substantially as one moves from the marine realm into the brackish-water realm (Fig. 

3.5). This is matched by a heterogeneous distribution of bioturbation between beds in 

the brackish-water zone. In the freshwater zone, there is a paucity of burrowing.  

(2) Across the transition from persistent brackish-water conditions to zones of 

sustained freshwater, there is clear diminution in burrow diameters and penetration 

lengths (Figs. 3.4, 3.6, and 3.7), especially those associated with vermiform trace 

makers. Burrow sizes decrease markedly through the brackish-water zone, and into the 

transition and freshwater tidal zones.  

(3) Trace diversities in brackish-water are reduced compared to depositional 

settings characterized by normal marine conditions (i.e., mean ocean salinity = 35 psu). 

However, trace diversities also decrease substantially in tidal–fluvial channels from the 

zone of persistent brackish-water into the wholly freshwater tidal zone (Fig. 8). 

Sediments deposited under persistently brackish-water conditions display between 

approximately 45% and 90% of trace diversities observed in the “open marine” parts of 

their respective systems (i.e., tidal flats in sustained brackish-water [Gingras et al. 1999; 

Hauck et al. 2009; Dashtgard 2011a; Dashtgard 2011b]). In freshwater to brackish-water 

transition zones, intertidal deposits contain between approximately 30% and 80% of the 

trace diversity. Finally, in fully freshwater channels, trace diversities are roughly between 

10% and 35% of the maximum diversity seen in each respective system’s open marine 

signature.  
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3.5.2. Bioturbation from Brackish-Water to Freshwater  

Whereas the three trends defined above are in accordance with the currently 

employed brackish-water ichnological model (cf. Pemberton et al. 1982; Wightman et al. 

1987; Benyon et al. 1988; Pemberton and Wightman 1992; Wightman and Pemberton 

1997; Buatois et al. 2005; MacEachern and Gingras 2008) from the marine to brackish-

water parts of estuaries and rivers, our results do not support the assertion that trace 

diversity and intensity increases into the freshwater reaches (cf. Remane and Schlieper 

1971; Barnes 1989; Hudson 1990; Pickerill and Brenchley 1991; Buatois et al. 1997). 

The neoichnological trends in all five river systems, regardless of fluvial discharge, tidal 

range, or tidal flow exhibit a substantial decrease in bioturbation intensities as one 

moves from persistent brackish-water zones toward the freshwater portions of rivers 

(Fig. 3.9). As the time-averaged salinity decreases, bioturbation intensity declines and 

there is significant decrease in the diversity of burrow forms. Generally speaking, the 

transition into the freshwater realm is manifest ichnologically as a decrease in the 

number of marine ichnogenera with subordinate numbers of terrestrial and freshwater 

forms, rather than a decrease in marine bioturbation that is replaced by terrestrial and 

freshwater burrows. Intertidal settings in freshwater tidal reaches of rivers consist of 

sediments that are unburrowed or display (at most) a very low intensity of burrowing. 

Traces, where present, tend to be forms produced by diminutive marine infauna or 

terrestrial insects. 

Based on my analysis, a revision to the brackish-water ichnological model (Fig. 

3.9) is proposed wherein trace diversities and densities do not increase into the 

freshwater-tidal and freshwater reaches of rivers. Instead, diversities and densities 

remain low from the brackish water realm into the freshwater realm. Burrowing in the 

brackish-water and brackish-water transition zones predominantly comprise a mixture 

between facies-crossing vertical- and horizontal-oriented traces whereas freshwater tidal 

deposits may also consist of elements of the Scoyenia Ichnofacies. Interestingly, our 

data also indicate that burrowing still occurs in freshwater, and that it is unlikely that 

freshwater and tidal-, and freshwater-river reaches are ever completely devoid of 

burrowing. Burrows in the freshwater portions of these modern examples mostly occur in 

upper intertidal positions on channel bars where they subtend from bedding contacts or 
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occur as shallow-tier domiciles. Presumably, the constraining factor on the development 

of burrowing in intertidal positions is the time that the sediment remains above the high-

water mark; burrowing in the intertidal zone mainly occurs during the low flow seasons 

when energy conditions, bedform migration rates, and sedimentation rates on channel-

bars are conducive to faunal colonization and / or when warmer temperatures allow 

insects to flourish. This analysis did not consider sediments in the permanently 

supratidal zone, and therefore, we cannot rule out the presence of more diverse and 

higher intensity bioturbation there. 

 

 

Figure 3.9 A conceptual diagram showing: (A) the diversity of burrows, and (B) the density of 
burrows versus the maximum surface-water salinity. The Bioturbation Index (BI) scale is 
indicated in B. The plots are based on general trends revealed in the analysis of the five 
tidal–fluvial channels assessed in this study. 

Modern ichnological observations, such as these, form the fundamental 

underpinning of rock record interpretations of brackish-water conditions (Howard and 

Frey 1973; Dörjes and Howard 1975; Pemberton et al. 1982; Buatois et al. 2005; 

MacEachern and Gingras 2007). In the modern, linkages can be made between physical 

and chemical conditions and the distribution of burrowing, whereas workers in the 

ancient must rely on proxy data such as macrofossils (Pickerill and Brenchley 1991), 

sedimentology (Buatois et al. 1997), or sediment geochemistry (Hudson 1990). Our data 

are likewise relevant to workers in the ancient, and explain the common ichnological 

observations made from fluvial and estuarine strata in the rock record that suggests that 

the paucity of burrowing in the freshwater realm is common (Miller 1984; Ranger and 
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Pemberton 1992; Bechtel et al. 1994; MacEachern and Pemberton 1994; Alway and 

Moslow 1997; Hubbard et al. 1999; Buatois et al. 2002; Miller and Labandeira 2002; 

Miller et al. 2002; Lettley et al. 2007; MacEachern and Gingras 2007). With additional 

studies of modern tidal–fluvial channels, the ichnological characteristics of the brackish-

water to freshwater transition will continue to be refined. 

3.6. Conclusions  

Intertidal sediments within five modern tidal–fluvial channels have distinctive 

ichnological characteristics that vary according to salinity conditions and the relative 

persistence of saline water at the bed. Three broad but intergradational zones of similar 

burrow size, distribution, and diversity occur in the modern channels studied herein: (1) a 

sustained brackish-water zone; (2) a brackish-water to freshwater transition zone, and; 

(3) a sustained freshwater zone. The neoichnological characteristics of each zone are as 

follows: 

(1) In sustained brackish-water settings, trace assemblages display low 

diversities, generally 45% to 90% of the diversity typical of their open-marine 

counterparts (Fig. 3.9A). Bioturbation intensities range from BI 0–5 in muds and from BI 

0–4 in sands (Fig. 9B). Overall, the sizes of traces are diminutive, but only slightly less 

so than traces found farther landward in the channels where the salinity and persistence 

of saline water at the bed are lower.  

(2) In transitional brackish-water to freshwater zones, the trace assemblages are 

typically of lower diversity than in the sustained brackish-water zone, varying from 30% 

to 80% of the open marine signature (Fig. 3.9A). The intensity of bioturbation is also 

lower, ranging from BI 0–3 in both sands and muds (Fig. 3.9B). The reduction in trace 

sizes continues, with smaller average trace diameters than encountered in the sustained 

brackish-water zone.  

(3) In the persistently freshwater channels, trace assemblages are of even lower 

diversity, ranging from 10% to 35% of their open marine counterparts (Fig. 3.9A). 

Bioturbation intensities vary from BI 0–1 in both sands and muds (Fig. 3.9B). Trace 
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diminution is greatest in this zone, compared to the brackish-influenced portions of the 

same channels. 

Correspondingly, a revision to the brackish-water ichnological model (Fig. 3.9) is 

introduced that predicts as water salinities and the persistence of saline water at the bed 

decrease, so too do trace diversities and densities within the intertidal sediments. The 

trace assemblages that characterize the transition from brackish-water to freshwater 

consist of burrows found in marine environments, typically vertically and horizontally 

oriented facies-crossing forms. Subordinate freshwater or terrestrial elements of the 

Scoyenia Ichnofacies only occur in the tidal–fluvial realm where persistently freshwater 

conditions exist. The revised brackish-water ichnological model is important for making 

process-response interpretations in the rock record, and may lead to the identification of 

previously unrecognized freshwater tidal deposits. 
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Chapter 4.  
 
A Synthesis of Depositional Trends in Intertidal and 
Upper Subtidal Sediments Across the Tidal–fluvial 
Transition in the Fraser River, Canada1 

4.1. Introduction 

The tidal–fluvial transition (TFT) in rivers is a zone wherein fluvial and marine 

processes interact in channels and influence sedimentation. Sedimentation reflects the 

relative energy contributions of fluvial flow and tidal flux, as well as the incursion of 

saltwater into the channels. The sedimentological and ichnological nature of sediments 

varies as a function of depositional position, as well as relative energy and salinity 

conditions at the site of deposition. Detailed characterization of bars across the TFT of a 

single river system has not been undertaken, and hence a framework for determining 

depositional position within this zone does not exist. This paper summarizes research 

completed on intertidal and shallow subtidal deposits of the lower Fraser River and lower 

delta plain of the Fraser River Delta, and builds these data into a comprehensive 

framework. The framework enables comparison of the various sedimentological, 

ichnological, palynological, and geochemical trends to deduce which datasets are most 

useful in determining depositional position of sediments within architecturally complex 

strata. 

Studies of channel-bars situated in the TFT have defined various 

sedimentological (Howard and Frey 1973; Smith 1987; Dalrymple and Choi 2007; Van 
 
1 A version of this chapter is published in JOURNAL OF SEDIMENTARY RESEARCH, 2015, v. 

85, p. 683-698: “A synthesis of depositional trends in intertidal and upper subtidal sediments 
across the tidal–fluvial transition in the Fraser River, Canada.” Authored by: La Croix, A.D. and 
Dashtgard, S.E. 



 

79 

den Berg et al. 2007; Sisulak and Dashtgard 2012; Johnson and Dashtgard 2014; La 

Croix and Dashtgard 2014) and ichnological (Howard et al. 1975; Gingras et al. 1999; 

Pearson and Gingras 2006) aspects of sediments. However, geochemical and 

palynological studies of TFT deposits are correspondingly rare (e.g., Thornton and 

McManus 1994; Czarnecki et al. 2014). A comprehensive assessment comparing the 

variation in sedimentology and ichnology, supplemented by mudstone geochemical and 

palynological analyses of deposits spanning the entire TFT have not been published. 

A significant volume of literature exists for the lower Fraser River, and these 

studies form the underpinning of this paper. Published studies on hydrodynamics in the 

Fraser River provide: 1) hydraulic data and observations on saltwater incursion up the 

distributary channels (Johnson 1921; Hughes and Ages 1975; Ages and Woolard 1976; 

Ages 1979; Thomson 1981); 2) sediment transport in relation to river flow, tides, and 

saltwater incursion (Kostaschuk et al. 1989a; Kostaschuk and Luternauer 1989; 

Kostaschuk et al. 1989b; Kostaschuk and Atwood 1990; Kostaschuk et al. 1992; 

Kostaschuk and Villard 1996; Kostaschuk et al. 1998; Kostaschuk 2002; Kostaschuk and 

Best 2005); and, 3) infaunal responses to water chemistry changes (Chapman 1981; 

Chapman and Brinkhurst 1981). Detailed neoichnological studies of the Fraser River’s 

lower delta plain and tidal flats are presented in Dashtgard (2011a, b). Sisulak and 

Dashtgard (2012) and Johnson and Dashtgard (2014) describe the sedimentology and 

neoichnology of individual bars and bar complexes in the mixed tidal–fluvial distributaries 

towards mouth of the Fraser River, and La Croix and Dashtgard (2014), provide a more 

regional and quantified dataset of distribution and thickness trends in sand and mud 

beds across the Fraser River’s TFT. Finally, Czarnecki et al. (2014) assessed the 

palynology and geochemistry of sediment accumulations in the lower Fraser River. 

Herein, the findings of the studies indicated above are summarized and compared, and 

then used to develop a single, coherent framework for predicting depositional position of 

sediments deposited in upper subtidal and intertidal positions across the TFT.  

4.2. Study Area 

The Fraser River is the largest river that debouches into the Pacific Ocean on the 

west coast of Canada (Fig. 4.1). The river is 1 375 km, is undammed along its entire 
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length, and drains 230 000 km2 of the interior of British Columbia. River flow is highly 

seasonal; base flow discharge is approximately 1 000 m3 s-1, and flow increases up to 15 

200 m3 s-1 (mean = 8 642 m3 s-1) during the snowmelt-induced freshet (June to August; 

Dashtgard et al. 2012). In its lower reaches, the Fraser River bifurcates into two main 

distributary channels as it passes through Pleistocene highlands at New Westminster: 

the Main Channel and the North Arm. Further seaward the North Arm bifurcates again 

forming the Middle Arm, and the Main Channel separates to form Canoe Pass. 

 
Figure 4.1 Satellite image of the Fraser River, British Columbia, and the position of the Fraser 

River Delta in Canada (inset map). The labels at the top of the figure indicate the 
generalized hydrodynamic and water salinity conditions in the channels, the morphology 
of channels, the dominant lithology of channel bars, as well as the zonation used to 
group channel bars. The red text indicates the approximate percentage of flow in each 
distributary (NCH 2008). The nine bars sampled in this study are identified by number 
and colour: red boxes = freshwater and tidal (zone 3); orange boxes = freshwater to 
brackish-water transition and tidal (zone 2); blue boxes = mixed tidal–fluvial and 
generally sustained brackish-water (zone 1). (Image Source: USGS and NASA). 

Tides at the mouth of the Fraser River are mixed semidiurnal, with average 

amplitudes of 3 m. During spring high tides and base flow conditions, a saltwater wedge 

(SWW) is displaced 30 km up the Fraser River’s Main Channel (Hughes and Ages 1975; 

Ages 1979; Kostaschuk et al. 1989b; Kostaschuk and Atwood 1990) and 16 km up the 

North and Middle arms. At flow rates between 5 000 and 7 000 m3 s-1, the SWW 

penetrates only a few kilometres up the Main Channel during spring high tides (Milliman 

1980). At river flow rates greater than 8 000 m3 s-1, the SWW does not enter the Main 
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Channel, and mixing of freshwater and saltwater only occurs in the channel as it crosses 

the tidal flats (Kostaschuk and Atwood 1990). Landward of the SWW, a tidal backwater 

zone (i.e., a zone of dampened river flow velocities) extends 102 km up river during base 

flow conditions (Venditti et al. 2010). 

Based on the hydrodynamic and salinity conditions in the Fraser River and its 

various distributary channels, the TFT is defined as the zone between the landward limit 

of the tidal backwater zone during base flow conditions (river km 102) to the transition 

zone between the intertidal lower delta plain and subaqueous delta front at river km 0 

(Fig. 4.1). This is the maximum width of the TFT. During high flow conditions it is 

significantly narrower, extending only 20-30 kms landward from the delta front / lower 

delta plain transition (river km 0). 

4.3. Methods 

Sedimentological and neoichnological data from the intertidal and shallow 

subtidal zones of channel bars in the various distributaries of the Fraser River were 

acquired during the summer months (April–August) of 2010–2013, and includes 364 

sediment samples (Appendix B), 56 vibracores (Appendix A), 134 boxcores (Appendix 

C), and 123 channel-floor profiles. Vibracore transects were arranged longitudinally 

along 9 bars distributed throughout the TFT (Fig. 4.1). Six cores were collected from Bar 

1-1, seventeen from Bar 1-2, seven from Bar 1-3, four from Bar 1-4, five from Bar 2-5, 

five from Bar 2-6, five from Bar 2-7, four from Bar 3-8, and three from Bar 3-9. 

Vibracores were positioned near the low tide limit on channel bars, and between 1 and 4 

m of the sediment profile was sampled in each core: the upper subtidal and lower 

intertidal zones. Cores were spaced between 250 m and 2000 m apart, and the average 

spacing between cores was 500 m. Vibracores were collected in 3 m long, 7.6 cm 

diameter aluminum pipes. Cores were split length-wise, dried, and epoxy fiberglass resin 

was applied to bind them to particleboard. Prepared cores were photographed and 

logged in detail to characterize the average grain size of beds and bedsets, the primary 

physical sedimentary structures, bioturbation intensity, and the ichnogenera present in 

the cores. The position of each core was determined relative to the 2012 lowest low tide 
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to establish how each cored succession corresponds to the upper subtidal (below lowest 

low tide) and intertidal (above lowest low tide) zones. Vibracores and boxcores from Bar 

1-2 are presented in Sisulak and Dashtgard (2012), and from Bars 1-3 and 1-4 in 

Johnson and Dashtgard (2014). Vibracores from these published studies are cataloged 

and stored at Simon Fraser University, and were re-logged as part of this study.  

Box cores (18 cm x 8 cm x 30 cm) were collected at intertidal stations for imaging 

in situ sedimentological and ichnological structures. A total of twenty-three box cores 

were taken at Bar 1-1, fifteen at Bar 1-2, fifty-seven at Bars 1-3 and 1-4, twenty-one at 

Bar 2-5, six at Bar 2-6, six at Bar 2-7, two at Bar 3-8, and four at Bar 3-9. The position 

and orientation of each box core was recorded at the time of collection. X-radiographs 

and resin peels of box cores were digitally enhanced and annotated to provide high-

resolution images of the sediments to complement the vibracore dataset. 

 Channel-normal transects were set up to collect surface sediment and grab 

samples for grain-size analysis. Samples were collected from Bar 1-2 during June and 

July 2009 (Sisulak and Dashtgard 2012), from Bars 1-3 and 1-4 during June and July 

2011 (Johnson and Dashtgard 2014), and from the remaining bars during August 2012 

and August 2013. Between 3 and 13 transects were set across the channel (1 to 18 m 

depth) and channel margins (intertidal zone). Between 3 and 8 samples were collected 

along each transect. Samples from the channel floor were collected using a ponar-type 

grab sampler (~230 cm2 sample area; 2.4 L volume). 

A Humminbird® 998C HD SI Combo was used to record channel bathymetry and 

to image the channel floor. Between 5 and 30 channel-normal profiles were acquired 

from each bar. The vertical resolution of depth soundings collected with the sonar was 

cm-scale. All depth measurements were corrected to the 2012 maximum low tide limit, 

such that all channel depths are relative to the base of the intertidal zone.  
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4.4. Results 

The nine channel bars evaluated in this study are located in three broad zones 

that share distinctive hydrodynamic and water salinity conditions (Fig. 4.1; La Croix and 

Dashtgard 2014). Together, the three zones encompass the entire tidal–fluvial transition 

of the Fraser River. Zone 1 is the mixed tidal–fluvial and sustained brackish-water zone; 

zone 2 is the fluvial-dominated and tide-influenced, freshwater to brackish-water 

transition zone; and, zone 3 constitutes the freshwater, fluvial-dominated and tide-

affected zone. Bars are identified by zone and number, and bar number increases 

upstream. The most seaward bar is 1-1 (zone 1, bar 1), and the most landward bar is 3-

9 (zone 3, bar 9).  

4.4.1. Zone 1 

Channel Morphology and Sedimentology 

Distributary channel reaches evaluated in zone 1 vary from 270 to 350 m wide 

and range from 2.5 to 7 m deep (relative to 2012 maximum low tide). Channel bars are 

conspicuous in this zone and the thalweg is incised / dredged (Fig. 4.2). The largest 

channel in zone 1 is the Main Channel, which is 1500 m wide at the mouth of the river, 

and varies between 15 and 20 m deep (Kostaschuk and Best 2005). At the landward 

end of zone 1, the Main Channel is 500 m wide and up to 13 m deep (Ages 1979). 

Analysis of the Main Channel in this zone was not undertaken. 

The proportion of mud in surface sediments and grab samples for each bar in 

zone 1 are presented in Figure 4.3 and Appendix B. Most bars exhibit an increase in the 

percentage of sand towards the bend-apex resulting in a mud-sand-mud longitudinal 

distribution of sediments (Fig. 4.3 A–D). The proportion of mud also increases towards 

the top of channel bars; mud proportions are greatest in the intertidal zone. 

Vibracores of channel bars acquired from upper subtidal and lower intertidal 

positions exhibit variable sand and mud contents, and range from being sand-dominated 

to mixed sand and mud (Fig. 4.2; Appendix A). The lower and middle portions of 

vibracores, which generally corresponds to > 2 m below the intertidal zone, are sand-
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dominated and thin- to medium-bedded (mean bed thickness: 20 cm (sand), 8 cm 

(mud)). Grain size at these depths is very fine to fine-grained, and sedimentary 

structures include trough cross bedding and uncommon planar-tabular cross bedding. 

Ebb-oriented current ripples are seldom preserved at the tops of cross-stratified sand 

beds, unless the beds are overlain by mud.  

The upper portions of vibracores, equivalent to the uppermost subtidal and 

intertidal zone, comprise thinly bedded sand or mud (mean bed thickness: 10 cm (sand), 

5 cm (mud); Fig. 4.2 A–D). Muds consist mainly of silt with less than 10% clay-sized 

particles. Mud beds and bedsets are restricted to the uppermost subtidal and intertidal 

zone, whereas muddy rip-up clasts may occur at the base of cross-stratified sand units. 

Muds are characterized by planar parallel lamination (Fig. 4.4A, D, E, F), uncommon 

low-angle truncations between laminae (i.e., muddy current ripples; Fig. 4.4F), or are 

bioturbated (Fig. 4.4B, D, G, H). Rare structureless mud beds occur sporadically. 

Sedimentary structures in mixed sandy and muddy successions also include heterolithic 

bedding such as flaser, wavy, and, less commonly, lenticular bedding (Figs. 4.2 and 

4.4A, C, F, G).  Sands at this stratigraphic position fine upwards to very fine-grained, and 

are organized into ebb-oriented current ripples and aggradational current ripples (Fig. 

4.4C, E, G, H). In some instances, ripples are draped with a single lamina of mud (Fig. 

4.4A, C, G); double mud drapes on current ripples are never observed. Current ripples 

that pass gradationally down their foresets from sand into mud occur sporadically, and 

are referred to as graded current ripples (Fig. 4.4E). Rootlets are common near the tops 

of vibracore successions. 
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Figure 4.2 Representative core logs from vibracores collected at four channel bars (A–D) in zone 

1 accompanied by their corresponding bathymetry profiles. Cores from both the 
upstream and downstream sides of each bar are presented for comparison. Black lines 
on core logs denote the position of the 2012 maximum low tide level. Bathymetry 
profiles use the 2012 maximum low tide limit as a datum. 
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Figure 4.3 Proportion of mud maps derived from grain size analysis of surface sediment samples 

collected from each of the nine bars (A–I). Samples were collected from the channel 
bars (upper subtidal and intertidal depths), as well as the adjacent channels (subtidal 
depth). Sample locations are indicated with a black dot. Bars in Zone 1 (A–D) generally 
show a sand-mud-sand profile from upstream to downstream ends of bars. Bars in Zone 
2 (E–G) show a relatively consistent muddy profile from upstream to downstream sides 
of each bar. Bars in Zone 3 (H–I) are consistently sandy from the upstream to 
downstream sides of channel bars. 
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Neoichnology 

No organisms were recovered or burrows observed in grab samples from the 

subtidal channel margins and channel base in any bars in zone 1. It is likely that these 

sediments are unbioturbated.  

The neoichnological character of intertidal and upper subtidal deposits is 

determined from traces preserved in resin peels of vibracores and from x-radiographs of 

box cores (Fig. 4.4; Appendix C). Bioturbation on channel bars in the sustained brackish-

water realm (zone 1) is rarely observed at the base of vibracores (i.e., upper subtidal 

zone), and becomes more evenly distributed and of higher intensity upward in the cores 

(Fig. 4.2 A–D). For the most part, infaunal traces occur in mud beds or muddy bedsets, 

or subtend into sands from overlying muds. Sand and mud beds show a heterogeneous 

distribution of traces and bioturbation intensity, both laterally and vertically through bar 

successions. Mud beds vary significantly in their distribution of traces and bioturbation 

intensity (Bioturbation Index (BI) 0–4; Reineck 1963; Taylor and Goldring 1993). In 

general, mud beds thicker than 5 cm are bioturbated with a low diversity to monogeneric 

suite of diminutive traces consisting of Skolithos, Arenicolites, Polykladichnus, 

Cylindrichnus, Diplocraterion, Siphonichnus, Planolites, and / or thin threadworm 

burrows (Fig. 4.4B, D, F, G, H). Mud beds thinner than 5 cm are typically barren of 

traces (BI 0) and preserve primary physical sedimentary structures (Fig. 4.4A, E, F). 

Sand beds are sporadically bioturbated with a low intensity (BI 0–2) and low diversity 

suite of diminutive traces that include Siphonichnus, Trichichnus, Palaeophycus, and / or 

fugichnia (Fig. 4.4G). Locally, sands are more intensely burrowed (BI 4–6) and contain 

large Siphonichnus (Fig. 4G). Intense bioturbation is found at the most seaward site, Bar 

1-3 (Fig. 4.2C). Burrows in zone 1 range from 1–7 mm in diameter, and larger forms, 

such as Siphonichnus in Bar 1-3, can exceed 35 mm in diameter. Burrows penetrate up 

to 10 cm into the sediment. 
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Figure 4.4 (previous page) X-radiographs of box cores collected from channel bars in Zone 1. 
The location of each box core is shown on the inset map. Scale bars, lithology, and 
bioturbation intensity is shown on each radiograph, and well as the orientation of the 
image relative to seaward or the channel thalweg. (A) alternating beds of current rippled 
(cr), flaser bedded (fl), or planar parallel laminated (p) sand and subtly bioturbated (BI 1) 
muddy sand or sandy mud with diminutive threadworm burrows (t). (B) alternating beds 
of moderately bioturbated (BI 3–4) sandy mud and thinly bedded muddy sand with 
generally lower bioturbation intensity (BI 1–3). The trace suite consists of diminutive 
Arenicolites (Ar), Polykladichnus (Pk), and threadworm burrows. Wood debris (wd) 
occurs near the bottom of the image. (C) Current ripple laminated and flaser bedded 
sand with a thin bedset of bioturbated (BI 2) muddy sand that contains threadworm 
burrows. (D) moderately bioturbated (BI 1–3) sandy mud and mud with burrows 
subtending into sandy mud units from the thinner mud beds. Traces include Planolites 
(Pl), Skolithos, and Arenicolites. (E) Alternating planar laminated or current rippled 
sand/muddy sand and lightly bioturbated (BI 1) sandy mud, with graded current ripples 
(gcr). (F) Alternating planar parallel laminated, current rippled, or flaser bedded sand 
and muddy sand with sandy mud showing muddy current ripples (mcr) and / or low 
bioturbation intensity (BI 1–2). Arenicolites and Skolithos subtend from muddy units 
through sand beds. (G) Highly bioturbated (BI 4) sandy mud and muddy sand containing 
Planolites and Siphonichnus (Si), overlying current rippled and flaser bedded sand. (H) 
Highly bioturbated (BI 4) sandy mud with Arenicolites and Skolithos overlying climbing 
current rippled (ccr) sand. 

4.4.2. Zone 2 

Channel Morphology and Sedimentology 

Zone 2 is characterized by channel reaches that vary from 160 to 750 m wide, 

and range from 5 to 18 m deep (relative to 2012 maximum low tide). Channel bars are 

conspicuous and thalwegs are deeply incised / dredged (Fig. 4.5). 

Figure 4.3 shows the proportion of mud in surface sediment and grab samples 

from each bar in zone 2. Mud only occurs on channel bars in the uppermost subtidal and 

intertidal zones. However, near the locus of mud deposition, at Bar 2-6, mud deposition 

extends into the lower subtidal zone. Zone 2 is typified by a relatively consistent 

proportion of mud between the upstream and downstream sides of bars, and does not 

show clear downstream fining (Fig. 4.3 E–G; Appendix B). 

Vibracores from channel bars in zone 2 are significantly muddier than in zone 1 

and range from mixed sandy and muddy to mud-dominated. Overall, the intertidal 

portions of bars exhibit a fining-upward profile (Fig. 4.5 A–C; Appendix A). Mud-

dominated vibracore successions are more common near the landward limit of the SWW 

(Fig. 4.5). The lower part of vibracores successions, ranging down nearly 2 m below the 
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intertidal zone, are sand-dominated and medium bedded (mean bed thickness: 20 cm 

(sand), 12 cm (mud)). Sands are fine-grained, and are organized into planar tabular 

cross beds, and more commonly, trough cross beds. Uncommonly, cross-bedded units 

are capped with ebb-oriented current ripples, especially when overlain by muddy beds 

and bedsets. Sand beds thin and the thickness and proportion of mud beds and bedsets 

increase vertically up the bars (Fig. 5 A–C). 

The upper portions of vibracores, corresponding to intertidally exposed 

sediments, are thin- to medium-bedded (mean bed thickness: 5 cm (sand), 15 cm (mud)) 

and are consistently mud-dominated (Figs. 4.5, 4.6 D–H). Where present, sands form 

planar-parallel lamination (Fig. 4.6A), ebb-oriented current ripples (Fig. 4.6 A–C), or are 

structureless. Thin discontinuous sand laminae are also sporadically distributed in mud 

beds and bedsets, and are organized into ripple cross-lamination (i.e., lenticular 

bedding). Current-rippled sands may be capped with single mud drapes, and double 

mud drapes are not observed (Fig. 4.6B). Discrete mud beds are only deposited in the 

uppermost subtidal and intertidal zone. Muddy rip-up clasts rarely occur at the base of 

channel-bar successions or are sporadically distributed throughout the cored 

successions (Fig. 4.5). Muds are characterized by planar-parallel lamination (Fig. 4.6A, 

C–E), muddy current ripples (Fig. 4.6 E–F, H), and / or are bioturbated (Fig. 4.6 A–H). 

Sporadically distributed structureless muds rarely occur. Heterolithic bedding (flaser, 

wavy, lenticular) is abundant (Fig. 4.6 B–C); lenticular bedding is the most common. 

Graded current ripples are also relatively common (Fig. 4.6A, G–H), and rootlets 

regularly occur at the tops of cored successions.  

Neoichnology 

In the freshwater to brackish-water transition zone, channel bars are rarely 

bioturbated in the subtidal zone, but burrowing is of higher intensity and more evenly 

distributed in the intertidal zone (Fig. 4.5 A–C; Appendix C). Trace distribution and 

intensity is strongly heterogeneous between sand and mud beds. Alternating burrowed 

(muddy) and unburrowed (sandy) beds are common; though the proportion of 

unburrowed beds relative to burrowed beds is higher than in zone 1 (Fig. 4.5 A–C). 
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Figure 4.5 Representative core logs from vibracores collected at three channel bars (A–C) in 

zone 2 accompanied by their corresponding bathymetry profiles. Cores from both the 
upstream and downstream sides of each bar are presented for comparison. Black lines 
on core logs denote the position of the 2012 maximum low tide level. Bathymetry 
profiles use the 2012 maximum low tide limit as a datum. 
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Figure 4.6 (previous page) X-radiographs of box cores collected from channel bars in Zone 2. 
The location of each box core is shown on the inset map. Scale bars, lithology, and 
bioturbation intensity is shown on each radiograph, and well as the orientation of the 
image relative to seaward or the channel thalweg. (A) Alternating beds and laminasets 
of sand / muddy sand with current ripples (cr) or graded current ripples (gcr) and planar 
parallel laminated (p) muddy sand with low bioturbation intensity (BI 0-2). Traces are 
confined to muddy beds and consist of Planolites (Pl). (B) Alternating beds and laminae 
of muddy sand / sandy mud with wavy and flaser bedding (fl) and current ripple 
laminated sand. Bioturbation is very low intensity (BI 0-1), and is present within the 
muds and sandy muds. Some wood debris (wd) is present near the base of the 
radiograph. (C) Alternating beds of sand with current ripple lamination and mud flasers 
and planar parallel laminated sandy mud. Bioturbation is not present in the sands, but is 
low intensity (BI 1-2) within the muds consisting of diminutive Arenicolites (Ar) and 
Planolites (Pl). (D) Alternating beds of planar parallel laminated and bioturbated (BI 1-2) 
mud and sandy mud. Muddy current ripples (mcr) are present within the mud beds. 
Bioturbation consists of a diminutive suite of traces including Skolithos (Sk), Arenicolites, 
and Planolites. Wood debris (wd) is present near the base of the radiograph. (E) Beds of 
planar parallel laminated mud / sandy mud alternating with beds of sandy mud with 
muddy current ripples. Generally bioturbation is low intensity (BI 1-2) and consists of 
Planolites, Polykladichnus (Pk), and Skolithos. (F) Alternating beds of sandy mud with 
muddy current ripples and bioturbated (BI 1-2) muds with Planolites and Skolithos. (G) 
Beds of muddy sand and sandy mud with current ripple lamination and graded current 
ripples (gcr) alternating with bioturbated muds (BI 2). A sandy mud bed with soft 
sedimentary deformation (ssd) is present in the middle of the radiograph. Traces include 
Skolithos and Polykladichnus. (H) Alternating beds of sandy mud and muddy sand 
showing current ripple lamination, muddy current ripples, and graded current ripples. 
Bioturbation intensity is low (BI 0-1); Planolites (Pl) in muddy sand is the only trace 
present in the radiograph.Trace distribution in mud beds is highly sporadic, as is the 
bioturbation intensity (BI 0–3; Figs. 4.5 and 4.6). Thicker mud beds are more commonly 
bioturbated (Fig. 6 D–H), though thin beds may be burrowed as well. Trace suites are 
either low diversity or monogeneric, and contain diminutive Skolithos, Arenicolites, 
Polykladichnus, Cylindrichnus, and / or Planolites (Fig. 4.6 A–H). Vertically oriented 
traces commonly subtend from the tops of mud beds. There is a distinctive decline in the 
abundance of burrows / bioturbation intensity from the most seaward bar (Bar 2-5; Fig. 
4.6 A–C) towards the most landward bar (Bar 2-7; Fig. 4.6 G–H). Sands are sporadically 
bioturbated with a low intensity (BI 0–2), and low diversity suite of diminutive traces that 
includes Trichichnus and / or Palaeophycus. In the brackish-water to freshwater 
transition zone, zone 2, burrows range from 0.5–4 mm in diameter. Vertical-oriented 
burrows subtend up to 4–5 cm from bedding surfaces. 

4.4.3. Zone 3 

Channel Morphology and Sedimentology 

Channel reaches that were analyzed in zone 3 vary from 260 to 450 m wide and 

are approximately 5 to 14 m deep relative to 2012 maximum low tide. For the most part, 

the break in slope gradient between channel bars and the channel floor is conspicuous. 

Thalwegs are deeply incised and cutbanks are well defined (Fig. 4.7). 
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Mud is only deposited in the uppermost subtidal and intertidal zones in close 

proximity to the channel margins in zone 3 (Fig. 4.3 H–I). Overall mud proportion is 

substantially lower in zone 3 than in zones 1 and 2. Channel bars tend to show a 

relatively even distribution of mud between their upstream and downstream sides, and 

there is no clear downstream fining trend (Appendix B). 

Overall, channel-bar successions consist of blocky sands that fine subtly from 

medium-grained to fine-grained (Fig. 4.7 A–B; Appendix A). The basal portions of 

vibracores successions, corresponding to approximately 2 m below the intertidal zone, 

are generally sandy and thick bedded (mean bed thickness: 70 cm (sand), 2 cm (mud)). 

Sediments at the base of vibracore successions consist of fine and medium-grained 

sand, organized into planar tabular cross beds or much less commonly trough cross 

beds. In some instances ebb-oriented current ripples cap cross-bedded sands (Fig. 4.7 

A–B). Mud beds are very rare in subtidal positions. 

Intertidal sediments preserved towards the tops of vibracore successions are 

sand-dominated and thin- to medium-bedded (Fig. 4.7; mean bed thickness: 25 cm 

(sand); 4 cm (mud)); they contain rare thin mud beds. Sands are characterized by fine-

grained sand organized into ebb-oriented current ripples and lesser aggradational 

current ripples / climbing ripples (Fig. 4.8 A–B). Flood-oriented climbing ripples occur 

locally (Fig. 4.8H). Mud content, although extremely low and sporadically distributed, 

increases stratigraphically upwards towards the top of vibracore successions. Mud beds 

are most commonly planar-parallel laminated (Fig. 4.8D), structureless (Fig. 4.8B), or 

are rarely bioturbated (Fig. 4.8B, D, H). 
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Figure 4.7 Representative core logs from vibracores collected at two channel bars (A-B) in zone 
3 accompanied by their corresponding bathymetry profiles. Cores from both the 
upstream and downstream sides of each bar are presented for comparison. Black lines 
on core logs denote the position of the 2012 maximum low tide level. Bathymetry 
profiles use the 2012 maximum low tide limit as a datum. 
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Neoichnology 

Bioturbation on channel bars in the fully freshwater part of the system (zone 3) is 

very rare to absent (BI 0–1; Figs. 4.7 and 4.8; Appendix C). Infaunal traces occur in mud 

beds or muddy bedsets and very rarely in sand beds. The alternation between burrowed 

and unburrowed beds within this zone is not apparent, as the majority of beds are 

unbioturbated (BI 0).  

Burrowing in mud beds is highly sporadic in its vertical and lateral distribution and 

intensity (BI 0–1). When present, the trace assemblage is of low diversity or is 

monogeneric, and the suite consists of diminutive Arenicolites or thin threadworm traces  

(Fig. 4.8B, D). Burrows are concentrated near the tops of mud beds and may subtend 

into underlying sands. Sand beds very rarely show bioturbation (BI 0–1). When burrows 

are present, they consist of a monogeneric suite of unnamed irregular burrows that are 

broadly circular in cross section, with an inconsistent diameter, an irregularly 

meandering morphology, and are filled with silty sand material. The burrows are broadly 

similar to the freshwater oligochaete burrows reported by Topoliantz and Ponge (2003) 

and Tevesz et al. (1980), but may represent Naktodemasis bowni (Smith et al. 2008). 

The quality of vibracores from this location does not allow for differentiation between 

these two possibilities. Most burrows in the freshwater tidal zone, zone 3, range from 

0.5–2 mm in diameter and penetrate up to 4 cm into the sediment. However, some 

burrows, such as Naktodemasis, can be up to 7 mm in diameter, and extend at least 10 

cm into the sediment.  
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Figure 4.8 (previous page) X-radiographs of box cores collected from channel bars in Zone 3. 
The location of each box core is shown on the inset map. Scale bars, lithology, and 
bioturbation intensity is shown on each radiograph, and well as the orientation of the 
image relative to seaward or the channel thalweg. (A) Thick bedded sand with current 
ripple lamination (cr) and climbing current ripples (ccr). (B) Alternating beds of planar 
parallel laminated (p) mud/sandy mud and current rippled sand/muddy sand. Wood 
debris (wd) occurs near the top of the radiograph. Thin threadworm burrows (t) occur 
near the base of the image, which may represent Skolithos. (C) Current ripple laminated 
sand with thin beds and laminae of sandy mud. Diminutive Skolithos (Sk) occur near the 
lower right hand side of the image. (D) Alternating beds of sand and muddy sand 
showing current ripple lamination, climbing current ripples, and planar parallel 
lamination. A sandy mud bed in the center of the radiograph shows sparse bioturbation 
(BI 1), consisting of Planolites (Pl). (E) Sand with planar tabular cross bedding (txb), 
current ripple lamination, and climbing current ripples. (F) Sand with planar tabular cross 
bedding and current ripples. (G) Sand and muddy sand with current ripple lamination 
and low bioturbation intensity (BI 0-1). Diminutive Skolithos is the only trace present. (H) 
Current ripple laminated and planar tabular cross-bedded (txb) sand with sparse 
bioturbation (BI 0-1). Current ripples show a direction of migration that is opposite to flow 
in the river (i.e., reverse flow ripples). 

4.5. Discussion 

The sedimentological and ichnological characteristics of channel bars through 

the TFT of the Fraser River display several important trends from the freshwater tidal 

zone to the sustained brackish-water tidal zone. Most of these trends are derived from 

upper subtidal and intertidal sediments, except for surface sediment distributions that 

were collected from the intertidal zone and across the full channel width. Depositional 

trends pertain to: (1) surface sediment distributions, (2) progressive changes in physical 

sedimentary structures, (3) rhythmicity in alternations between beds, and (4) progressive 

changes in neoichnology (Fig. 4.9). 

4.5.1. Surface Sediment Distributions 

Surface sediment distributions on channel bars in the lower Fraser River depart 

from the classical downstream-fining trends commonly reported from point bars in fluvial-

dominated and brackish-water influenced channels (e.g., Thomas et al. 1987). Instead, 

bars are characterized by a relatively homogeneous mud distribution from their upstream 

to downstream ends (zones 2 and 3; Figs. 4.3 E–I and 4.10) or display a mud-sand-mud 

profile (zone 1; Figs. 4.3 A–D and 4.10). Though the mud distribution is homogenous in 

the freshwater and brackish-water transition zones, the proportion of mud differs 
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significantly between them. In zone 2, the freshwater to brackish-water transition, mud is 

the dominant surface sediment in intertidal and upper subtidal portions of channel bars. 

In zone 3, mud proportions are very low. The mud-sand-mud profile is characteristic of 

bars in the sustained brackish-water realm (zone 1). Johnson and Dashtgard (2014) 

attribute this trend to downstream fining via flood- and ebb-tide currents, and this is trend 

holds true for bars throughout zone 1.  

Whereas, the distribution of mud on channel bars in the sustained brackish-water 

reach (zone 1) reflects periodic opposing sediment transport directions between flood 

and ebb currents (Johnson and Dashtgard, 2014), in the freshwater to brackish-water 

transition (zone 2), current reversals do not occur. In zone 2, the distribution of mud on 

channel bars is hypothesized to result from tidal backwater effects, wherein currents do 

not reverse, but flow velocity across the entire bar top is diminished during flood tides. 

These trends may also be due, in part, to the development of shallow reverse flow 

eddies on channel margins that help redistribute muds to the upstream sides of bars 

(Leeder and Bridges 1975; Rubin and McDonald 1995). Reverse flow indicators on 

channel margins in zones 2 and 3 support this hypothesis, and include climbing ripple 

cross-lamination on Bar 3-8, and flood-oriented current ripples on Bar 3-9. The muds 

deposited in zones 2 and 3 are not restricted to concave bank, eddie accretion, or 

counter-point bar deposits (Smith et al. 2011). In fact, the mud beds described herein 

are generally convex in plan view and do not occur directly downstream of another 

accreting bar; they typically occur on the upstream ends of channel bars in this system. 

4.5.2. Progressive Changes in Physical Sedimentary Structures 

There are two important trends in sedimentary structures that track changes in 

tidal and brackish-water influence. These include (1) changes in the nature and 

distribution of heterolithic bedding, and 2) the presence of mud on current ripple forests 

and mud-dominated current ripples. 

(1) Progressive changes occur in sedimentary structures that develop on channel 

bars through the Fraser River’s TFT at upper subtidal and intertidal depths (Fig. 10). 

Heterolithic bedding (i.e, flaser, wavy, lenticular) is common in the brackish-water 
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influenced distributaries of the lower Fraser River (zones 1 and 2). Flaser and wavy 

bedding mostly occur where tides are strongest (e.g., near the river mouth in zone 1), 

whereas lenticular bedding is more common near the time-averaged position of the 

turbidity maximum zone (TMZ, zone 2; La Croix and Dashtgard 2015). Heterolithic 

bedding is absent from the freshwater tidal zone as mud deposition is insignificant 

beyond the freshwater to brackish-water transition zone. The distribution of heterolithic 

bedding is consistent with observations made from other tide-influenced channels, 

wherein mud-deposition and heterolithic bedding is muddiest in the TMZ (Howard and 

Frey 1973; Smith 1985; Allen 1991; Van den Berg et al. 2007) 

(2) Muddy current ripples and graded current ripples (i.e., sandy current ripples 

that fine down foresets into mud) are present in channel-margin sediments affected by 

brackish water. Graded current ripples occur at upper subtidal and intertidal positions on 

channel bars towards the river mouth where tidal flux is stronger (Fig. 4.10). Muddy 

current ripples are characteristic of channel bars in the vicinity of the TMZ. Graded 

current ripples are interpreted to develop from traction transport and deposition of sand-

sized grains that avalanche down the lee face of ripples, and where there is sufficient 

SSC to result in lower turbulence in ripple troughs for finer-grained sediment to be 

deposited (Baas and Best 2008; MacKay and Dalrymple 2011). Muddy current ripples 

are interpreted as dynamic mud deposits, also probably affected by high SSC and 

perhaps to a small degree by the development of mud-floccule ripples (Nittrouer and 

Wright 1994; Kineke et al. 1996; Schieber and Southard 2009). In the Fraser River, 

muddy current ripples develop most commonly near the time-averaged position of the 

TMZ. Muddy current ripples and graded current ripples are not developed in the 

freshwater tidal part of the system, likely because flow velocities are too high for mud-

flocculation, and water chemistry does not promote flocculation (Sutherland et al. in 

review). 

4.5.3. Rhythmic Alternations in Bedding  

Qualitative trends in the rhythmicity of alternations in bedding are defined through 

the lower Fraser River. In the freshwater-tidal realm (zone 3) rhythmic alternations are 

subtle to absent (Figs. 4.7 and 4.8). These packages of sediment are manifest as 
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medium-grained cross-bedded channel sands that pass upwards into thin mud beds or, 

more commonly, fine-grained current rippled sand beds. The thin mud bed / fine-grained 

sand beds are deposited during waning stages of the freshet or during base flow, and 

are considered to reflect seasonal variations in flow velocity.  

Towards the freshwater to brackish-water transition (zone 2), rhythmic bedding 

alternations are significantly more conspicuous (Figs. 4.5 and 4.6). These occur as 

alternating sand and mud beds in heterolithic units, and as rhythmically burrowed and 

unburrowed beds in mud-dominated successions (Sisulak and Dashtgard 2012). In 

sandy successions, rhythmic bedding alternations are not apparent. Unburrowed sand or 

mud beds are deposited under high-flow conditions when interstitial water salinities are 

very low and sedimentation rates are high. During the waning freshet and during base 

flow, salinity in the channels ranges from oligohaline (0.5 to 5 practical salinity units 

[psu]) to polyhaline (18 to 30 psu) depending on the channel reach, discharge, and tidal 

stage; and organisms recolonize (Chapman and Brinkhurst 1981) and bioturbate the 

sediments (Sisulak and Dashtgard 2012).  

In the sustained brackish-water zone (zone 1), rhythmic bedding is similar to 

zone 2 (Figs. 2 and 4), although bioturbation intensity is higher (Sisulak and Dashtgard 

2012). At the seaward end of zone 1, where salinities are persistently polyhaline, it is 

possible to partially obscure the rhythmic alternations between burrowed and 

unburrowed beds through year-round colonization of burrows, and an increase in 

burrowing in both sand and mud beds (Johnson and Dashtgard, 2014). 

4.5.4. Progressive Changes in Neoichnology 

Three important trends in neoichnology occur through the Fraser River’s TFT that 

track changes in brackish-water influence. These include: 1) changes in bioturbation 

intensity and distribution (Figs. 4.9 C–D and 4.10); 2) the progressive diminution in the 

size of infaunal traces; and, 3) changes in trace diversity (Figs. 4.9 A–B and 4.10). 
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Figure 4.9 Plots of the diversity of trace forms from channel bars in the TFT of the Fraser River 
compared to the “full diversity” suites of traces that characterize the tidal flats that rim 
the Fraser River delta from (A) the Main Channel and Canoe Passage, and (B) the 
Middle Arm. The range of bioturbation intensity in sands (yellow) and muds (brown) are 
shown from (C) the Main Channel and Canoe Passage, and (D) the Middle Arm. Each 
graph plots data points relative to the distance upstream from the delta front (river km 0). 
The location of the shoreline, maximum upstream position of the saltwater wedge, and 
upstream tidal limit are indicated for reference. 
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(1) Channel bars show marked variation in bioturbation intensity and distribution 

at the bed and bedset scale, at a local scale (i.e., within a single bar), and at a regional 

scale (i.e., between bars or hydrodynamic zones). Overall, the trend is towards 

decreasing bioturbation intensity and a more sporadic distribution of burrows with 

decreasing water salinity and decreasing persistence of saline water at the sediment-

water interface.  

Changes in bioturbation between beds and bedsets produces rhythmic 

alternations in bedding observed in zones 1 and 2. At the locale scale, bioturbation 

intensity varies as a function of the grain size of beds and local topography that result 

from small-scale changes in the hydrodynamics at any position on a channel bar. This 

results in a heterogeneous distribution of bioturbation between closely spaced 

vibracores. At the regional scale, bioturbation decreases significantly with decreasing 

salinity and persistence of saline waters at the bed. Sediments deposited in the 

brackish-water tidal zone (zone 1) show the highest bioturbation intensity, and the 

highest variability in intensity (Figs. 4.9 C–D and 10). In the freshwater to brackish-water 

transition zone (zone 2) bioturbation intensity is slightly lower than in zone 1, but is 

otherwise similarly distributed between sand and mud beds (Figs. 4.9 C–D and 4.10). 

The freshwater tidal zone (zone 3) is characterized by bioturbation intensity that is very 

low in both the sands and muds (Figs. 4.9 C–D and 4.10).   

(2) Across the TFT there is clear diminution of burrow diameter and lengths from 

the sustained brackish-water tidal zone towards the freshwater tidal zone (Fig. 4.10). 

Observations indicate that burrow sizes decrease markedly through zone 1, but are 

consistent and diminutive through zones 2 and 3. Traces in the sustained brackish-water 

tidal zone are small relative to their fully marine counterparts, such as those observed on 

the tidal flats that rim the Fraser River Delta (Dashtgard 2011a). The decrease in burrow 

diameters with decreasing salinity is consistent with the “brackish-water ichnological 

model” (Pemberton and Wightman 1992; MacEachern et al. 2007; Hauck et al. 2009; 

Gingras et al. 2011).  



 

104 

 

Figure 4.10 Summary diagram showing the hydrodynamic zonation of the Fraser River as it 
corresponds to the general trends in sedimentology, ichnology, palynology, and 
geochemistry of channel-bar deposits. The relative abundance of marine dinocysts and 
carbon-13 data is from Czarnecki et al. (2014). Trends are defined for the upper subtidal 
and intertidal positions of channel bars, and do not necessarily reflect trends developed 
towards the base of channel bars. Dashed lines indicate inferred trends, whereas solid 
lines represent known trends in the data. 

(3) Overall trace diversity is low and variable, and decreases significantly in the 

landward direction (Figs. 4.9 A–B and 4.10). Sediments occurring in the sustained 

brackish-water tidal zone (zone 1) display between 56% and 66% of the trace diversity 

(i.e., 5–6 of 9 forms) observed on the Fraser River Delta’s tidal flats (Dashtgard 2011a; 

Dashtgard 2011b). In the freshwater to brackish-water transition zone (zone 2), channel-
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bar deposits contain between 33% and 44% of the trace diversity (i.e., 3–4 of 9 forms) 

observed in the tidal flats. Finally, in the fully freshwater part of the system trace diversity 

is between 11% and 22% of the diversity (i.e., 1–2 of 9 forms) observed in the tidal flats.  

Salinity-tolerant marine infauna are the main trace-making organisms that 

produce the biogenic structures in channel bars in zones 1 and 2 (Dashtgard et al. 2012; 

Sisulak and Dashtgard 2012; Johnson and Dashtgard 2014). However, landward of the 

SWW, in the freshwater tidal zone (zone 3) and towards the landward end of zone 2, 

most traces (i.e., Planolites, Skolithos, Arenicolites) are produced by freshwater 

oligochaetes such as tubificids (Northcote et al. 1976; Chapman and Brinkhurst 1981). 

4.5.5. Framework for Determining Depositional Position Across the 
TFT 

Based on our analysis of the sedimentology and neoichnology of the Fraser 

River, and supplemented by the palynological and geochemical findings of Czarnecki et 

al. (2014), we propose a system scale framework for the deposition of sediment on 

channel-bars across the tidal–fluvial transition zone in tidally influenced rivers. The 

framework consists of a series of sedimentological, ichnological, palynological, and 

geochemical trends that parallel the hydrodynamic and water salinity conditions 

controlling sediment deposition (Fig. 4.10). Trends are defined from sediments in upper 

subtidal and intertidal positions of channel bars, and may not extend to the base of 

channel bars. 

Seaward of the TMZ, the brackish water and tidal zone (zone 1 in this study), 

channel bars are sandy to mixed sandy and muddy, consisting of relatively thin mud 

beds and thicker sand beds. From the upstream to downstream sides of bars, mud-

sand-mud profiles are typical. Muddy current ripples, graded current ripples, and 

heterolithic bedsets become less common in the seaward direction away from the TMZ. 

Ichnologically, deposits are characterized by the high bioturbation intensity, diversity, 

and size of traces (Fig. 4.10). Rhythmic alternations between burrowed and unburrowed 

horizons is most strongly manifest near the river mouth. Dinocyst abundance in the 

palynological suite is generally between 1-2%, and increases seaward. Finally, δ13C 

values are lower in this zone than anywhere else in the TFT, and range from -24 ‰ to -
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25 ‰. δ13C values increase in the seaward direction reflecting a dominantly terrestrial 

source of organic material in fine-grained deposits (Czarnecki et al. 2014). 

Deposition within the time-average position of the TMZ, the brackish-water to 

freshwater transition (zone 2 in this study), results in channel bars that are mud-

dominated comprising thick mud beds and thin sand beds. The upstream to downstream 

ends of bars show a homogeneous muddy profile. Muddy current ripples and graded 

current ripples are relatively common, especially near the toe of the SWW. Heterolithic 

bedsets are abundant, and are most commonly manifest as lenticular or wavy bedding. 

Traces in the TMZ are consistently diminutive relative to more seaward locations, and 

show low bioturbation intensity, patchy distribution, and very low diversity (Fig. 4.10). 

Relative dinocyst abundance is generally below 1%, whereas δ13C values decrease in 

the landward direction, and vary from -25 ‰ to -26 ‰ (Czarnecki et al. 2014). 

Landward of the TMZ, the freshwater and tidal zone (zone 3 in this study), 

channel bars are sand-dominated with thick sand beds and rare, very thin mud beds. 

Bars are homogeneous and sandy from their upstream to downstream ends. No muddy 

current ripples or heterolithic bedsets develop in the freshwater tidal zone. Traces are 

diminutive, show very low bioturbation intensity and diversity, and have an exceedingly 

patchy distribution when present (Fig. 10). Relative abundance of dinocysts decreases 

from well below 1% to 0%. δ13C values range from -26 ‰ to -27 ‰ (Czarnecki et al. 

2014), and reflect a wholly terrestrial source of organic material (Cifuentes et al. 1988; 

Chmura and Aharon 1995; Pospelova et al. 2002).  

4.5.6. Comparison to TFTs in Other River 

A comparison of the Fraser River, Canada to the Fly River, Papua New Guinea 

(Dalrymple et al. 2003; Harris et al. 2004), and the Gironde Estuary, France (Allen 1991) 

show that tidal–fluvial channels share several (qualitative) characteristics despite 

differences in climate, drainage basin, sediment load, tidal flux, and brackish-water 

inundation. Shared characteristics include: 1) channel bars that are heterolithic, 

consisting of rhythmically alternating beds of sand and mud that display depositional dip; 

2) current-generated structures in upper subtidal and intertidal positions that are ebb-
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oriented, with subordinate amounts of flood-oriented structures; 3) bioturbation on 

channel bars that is very low intensity to absent (Allen 1991; Dalrymple et al. 2003); and, 

4) mud beds that are more abundant (volumetrically) closer to the source of marine 

water. Conversely, channel-bar deposits across the TFT exhibit significant variations 

between systems. For example, in distributary channels of the Fly River Delta, fluid mud 

layers are conspicuous from the channel base through to the intertidal zone (Dalrymple 

et al. 2003; Harris et al. 2004), and this is not observed anywhere in the Fraser River.  

Perhaps the most comparable study on channel-bar deposits from tidally 

influenced rivers is the work of Smith (1985) and Smith (1987), who investigated 

examples in the modern and rock record, including the Willapa River, U.S.A. and the 

McMurray Formation, Canada. From his analysis, Smith (1987) states that fluvial, sandy 

point-bar facies lack any significant accumulations of mud, whereas the proportion of 

mud, and the rhythmicity in alternations between sand and mud increases with 

increasing tidal influence. Moreover, he observed that bioturbation increases up-section 

in all cores from bars in channel reaches that experience microtidal and mesotidal tidal 

ranges (Smith 1987). The quantified data we present herein support Smith’s (1987) 

qualitative observations related to mud distribution, bedding rhythmicity, and the 

distribution of bioturbation. Unfortunately, it is not possible to undertake a more 

comprehensive comparison of our results to other systems, because no other study 

details progressive changes in sediment characteristics from freshwater and tidal, 

through to sustained brackish-water tidal positions, nor do other studies present 

comparable quantified data. 

4.6. Conclusions 

Three sedimentological trends are defined from the river mouth, through the 

locus of mud deposition (within the turbidity maximum zone [TMZ]), and into the 

freshwater-tidal zone. (1) The recurrence (per metre) and thickness of mud beds 

increases towards the TMZ and tapers in both the landward and seaward directions. (2) 

Muddy current ripples and graded current ripples are most abundant in the TMZ; they 

are less common with decreasing brackish-water influence and absent in the freshwater 

river reach. (3) Heterolithic bedding (i.e., flaser, wavy, and lenticular) is common in the 
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TMZ, less common seaward, and absent from the freshwater realm. Mud deposition 

within the Fraser River’s tidal–fluvial transition is greatest at the landward end of the 

TMZ (Fig. 10).  

Four ichnological trends parallel decreasing water salinity across the TFT. With 

decreasing salinity, there is: (1) a decrease in bioturbation intensity; (2) a decrease in 

the presence of bioturbated beds; (3) a marked decrease in the diversity of traces; and, 

(4) a decrease in the diameter of traces. Traces are rare to absent in the tidal freshwater 

zone. Palynological and geochemical trends generally follow ichnological trends, 

although they are less obvious (Fig. 4.10). 

The trends defined herein provide a means to determine the relative influence of 

tides and brackish-water conditions on tidally influenced channel deposits. Although it is 

not feasible to determine the exact position of deposits along a depositional gradient, our 

results suggest that by incorporating sedimentological and ichnological datasets it is 

possible to determine whether sediments were deposited seaward, in, or landward of the 

TMZ. In contrast, geochemical and palynological datasets can be used to recognize 

relative marine influence, but these data lack the resolution to constrain position within 

the TFT.  

From the comparison of sedimentological, ichnological, palynological, and 

geochemical datasets from the tide-influenced lower Fraser River, I suggest the 

following: (1) sedimentological data provide the best mechanism for recognizing tidal 

influence and to a lesser degree, saltwater influence in channels; (2) Ichnological data 

are the most useful in establishing salinity profiles in paleo-channel deposits, although 

ichnological trends are also strongly influenced by sedimentation rates; (3) palynological 

data are useful in recognizing marine influence in marginal-marine settings, but mainly 

reflect sediment source. In tidal–fluvial channels, palynology is of limited value, except in 

establishing whether marine sediments are present or not; and, (4) δ13C values are 

perhaps the least useful of all datasets in studies of sediments deposited in channels. 

This is because δ13C values are derived from miniscule volumes of organic matter, and 

in channels, the vast majority of sediments are sourced from the river. Palynological data 
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are superior to geochemical data, but both datasets are of limited value in tidal–fluvial 

channels.   

4.7. References 

Ages, A., 1979. The salinity intrusion in the Fraser River: salinity, temperature and 
current observations 1976, 1977. Pacific Marine Science Report 79-14, Institute 
of Ocean Sciences, Sidney, BC, Canada, 191 pp. 

Ages, A., and Woolard, A., 1976. The tides in the Fraser Estuary. Pacific Marine Science 
Report 76-5, Institute of Ocean Sciences, Sidney, BC, Canada, 100 pp. 

Allen, G.P., 1991. Sedimentary processes and facies in the Gironde estuary: a recent 
model for macrotidal estauarine systems. In: D.G. Smith, G.E. Reinson, B.A. 
Zaitlin and R.A. Rahmani (Editors), Clastic Tidal Sedimentology. Canadian 
Society of Petroleum Geologists Memoir 16, Calgary, Alberta, pp. 29–40.  

Baas, J.H. and Best, J.L., 2008. The dynamics of turbulent, transitional and laminar clay-
laden flow over a fixed current ripple. Sedimentology, 55: 635–666. 

Boersma, J.R., and Terwindt, J.H.J., 1981. Neap–spring tide sequences of intertidal 
shoal deposits in a mesotidal estuary. Sedimentology, 28: 151–170. 

Chapman, P.M., 1981. Measurements of the short-term stability of interstitial salinities in 
subtidal estuarine sediments. Estuarine, Coastal and Shelf Science, 12: 67–81. 

Chapman, P.M., and Brinkhurst, R.O., 1981. Seasonal changes in interstitial salinities 
and seasonal movements of subtidal benthic invertebrates in the Fraser River 
estuary, B.C. Estuarine, Coastal and Shelf Science, 12: 49–66. 

Chmura, G.L., and Aharon, P., 1995. Stable carbon isotop signatures of sedimentary 
carbon in coastal wetlands as indicators of salinity regime. Journal of Coastal 
Research, 11: 124–135. 

Choi, K.S., Hong, C.M., Kim, M.H., Oh, C.R., and Jung, J.H., 2013. Morphologic 
evolution of macrotidal estuarine channels in Gomso Bay, west coast of Korea: 
implications for the architectural development of inclined heterolithic stratification. 
Marine Geology, 347: 343–354. 

Cifuentes, L., Sharp, J., and Fogel, M.L., 1988. Stable carbon and nitrogen isotope 
biogeochemistry in the Delaware estuary. Limnology and Oceanography, 33: 
1102–1115. 



 

110 

Czarnecki, J.M., Dashtgard, S.E., Pospelova, V., Matthewes, R. and MacEachern, J.A., 
2014. Palynology and geochemistry of channel-margin sediments across the 
tidal–fluvial transition, lower Fraser River, Canada: implications for the rock 
record. Journal of Marine and Petroleum Geology, 51: 152–166. 

Dalrymple, R.W. and Choi, K.S., 2007. Morphologic and facies trends through the fluvial-
marine transition in tide-dominated depositional systems: a schematic framework 
for environmental and sequence-stratigraphic interpretation. Earth-Science 
Reviews, 81: 135–174. 

Dalrymple, R.W., Zaitlin, B.A. and Boyd, R., 1992. Estuarine facies models; conceptual 
basis and stratigraphic implications. Journal of Sedimentary Research, 62: 1130–
1146. 

Dalrymple, R.W., Baker, E.K., Harris, P.T. and Hughes, M.G., 2003. Sedimentology and 
stratigraphy of a tide-dominated, foreland-basin delta (Fly River, Papua New 
Guinea). In: F.H. Sidi, D. Nummedal, P. Imbert, H. Darman and H.W. 
Posamentier (Editors), Tropical Deltas of Southeast Asia; Sedimentology, 
Stratigraphy, and Petroleum Geology, Special Publication 76. SEPM, Tulsa, 
Oklahoma, pp. 147–173. 

Dashtgard, S.E., 2011a. Linking invertebrate burrow distributions (neoichnology) to 
physicochemical stresses on a sandy tidal flat: Implications for the rock record. 
Sedimentology, 58: 1303–1325. 

Dashtgard, S.E., 2011b. Neoichnology of the lower delta plain: Fraser River Delta, 
British Columbia, Canada: Implications for the ichnology of deltas. 
Palaeogeography, Palaeoclimatology, Palaeoecology, 307: 98–108. 

Dashtgard, S.E., Venditti, J.G., Hill, P.R., Sisulak, C.F., Johnson, S.M. and La Croix, 
A.D., 2012. Sedimentation across the tidal–fluvial transition in the lower Fraser 
River, Canada. Sedimentary Record, 10: 4–9. 

Gingras, M.K., MacEachern, J.A., and Dashtgard, S.E., 2011. Process Ichnology and the 
elucidation of physico-chemical stress. Sedimentary Geology, 237: 115–134. 

Gingras, M.K., Pemberton, S.G., Saunders, T. and Clifton, H.E., 1999. The ichnology of 
modern and Pleistocene brackish-water deposits at Willapa Bay, Washington: 
variability in estuarine settings. Palaios, 14: 352–374. 

Harris, P.T., Hughes, M.G., Baker, E.K., Dalrymple, R.W., and Keen, J.B., 2004. 
Sediment transport in distributary channels and its export to the pro-deltaic 
environment in a tidally dominated delta: Fly River, Papua New Guinea. 
Continenetal Shelf Research, 24: 2431–2454. 



 

111 

Hauck, T.E., Dashtgard, S.E., Pemberton, S.G., and Gingras, M.K., 2009. Brackish-
water ichnological trends in a microtidal barrier island / embayment system, 
Kouchibouguac National Park, New Brunswick, Canada. Palaios, 24: 478–496. 

Howard, J.D., and Frey, R.W., 1973. Characteristic physical and biogenic sedimentary 
structures in Georgia estuaries. American Association of Petroleum Geologists 
Bulletin, 57: 1169–1184. 

Howard, J.D., Elders, C.A., and Heinbokel, J.F., 1975. Animal-sediment relationships in 
estuarine point bar deposits, Ogeechee River-Ossabaw Sound, Georgia. 
Senckenbergiana Maritima, 7: 181–203. 

Hughes, G.C. and Ages, A.B., 1975. Salinity and Temperature Measurements in the 
Lower Fraser River, 1966–1968, 1970–1973. Institute of Ocean Sciences, 
Patricia Bay, 295 pp. 

Johnson, S.M. and Dashtgard, S.E., 2014. Inclined heterolithic stratification in a mixed 
tidal–fluvial channel: differentiating tidal versus fluvial controls on sedimentation. 
Sedimentary Geology, 301: 41–53. 

Johnson, W.A., 1921. Sedimentation of the Fraser River delta. Geological Survey of 
Canada, Memoir 125, 46 pp. 

Kineke, G.C., Sternberg, R.W., Trowbridge, J.H., and Geyer, W.R., 1996. Fluid-mud 
processes on the Amazon continental shelf. Continenetal Shelf Research, 16: 
667–696. 

Kostaschuk, R.A., 2002. Flow and sediment dynamics in migrating salinity intrusions: 
Fraser River Estuary, Cananda. Estuaries, 25: 197–203. 

Kostaschuk, R.A. and Atwood, L.A., 1990. River discharge and tidal controls on salt-
wedge position and implications for channel shoaling: Fraser River, British 
Columbia. Canadian Journal of Civil Engineering, 17: 452–459. 

Kostaschuk, R., and Best, J., 2005. Response of sand dunes to variations in tidal flow: 
Fraser Estuary, Canada. Journal of Geophysical Research: Earth Surface, 110: 
F04S04. 

Kostaschuk, R.A., and Luternauer, J.L., 1989. The role of the salt-wedge in sediment 
resuspension and deposition; Fraser River estuary, Canada. Journal of Coastal 
Research, 5: 93–101. 

Kostaschuk, R.A., and Villard, P., 1996. Flow and sediment transport over large 
subaqueous dunes; Fraser River, Canada. Sedimentology, 43: 849–863. 



 

112 

Kostaschuk, R.A., Church, M.A., and Luternauer, J.L., 1989a. Bedforms, bed material, 
and bedload transport in a salt-wedge estuary; Fraser River, British Columbia. 
Canadian Journal of Earth Sciences, 26: 1440–1452. 

Kostaschuk, R.A., Church, M.A. and Luternauer, J.L., 1992. Sediment transport over 
salt-wedge intrusions; Fraser River estuary, Canada. Sedimentology, 39: 305–
317. 

Kostaschuk, R.A., Luternauer, J.L., and Church, M.A., 1989b. Suspended sediment 
hysteresis in a salt-wedge estuary: Fraser River, Canada. Marine Geology, 87: 
273–285. 

Kostaschuk, R.A., Luternauer, J.L., and Church, M.A., 1998. Sedimentary processes in 
the estuary, in J.J. Clague, J.L. Luternauer, and D.C. Mosher (Editors), Geology 
and Natural Hazards of the Fraser River Delta, British Columbia, Geological 
Survey of Canada, Ottawa, pp. 41–56. 

La Croix, A.D., and Dashtgard, S.E., 2014. Of sand and mud: Sedimentological criteria 
for identifying the turbidity maximun zone in a tidally influenced river. 
Sedimentology, 61: 1961–1981. 

Leeder, M.R. and Bridges, P.H., 1975. Flow separation in meander bends. Nature, 253: 
338–339. 

MacEachern, J.A., Pemberton, S.G., Bann, K.L., and Gingras, M.K., 2007. Departures 
from the archetypal ichnofacies: effective recognition of physico-chemical 
stresses in the rock recrod, in J.A. MacEachern, K.L. Bann, M.K. Gingras, and 
S.G. Pemberton (Editors), Applied Ichnology. SEPM (Society of Sedimentary 
Geology), Tulsa, OK, pp. 65–93. 

MacKay, D.A. and Dalrymple, R.W., 2011. Dynamic mud deposition in a tidal 
environment; the record of fluid-mud deposition in the Cretaceous Bluesky 
Formation, Alberta, Canada. Journal of Sedimentary Research, 81: 901–920. 

Milliman, J.D., 1980. Sedimentation in the Fraser River and its estuary, southwestern 
British Columbia (Canada). Estuarine and Coastal Marine Science, 10: 609–633. 

Northwest Hydraulic Consultants (NHC), 2008. Fraser river hydraulic model update. 
Final Report, BC Ministry of Environment, 227 pp. 

Nittrouer, C.A., and Wright, L.D., 1994. Transport of particles across continental shelves. 
Reviews of Geophysics, 32: 85–113. 

Northcote, T.G., Johnston, N.T., and Tsumura, K., 1976. Benthic, epibenthic and drift 
fauna of the Lower Fraser River. Westwater Technical Report 11, University of 
British Columbia, Vancouver, BC, Canada. 227 pp. 



 

113 

Pearson, N.J. and Gingras, M.K., 2006. An ichnological and sedimentological facies 
model for muddy point-bar deposits. Journal of Sedimentary Research, 76: 771–
782. 

Pemberton, S.G. and Wightman, D.M.,1992. Ichnological characteristics of brackish 
water deposits. In: S.G. Pemberton (Editor), Applications of Ichnology to 
Petroleum Exploration: A Core Workshop. Core Workshop no. 17, SEPM, Tulsa, 
Oklahoma, pp. 141–167. 

Pospelova, V., Chmura, G.L., Boothman, W.S., and Latimer, J.S., 2002. Dinoflagellate 
cyst records and human disturbance in two neighboring estuaries, New Bedford 
Harbor and Apponagansett Bay, Massachusetts (U.S.A.). Science of The Total 
Environment, 298: 81–102. 

Reineck, H.-E., 1963. Sedimentgefüge im Bereich der südlichen Nordsee. 
Abhandlungen der Senckenbergischen Naturforschenden Gesellschaft, Stuttgart, 
138 pp. 

Rubin, D.M., and McDonald, R.R., 1995. Nonperiodic eddy pulsations. Water Resources 
Research, 31: 1595–1605. 

Schieber, J. and Southard, J.B., 2009. Bedload transport of mud by floccule ripples-
direct observation of ripple migration processes and their implications. Geology, 
37: 483–486. 

Sisulak, C.F. and Dashtgard, S.E., 2012. Seasonal controls on the development and 
character of inclined heterolithic stratification in a tide-influenced, fluvially 
dominated channel: Fraser River, Canada. Journal of Sedimentary Research, 82: 
244–257. 

Smith, D.G., 1985. Modern analogues of the McMurray Formation channel deposits, 
sedimentology of mesotidal-influenced meandering river point bars with inclined 
beds of alternating sand and mud. AOSTRA Final Report, Calgary, Alberta, pp. 
78. 

Smith, D.G., 1987. Meandering River Point Bar Lithofacies: modern and Ancient 
Examples Compared. In: E. Etbridge, R. Flores, and M. Harvey (Editors), Recent 
Developments in Fluvial Sedimentology. Special Publication, SEPM, Tulsa, 
Oklahoma, pp. 83–91. 

Smith, D.G., Hubbard, S.M., Lavigne, J.R., Leckie, D.A. and Fustic, M., 2011. 
Stratigraphy of counter point bars and eddy accretion deposits in low energy 
meander belts of the Peace-Athabasca Delta, northeast Alberta, Canada. In:  
S.K. Davidson, S. Leleu, and C.P. North (Editors), From River to Rock Record: 
The Preservation of Fluvial Sediments and Their Subsequent Interpretation. 
SEPM, Tulsa, Oklahoma, pp. 143–152. 



 

114 

 Smith, J.J., Hasiotis, S.T., Kraus, M.J., and Woody, D.T., 2008, Naktodemasis bowni: 
new ichnogenus and ichnospecies for adhesive meniscate burrows (AMB), and 
palaeoenvironmental implications, Paleogene WIllwood Formation, Bighorn 
Basin, Wyoming: Journal of Paleontology, v. 82, p. 267-278. 

Sutherland, B.R., Barrett, K.J., and Gingras, M.K., in review. Clay settling in fresh and 
salt water. Environmental Fluid Mechanics. 

Taylor, A.M., and Goldring, R., 1993. Descriptions and analysis of bioturbation and 
ichnofabric. Journal of the Geological Society (London), 150: 141–148. 

Tevesz, M.J.S., Soster, F.M., and McCall, P.L., 1980. The effects of size-selective 
feeding by oligochaetes on the physical properties of river sediments. Journal of 
Sedimentary Petrology, 50: 561–568. 

Thomas, R.G., Smith, D.G., Wood, J.M., Visser, J., Calverley-Range, E.A. and Koster, 
E.H., 1987. Inclined heterolithicstratification – terminology, description, 
interpretation and significance. Sedimentary Geology, 53: 123–179. 

Thomson, R.E., 1981. Oceanography of the British Columbia Coast. Canadian Special 
Publication of Fisheries and Aquatic Sciences 56: Department of Fisheries and 
Oceans, Ottawa, Canada, 291 pp. 

Thornton, S.F., and McManus, J., 1994. Application of organic carbon and nitrogen 
stable isotope and C/N ratios as source indicators of organic matter provenance 
in estuarine systems: evidence from the Tay Estuary, Scotland. Estuarine, 
Coastal and Shelf Science, 38: 219–233. 

Topoliantz, S., and Ponge, J.-F., 2003. Burrowing activity of the geophagous earthworm 
Pontoscolex corethrurus (Oligochaeta: Glossoscolecidae) in the presence of 
charcoal. Applied Soil Ecology, 23: 267–271. 

Van den Berg, J.H., Boersma, J.R. and van Gelder, A., 2007. Diagnostic sedimentary 
structures of the fluvial-tidal transition zone – evidence from deposits of the 
Rhine and Meuse. Netherlands Journal of Geoscience, 86: 287–306. 

Venditti, J.G., Humphries, R.P., Allison, M.A., Nittrouer, J.A. and Church, M.A., 2010. 
Morphology and dynamics of a gravel-sand transition. In: Proceedings of the 4th 
Federal Interagency Hydrologic Modeling and 9th Federal Interagency 
Sedimentation Conference, Las Vegas, Nevada, 11 pp. 



 

115 

Chapter 5.  
 
Quantification of Sedimentology and Ichnology to 
Constrain the Time-Averaged Position of the 
Turbidity Maximum Zone in the “A Valley” Trend: 
McMurray Formation, NE Alberta 

5.1. Introduction 

Recent studies of the McMurray Formation in northeast Alberta, Canada have 

focused on local, high-resolution assessments of strata exposed in outcrop and mine 

faces (Mossop and Flach 1983; Strobl et al. 1997; Wightman and Pemberton 1997; 

Musial et al. 2012; Nardin et al. 2013; Jablonski and Dalrymple in press) as well as in the 

subsurface (Strobl et al. 1997; Hubbard et al. 2011; Labrecque et al. 2011). By contrast, 

regional studies have tried to resolve the complex stratigraphy of the sedimentary fill in 

the McMurray sub-basin (Ranger and Pemberton 1997; Hein and Cotterill 2006; Hein et 

al. 2013). No quantitative examination of the changes in sediment characteristics across 

the TFT has been undertaken to date, nor has a high-resolution paleoenvironmental 

interpretation of channel bars been successfully extended beyond local study areas 

(typically 100–300 km2).  

In this chapter, sedimentological, ichnological, and quantified bed-thickness data 

are presented from IHS occurring in a single paleo-valley (Valley A) of the McMurray 

Formation, and these results are compared to trends defined from the TFT of the 

modern, tidally influenced Fraser River (Fig. 5.1; La Croix and Dashtgard 2015). The 

objective of this comparison is to determine if trends defined from a modern analogue 

can be used to reveal the approximate depositional position of channel-bar deposits in 

relation to the zone of fresh-water and saltwater mixing (i.e., turbidity maximum zone 

[TMZ]) in paleo-channels of the McMurray Formation. With this information, a framework 
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for paleogeographic predictions in the TFT portion of the McMurray Formation is 

proposed. 

 

Figure 5.1 Depositional trends across the TFT in the Fraser River, BC, Canada, used for 
comparison to and as an aid in interpreting IHS successions from the McMurray 
Formation, Alberta, Canada. 

5.2. Geological Setting 

The McMurray Formation is the oldest unit of the Mannville Group and is overlain 

by the Wabiskaw Member of the Clearwater Formation (Fig. 5.2). During the Early 

Cretaceous (Aptian), basin-scale, northwest-southeast-oriented valleys were deepened 

and filled as the Boreal Sea transgressed the Alberta Basin from the north. These 

paleovalleys were incised into the underlying Paleozoic succession, and formed, in part, 

due to dissolution of the underlying Prairie Evaporite Formation (Broughton 2015). The 

three basin-scale paleo-valleys that contain McMurray Formation and age-equivalent 

strata are: the Spirit River Valley; the Edmonton Channel Valley; and the Assiniboia 

Valley (Williams 1963; Ranger and Pemberton 1997). The McMurray Formation is 

contained in the Assiniboia Valley. 



 

117 

A majority of preserved strata in the McMurray Formation are interpreted as the 

deposits of, or are associated with, large-scale river channels with varying degrees of 

tidal and brackish-water influence (Pemberton et al. 1982; Mossop and Flach 1983; 

Flach and Mossop 1985; Hubbard et al. 2011). The McMurray is commonly divided into 

three informal units: a lower, dominantly fluvial unit, a middle unit comprising large-scale 

heterolithic bedsets of IHS that can be upwards of 40 m thick, and an upper interval of 

paralic to shallow-marine deposits (Carrigy 1959; Stewart 1981; Flach and Mossop 

1985; Ranger 1994; Ranger and Pemberton 1997). Currently, a formal stratigraphic 

framework is not agreed upon and remains a contentious issue (Langenberg et al. 2002; 

Hein and Langenberg 2003; Ranger and Gingras 2003a; Ranger and Gingras 2003b). 

The middle McMurray unit constitutes the primary bitumen reservoirs in the Athabasca 

Oil Sands (Fig. 5.3), and is both thick and laterally extensive. Sands within the McMurray 

are generally unconsolidated, whereas muddy deposits show varying degrees of 

lithification. 

 

Figure 5.2 Stratigraphic column showing the position of the McMurray Formation in the northeast 
plains and eastern plains within the WCSB. The McMurray Formation is the oldest unit 
within the Mannville Group. The middle and upper McMurray are highlighted because 
they are the main IHS-bearing units, and are the focus of this paper. 
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5.3. Study Area 

The oil sands of northeastern Alberta occur in three main areas: the 

southernmost Cold Lake deposit, the Peace River deposit in the west, and the 

Athabasca deposit in the north (Fig. 5.3). The largest of the three is the Athabasca 

deposit. Three regional valley complexes contain the middle and upper McMurray 

Formation within the Athabasca deposit, informally named valleys A, B, and C from 

youngest to oldest (Fig. 5.4). Valley A is the most widespread and deeply incised 

system. In the lower McMurray Formation, the paleo-valleys are difficult to resolve and 

are commonly referred to simply as the “lower McMurray” (AEUB 2003).  

 

Figure 5.3 Study area map showing the distribution of oil sands deposits in northern Alberta, 
Canada. The Athabasca Oil Sands is the largest of these deposits. 

Three study areas containing Valley A strata were chosen to try and test the 

hypothesis that regional trends in the character of IHS occur, and that quantified 

datasets can be used to resolve them: a southern area centered around Township 070-

04W4; a central area in Township 076-06W4; and, a northern area in Township 084-
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07W4 (Fig. 5.4). The interval of interest in each study area is the uppermost / youngest 

channel-fill successions, located in the mid to upper stories of Valley A (i.e., Channel 

Complexes II or III; Figs 5.5–5.7). Channel complex IV, in the middle and northern study 

area, was not analyzed because the fill comprises significant proportions of flat lying 

heterolithic units (interpreted as tidal flat deposits), and the focus of the study is on the 

more fluvial-dominated IHS deposits present in the underlying channel complexes. The 

number of channel complexes in the mid to upper stratigraphy of Valley A increase from 

2 in the southern study area to 4 in the northern area. The interpreted maximum 

thickness of the channel complexes that were analyzed remains relatively constant from 

south to north at approximately 30–34 m thick. However the mean channel complex 

thickness is 27 m in the southern study area, 20 m in the central study area, and 23 m in 

the north. To deal with this complexity, the interval of interest was constrained to 

channels that initiated within the upper 50 m of Valley A; this is approximately two times 

the mean channel-fill succession thickness. 

5.4. Methods 

Twenty-three subsurface cores were logged in this study (Appendix D). Of these, 

17 cores penetrate Valley A and are used to describe qualitative changes in the 

sedimentological and ichnological character of IHS in individual channel stories. Of the 

17 wells that penetrate Valley A, a subset of seven wells were selected to quantify 

sedimentological and ichnological characteristics of the sediments due to the limited 

availability of dip-meter / FMI data: two wells from the southern area (01-13-70-04W4 

and 06-13-70-04W4 [Fig. 5.5]); two wells in the central area (09-23-76-06W4 and 13-14-

76-06W4 [Fig. 5.6]); and, three wells from the northern study area (01-32-84-07W4, 02-

19-84-07W4 and 05-32-84-07W4 [Fig. 5.7]). 
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Figure 5.4 Map of the southern Athabasca region showing the distribution of the three major 
paleovalleys: Valley A, Valley B, and Valley C from youngest to oldest, respectively. 
Black dots represent core locations or wells with wireline logs that were utilized in this 
study. The map is modified from AEUB, 2003. 
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Figure 5.5 Wireline log cross-section of the Township 070-04W4 study area. Channel bottoms 
are indicated with a dark black line. Channel Complex II in the 01-13-70-04W4 and 06-
13-70-04W4 wells contains the analyzed IHS succession. Red curves slightly to the right 
of their respective wells represent the gamma ray log traces. The Sub-K Unconformity 
(SCU) separates clastic rocks of the McMurray Formation from underlying carbonate 
successions of the Devonian Beaverhill Lake Group. “A Undifferentiated” are the 
shoreline parasequences that cap the McMurray succession. 
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Figure 5.6 Wireline log cross-section of the Township 076-06W4 study area. Channel bottoms 
are indicated with a dark black line. Channel Complex III in the 09-23-76-06W4 and 13-
14-76-06W4 wells contain the analyzed IHS. Red curves slightly to the right of their 
respective wells represent the gamma ray log traces. The SCU separates clastic rocks 
of the McMurray Formation from underlying carbonate successions of the Devonian 
Beaverhill Lake Group. A1, A2, and A3 are the shoreline parasequences that cap the 
McMurray succession. 
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Figure 5.7 Wireline log cross-section of the Township 084-07W4 study area. Channel bottoms 
are indicated with a dark black line. Channel Complex III in the 01-32-84-07W4 and 05-
32-84-07W4 wells contain the analyzed IHS succession. The IHS succession 02-19-84-
07W4 is in Channel Complex II. Red curves slightly to the right of their respective wells 
represent the gamma ray log traces. The SCU separates clastic rocks of the McMurray 
Formation from underlying carbonate successions of the Devonian Beaverhill Lake 
Group. A1, A2, and A3 are the shoreline parasequences that cap the McMurray 
succession.  

Dipmeter / formation micro-imager (FMI) logs were used to define channel bases 

in the seven cores with quantified sedimentological and ichnological data. All qualitative 

and quantified data are derived from the uppermost channel succession in each well that 

show heterolithic units with dipping beds (i.e., IHS; Figs. 5.5–5.7). Wireline logs from 

wells in the vicinity of the seven wells with quantified data are used to construct cross-

sections of the local areas. Valley margins are delineated in the cross-sections based on 

their position as defined by the AEUB (2003).   
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Qualitative observations in this study include descriptions of lithology, physical 

sedimentary structures, and biogenic structures. Quantitative measurements include bed 

thicknesses, Bioturbation Index (BI), and trace-fossil diversity. Individual beds or bedsets 

were measured with calipers, and the mean bed thickness and standard deviation (i.e., a 

measure of the range of values) were determined for each channel succession. The 

proportion of sand and mud from each succession was also calculated. Bioturbation 

intensity and diversity comprise the quantified ichnological dataset. The number of 

ichnogenera present in each core was recorded and compared to the “full diversity” suite 

of traces characterizing the regional parasequences within the middle and upper 

McMurray (MacEachern and Gingras 2007). 

5.5. Results 

5.5.1. Southern Study Area (Township 70, Range 4W4) 

In the southern study area, Valley A consists of two stacked channels. The 

younger of the two ranges from 31–33 m thick (Channel Complex II, Fig. 5.5). Cores 

display variable facies successions, but show IHS in the upper 25–80% of their 

respective channel fills. IHS ranges from 15–27 m in thickness.  

In 01-13-70-04W4, the channel succession is 31 m thick. Of this, IHS overlies a 7 

m (0–7 m) thick, trough cross-stratified and current-ripple laminated sand with rare 

decimeter-thick mudstone interbeds (Fig. 5.8). The lower 7 m of the IHS (7–14 m) is 

poorly preserved, displaying shearing and apparent deformation features that may be 

the result of the coring process. Consequently, only the upper 8 m (14–22 m) were 

analyzed in detail (depositional dips between 5° and 18°). The IHS succession passes 

directly upwards into moderately burrowed sandy mudstones and silty sands (Fig. 5.8) 

that complete the channel succession (22–31 m). In 06-13-70-04W4, a 1 metre-thick 

mud-clast breccia (Fig. 5.8) horizon (0–1 m) passes upwards into a thick IHS unit (1–27 

m), and is capped with more highly bioturbated sands and mudstones (27–33 m). 

Quantified data was acquired for the thick IHS succession only. 
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A total of 40 sand beds and 39 mud beds were measured from 01-13-70-04W4 

(Table 5.1). From this, sand beds were calculated to have a mean thickness of 14.1 cm 

with a standard deviation of 19 cm. Mud beds have a mean thickness of 5.1 cm and a 

standard deviation of 8.5 cm. Overall, the IHS succession consists of 74% sand and 

26% mud (Fig. 5.9). Ninety-one sand beds and 89 mud beds were measured from 06-

13-70-04W4 (Table 5.1). The average sand bed thickness is 19.6 cm with a standard 

deviation of 26.7 cm. Mud beds have a mean thickness of 9.5 cm with a standard 

deviation of 8.9 cm. The IHS succession comprises 68% sandstone and 32% mudstone. 

Bioturbation in the IHS successions differs significantly between sand and 

mudstone beds and bedsets. At the bedset scale, bioturbation intensity typically ranges 

from BI 1–2 (Fig. 5.10). At the bed scale, sands are generally devoid of traces (BI 0), but 

may show isolated mud-filled burrows that subtend from overlying mud beds (BI 2). 

Sand beds have a thickness-weighted mean bioturbation intensity ranging from 0.23–

0.29. Mud beds, on the other hand, vary from BI 0–2 but are most commonly BI 1–2. 

Bioturbation intensity in mudstones have a thickness-weighted mean ranging from 1.41–

1.47. Burrowing commonly consists of low-diversity (i.e., 1–3 forms) to monogeneric 

suites of traces consisting dominantly of vertical burrows, including Cylindrichnus and 

Skolithos. Horizontal burrows, interpreted as Planolites, also occur though more rarely 

than other forms. 
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Figure 5.8 Facies plate showing examples of the various facies encountered in the intervals of 
interest: (A) Sandy IHS with unbioturbated sand beds (BI 0), and mudstone beds with 
low to moderate bioturbation intensity (BI 2–3) (472.68–465.50 m, 01-13-070-04W4). (B) 
Sandy IHS with unburrowed sand beds (BI 0), and mudstones with low bioturbation 
intensity (BI 0–2) (354.10 –344.00 m, 13-14-076-06W4). (C) An upward transition from 
sandy IHS to muddy IHS with the separation marked by a yellow line (369.54–356.22 m, 
09-23-076-06W4). In the sandy IHS, both sand and mudstone beds are unburrowed. In 
the muddy IHS, bioturbation varies from BI 0–2. (D) Trough cross-stratified sand (379.00 
m, 09-23-076-06W4). (E) Mudstone-clast breccia (357.85 m, 05-23-084-07W4). (F) 
Moderate to highly bioturbated (BI 2–4) muddy sandstone (294.55 m, 01-32-084-07W4). 

5.5.2. Central Study Area (Township 76, Range 6W4) 

Within the central study area, the fill of Valley A comprises up to four stacked 

channel successions. The second youngest valley incision ranges from 30–31 m thick 
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(Channel Complex III, Fig. 5.6) and is the main focus of this analysis. The cored intervals 

from 09-23-76-06W4 and 13-14-76-06W4 display different facies successions, but show 

IHS in the upper 50–80% of their respective valley fills. 

IHS successions in the central area vary from 10–14 m thick. In 09-23-76-06W4, 

the base of the succession is demarcated by trough cross-stratified sandstone (Fig. 5.8) 

with isolated granule–pebble beds (0–3 m), transitioning into IHS with depositional dips 

between 4° and 14° (3–17 m), and then upwards into alternating beds of moderately to 

thoroughly bioturbated (BI 3–5) sandstone and mudstone (17–30 m) with dips < 2°. In 

13-14-76-06W4, the base of the channel is characterized by a mud-clast breccia (0–1 

m), directly overlain by trough cross-stratified sand (1–14 m), then IHS (14–24 m) 

dipping between 5° and 15°, and capped with alternating beds of moderately to highly 

bioturbated (BI 3–4) sand and mudstone (24–30 m).  

A total of 50 sand beds and 51 mud beds were measured from 09-23-76-06W4 

(Table 5.1). Sand beds have a mean thickness of 10 cm with a standard deviation of 

13.5 cm. Mud beds have a mean thickness of 13.3 cm and a standard deviation of 22.3 

cm. Overall, the IHS succession consists of 43% sand and 57% mud (Fig. 5.9). Twenty 

sand beds and 20 mud beds were measured from 13-14-76-06W4 (Table 5.1). The 

average sand bed thickness is 25.5 cm with a standard deviation of 24.1 cm. Mud beds 

have a mean thickness of 5.3 cm with a standard deviation of 4.3 cm. The IHS 

succession comprises 83% sandstone and 17% mudstone.  

Bioturbation intensities vary at the bed and bedset scales in IHS of the central 

study area. At the bedset scale, IHS successions can range from BI 1–3 (Fig. 5.10). 

However, at the bed scale, sand beds generally lack significant burrowing, except for 

mud-walled burrows (e.g., Cylindrichnus) that penetrate from overlying mud beds. 

Bioturbation intensities in sand beds range from BI 0–2. The thickness-weighted mean 

bioturbation intensity varies from 0.28–0.31. Mudstone beds vary from BI 0–3, wherein 

bioturbation consists of low-diversity (i.e., 1–4 forms) to monogeneric suites of traces 

including Cylindrichnus, Skolithos, Planolites and/or Gyrolithes. Navichnia are also 

observed where thicker mudstone beds occur. The thickness-weighted mean 

bioturbation intensity ranges from 1.70–1.78. 
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5.5.3. Northern Study Area (Township 84, Range 7W4) 

Valley A in the northern study area encompasses at least four stacked channel 

successions, although some wells only show three. The middle channel succession in 

01-32-84-07W4 and 05-32-84-07W4 (Channel Complex III, Fig. 5.7) varies from 26–34 

m thick. In 02-19-84-7W4, the second oldest succession is 11 m thick (Channel Complex 

II, Fig. 5.7). All cores in the study area display different facies successions, but comprise 

IHS in the middle to upper parts of the channel fill. 

IHS successions in the northern area vary from 9–10 m thick. In 01-32-84-07W4, 

the base of Channel Complex III consists of alternating beds of trough cross-stratified 

sand and mud-clast breccia (0–20 m), transitioning into IHS that dips from 4° and 16° 

(20–30 m), and passing upwards into alternating beds of moderate to highly bioturbated 

(BI 3–4) sands and mudstones with depositional dips < 2° (30–34 m). In 05-32-84-07W4, 

the channel base is overlain by a thin mud-clast breccia (0–0.5 m), passing into trough 

cross-stratified sand (0.5–5 m), transitioning into IHS with dips of between 5° and 18° 

(5–14 m), and then overlain by alternating beds of sand and mud that show chaotic / 

convolute bedding (14–26 m). Finally, in 02-19-84-07W4, the succession is floored by 

trough cross-stratified sand (0–1 m) that passes upwards into IHS with dips from 5° to 

17° (1–11 m). The IHS is abruptly overlain by the next youngest channel-fill.  

A total of 39 sand beds and 40 mud beds were measured from 01-32-84-07W4 

(Table 5.1). Sand beds have a mean thickness of 17.7 cm with a standard deviation of 

20.6 cm. Mud beds have a mean thickness of 2.7 cm and a standard deviation of 2.1 

cm. Overall, the IHS succession comprises 87% sand and 13% mud (Fig. 5.9). Forty-

nine sand beds and 49 mud beds were measured from 05-32-84-07W4 (Table 5.1). The 

average sand bed thickness is 11.7 cm with a standard deviation of 13.8 cm. Mud beds 

have a mean thickness of 4.8 cm with a standard deviation of 4.8 cm. The IHS 

succession comprises 71% sand and 29% mud. In 02-19-84-07W4, 64 sand beds and 

64 mud beds were measured (Table 5.1). The mean sand bed thickness is 8.3 cm with a 

standard deviation of 12.1 cm. Mud beds have a mean thickness of 5.3 cm and a 
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standard deviation of 8.5 cm. Overall, the IHS succession consists of 61% sand and 

39% mud. 

Bioturbation is highly variable in beds and bedsets within the northern study area. 

Bedsets range from BI 1–4. At the bed scale, however, sands range from BI 0–2 (Fig. 

5.10). Burrowing occurs in the sands where mud-filled burrows subtend from overlying 

mud beds. Where sands are less than ~ 5 cm thick, beds and laminae commonly 

become churned up into muddy units. The thickness-weighted mean bioturbation 

intensity ranges from 0.24–0.39. Mudstone beds vary from BI 0–3, and bioturbation 

consists of low-diversity (i.e., 1–4 forms) to monogeneric suites of traces comprising 

vertical forms such as Cylindrichnus, Skolithos, and Gyrolithes. Planolites and navichnia 

occur sporadically throughout the succession. The thickness-weighted mean 

bioturbation intensity ranges from 1.81–2.17. 

5.6. Discussion 

There are progressive changes in the character of IHS within Valley A which, 

when compared to trends from the TFT portion of the Fraser River, suggest a transition 

from deposition in fluvial channels to brackish-water and tidal-influenced channels. 

Variations in the mean thickness of sand and mud beds, intensity of bioturbation and 

diversity of ichnological suites from south to north reveal a TFT located within the broad 

geographic limits of the study. 

5.6.1. Quantified Sedimentology 

The mean bed thickness of sands and mudstones varies between study areas, 

as well as between individual cores within any particular study area (Fig. 5.9). Moreover, 

the dataset is limited to measurements taken from only 2–3 wells in each area and even 

though these wells were randomly selected, it is possible that the trends observed may 

simply be a function of a small sample number rather than reflecting clear trends. A 

larger sample set is needed to confirm the validity of these initial observations.  
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Figure 5.9 Bed thickness distributions for the wells analyzed in this study for: (A) sand beds, and 
(B) mud beds. The number of beds used to calculate the mean is indicated by the 
number inside each respective box. One standard deviation in bed thickness brackets 
each well.. 

Average mudstone bed thickness from each area shows that, in general, the 

thickest beds occur in the central study area (9.3 cm) and beds thin to both the south 

(7.3 cm) and north (4.3 cm). In contrast, sand bed thicknesses are higher in the southern 

(16.9 cm) and central (17.5 cm) study areas, but thin subtly to the north (4.3 cm). The 

proportion of mud also varies between study areas (Fig. 5.10). The southern study area 

shows an average of 29% mud in cored intervals, whereas the central study area shows 

a mean of 37% mud, and the northern study area has an average of 27% mud. These 

values are accurate for the limited number of cores with measurements, however, the 

range of bed thicknesses in individual cores (indicated by one standard deviation 

(whiskers)) overlaps directly the range of bed thicknesses seen in cores from the three 

study areas. Consequently, these “trends” may not be statistically significant. 
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Figure 5.10 The proportion of sand (yellow) and mud (brown) for each IHS interval analyzed in 
this study. 

Using the Fraser River as a depositional model for comparison to (Fig. 5.1) bed-

thickness and mud proportion data possibly indicates that a TMZ occurs within the 

vicinity of township 76, and that deposits were less influenced by brackish-water to the 

south of that position. On the other hand, deposition is interpreted to reflect increasing 

brackish-water influence in the channels further to the north. A possible alternate 

explanation for these trends is that the Central Study Area lies at the confluence of two 

tributary valleys, such that river currents were weaker and the preservation of interflood 

muds was greater. With the addition of new data points to this analysis, it will be possible 

to better resolve these trends. 
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5.6.2. Ichnological Trends 

There are subtle differences in the range of bioturbation intensities and the 

thickness-weighted bioturbation intensity displayed in sand and mudstone beds between 

the three study areas (Fig. 5.11). Bioturbation gradually increases in intensity and is 

more homogeneously distributed between mudstones moving from south to north (Fig. 

5.11B). Trends in bioturbation intensity between sand beds are unclear (Fig. 5.11A).  

The diversity of bioturbation varies subtly from the southern study area northward 

(Fig. 5.12). The southern study area displays three trace-fossil forms, which accounts for 

17.6% of the diversity seen in “open marine” units within the middle and upper McMurray 

(i.e., 3 of 17 forms; (MacEachern and Gingras 2007), and this grades up to 23.5% in the 

northern study area.  

Together, these ichnological results support the interpretation of a SWW that 

periodically inundated these channels as far south as Township 76. Using the Fraser 

River’s TFT as an analog model (Fig. 5.1), the low diversity of ichnogenera coupled and 

low intensity of bioturbation is interpreted as reflecting physico-chemical stress on 

infauna during colonization of the substrate. The main stressors in the channels are 

reduced and / or fluctuating salinity levels, differences in energy conditions, water 

turbidity, and sedimentation rate. Reduced salinity and fluctuating salinity results in the 

development of a brackish-water ichnological signature where bioturbation intensities 

and trace-fossil diversities do not increase into the freshwater realm (La Croix and 

Dashtgard 2015; La Croix et al. 2015). 
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Figure 5.11 The range in bioturbation intensity for: (A) sand beds, and (B) mud beds. The 
thickness-weighted mean BI values are indicated above each bar and represented by 
black dots.  

 

Figure 5.12 Plot showing the relative diversity of ichnogenera present in each well. A “full 
diversity suite”, which is common to shoreface parasequences in the middle and upper 
McMurray, is used as the baseline (i.e., 100% diversity), and equates to 17 distinct 
trace-fossil forms. 
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5.6.3. Paleogeography of the McMurrray Formation 

A comprehensive stratigraphic framework for the entire McMurray sub-basin has 

yet to be published; however, the results of this study have important implications for 

paleogeographic interpretations of the McMurray Formation in the southern Athabasca 

region. Previous studies demonstrated a brackish-water influence on middle and upper 

McMurray deposits as far south as Township 83 (Nelson and Glaister 1978; Wightman 

and Pemberton 1997). Ranger and Pemberton (1997) extended the interpretation of 

brackish-water influences on deposition into the southern Athabasca region, south of 

Township 83. Although these studies set the stage for more detailed work to examine 

how facies changes are associated with longitudinal changes in depositional 

environment, they did not define criteria for differentiating between fully marine, 

brackish-water influenced, or freshwater and tidal- channel deposits. 

This dataset begins to unravel the concept of using quantified sedimentological 

and ichnological characteristics of IHS to differentiate between deposits that 

accumulated seaward of, in, or landward of a TMZ. Unfortunately, few basin-wide time-

stratigraphic markers can be traced beyond a local area; correspondingly, these 

depositional criteria will ultimately become more useful once the regional stratigraphy is 

more precisely resolved and a more detailed paleogeographic reconstruction can be 

built at various time-slices.  

These results also have important ramifications for the assessing the character of 

channel-fills recorded in middle and upper McMurray strata. Recent analysis of detrital 

zircons from fluvial sands in the McMurray and Clearwater formations revealed strong 

Grenville (1250–950 Ma) and Appalachian (500–300 Ma) signatures (Benyon et al. 

2014; Blum and Pecha 2014). As a result of these findings, Blum and Pecha (2014) 

interpreted deposition in the Assiniboia paleovalley to be the result of a long-lived, 

continental-scale fluvial system. Several authors have proposed that McMurray deposits 

were contained within broad valleys and record several phases of cut- and fill, consistent 

with an incised valley-fill model (Hein et al. 2000; Langenberg et al. 2002; Boyd et al. 

2006; Hein and Cotterill 2006). The presence of multiple stories of channel deposits 

stacked atop one another suggests that the fill of Valley A was rather complex, and 

probably occurred in more than one phase of deposition (note: this does not rule out the 
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possibility of continental-scale drainage). This quantified sedimentological and 

ichnological dataset suggests that the deposits in the upper 30 m of Valley A likely 

accumulated within a broad TFT situated in channels within Valley A.  

5.7. Conclusions 

Quantified sedimentological and ichnological data were analyzed from three 

study areas in the McMurray Formation that span more than 145 km from north to south. 

The results were compared to the Fraser River (as a modern analogue) to provide 

criteria for recognizing the presence of a turbidity maximum zone (TMZ) within the upper 

stories of Valley A. IHS successions show distinctive characteristics that permit 

differentiation between channel bars located landward of, within, or seaward of a TMZ: 

(1) IHS successions that occur landward of the TMZ are sand-dominated, with 

thin mud beds and much thicker sands. Ichnologically, these deposits display 

bioturbation intensities ranging from BI 0–2 in sands and BI 0–3 in mudstones. The 

diversity of burrowing is low, approximately 17% of the trace-fossil forms observed in 

open-marine successions. 

(2) Successions deposited within the TMZ are mud-dominated, with thin sand 

beds and thicker mud beds. These sediments have bioturbation intensities that vary from 

BI 0–3 in both the sand and mud beds. Trace fossil diversities range from 17–24% of the 

open marine signature.  

(3) Successions interpreted to have been deposited seaward of the TMZ are 

mixed sandy and muddy, though generally with thicker sand beds than mud beds. The 

IHS shows bioturbation intensities that vary from BI 0–2 in sands and BI 0–3 in muds. 

The diversity of bioturbation ranges from 17–24% of the open marine signature. 

These datasets suggest that channel deposits in the middle and upper McMurray 

of the southern Athabasca area were deposited across a broad tidal–fluvial transition 

(TFT) zone. However, the number of cores which contained comparable data was small, 
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and therefore, many more cores must be evaluated in a similar fashion to confirm or 

refute this interpretation. 

5.8. References 

AEUB, 2003. Athabasca Wabiskaw-McMurray Regional Geological Study. Alberta 
Energy and Utilities Board, Calgary, Alberta, 197 pp. 

Allen, G.P., 1991. Sedimentary processes and facies in the Gironde estuary: a recent 
model for macrotidal estauarine systems. In: D.G. Smith, G.E. Reinson, B.A. 
Zaitlin and R.A. Rahmani (Editors), Clastic Tidal Sedimentology. Canadian 
Society of Petroleum Geologists Memoir 16, Calgary, Alberta, pp. 29–40. 

Benyon, C., Leier, A., Leckie, D.A., Webb, A., Hubbard, S.M., and Gehrels, G., 2014. 
Provenance of the Cretaceous Athatbasca Oil Sands, Canada: implications for 
continental-scale sediment transport. Journal of Sedimentary Research, 84: 136–
143. 

Blum, M., and Pecha, M., 2014. Mid-Cretaceous to Paleocene North American drainage 
reorganization from detrital zircons. Geology, 42: 607–610. 

Boyd, R., Dalrymple, R.W., and Zaitlin, B.A., 2006. Estuarine and incided-valley facies 
models. In H.W., Posamentier, and R.G., Walker (Editors), Facies Models 
Revisited, Society for Sedimentary Geology (SEPM), Tulsa, OK, pp. 171-235. 

Broughton, P.L., 2015. Syndepositional architecture of the northern Athabasca Oil Sands 
Deposit, northeastern Alberta. Canadian Journal of Earth Sciences, 52: 21–50. 

Carrigy, M.A., 1959. Geology of the McMurray Formation, Part 3: General Geology of 
the McMurray Area. Research Council of Alberta, Geological Division, 130 pp. 

Choi, K.S., Dalrymple, R.W., Chun, S.S., and Kim, S.-P., 2004. Sedimentology of 
modern, inclined heterolithic stratification (IHS) in the macrotidal Han River Delta, 
Korea. Journal of Sedimentary Research, 74: 677–689. 

Dalrymple, R.W., Baker, E.K., Harris, P.T., and Hughes, M.G., 2003. Sedimentology and 
stratigraphy of a tide-dominated, foreland-basin delta (Fly River, Papua New 
Guinea). In F.H., Sidi, D., Nummedal, P., Imbert, H., Darman, and H.W., 
Posamentier (Editors), Tropical Deltas of Southeast Asia; Sedimentology, 
Stratigraphy, and Petroleum Geology. Society for Sedimentary Geology (SEPM), 
Tulsa, OK, pp. 147-173. 



 

137 

Dalrymple, R.W. and Choi, K.S., 2007. Morphologic and facies trends through the fluvial-
marine transition in tide-dominated depositional systems: a schematic framework 
for environmental and sequence-stratigraphic interpretation. Earth-Science 
Reviews, 81: 135–174. 

Flach, P.D., and Mossop, G.D., 1985. Depositional environments of Lower Cretaceous 
McMurray Formation, Athabasca oil sands, Alberta. American Association of 
Petroleum Geologists Bulletin, 69: 1195–1207. 

Fustic, M., Hubbard, S.M., Spencer, R.J., Smith, D.G., Leckie, D.A., Bennett, B., and 
Larter, S., 2012. Recognition of down-valley translation in tidally influenced 
meandering fluvial deposits, Athabasca Oil Sands (Cretaceous), Alberta, 
Canada. Marine and Petroleum Geology, 29: 219–232. 

Hein, F.J., Cotterill, D.K., 2006. The Athabasca Oil Sands - A regional geological 
perspective, Fort McMurray area, Alberta, Canada. Natural Resources Research, 
15: 85–102. 

Hein, F.J., and Langenberg, C.W., 2003. Reply to Discussion: "Seismic modeling of 
fluvial-estuarine deposits in the Athabasca oil sands using ray-tracing 
techniques, Steepbank River area, northeastrn Alberta". Bulletin of Canadian 
Petroleum Geology, 51: 354–366. 

Hein, F.J., Cotterill, D.K., and Berhane, H., 2000. An Atlas of Lithofacies of the 
McMurray Formation, Athabasca Oil Sands Deposit, Northeastern Alberta: 
Surface and Subsurface. Alberta Energy and Utilities Board, Edmonton, Alberta, 
217 pp. 

Hein, F.J., Fairgreive, B., and Dolby, G., 2013. A regional geologic framework for the 
Athabasca oil sands, northeastern Alberta, Canada. In F.J., Hein, DA., Leckie, 
S., Larter, and J.R., Suter (Editors), Heavy-oil and oil-sand petroleum systems in 
Alberta and beyond, AAPG, pp. 207-250. 

Hubbard, S.M., Smith, D.G., Nielsen, H., Leckie, D.A., Fustic, M., Spencer, R.J. and 
Bloom, L., 2011. Seismic geomorphology and sedimentology of a tidally 
influenced river deposit, Lower Cretaceous Athabasca oil sands, Alberta, 
Canada. AAPG Bulletin, 95: 1123–1145. 

Jabolonksi, B.V.J., and Dalrymple, R.W., in press. Recognition of strong seasonality and 
climatic cyclicity in an ancient, fluvially dominated, tidally influenced point bar: 
Middle McMurray Formation, Lower Steepbank River, north-eastern Alberta, 
Canada. Sedimentology, 34 pp. 

Johnson, S.M. and Dashtgard, S.E., 2014. Inclined heterolithic stratification in a mixed 
tidal–fluvial channel: differentiating tidal versus fluvial controls on sedimentation. 
Sedimentary Geology, 301: 41–53. 



 

138 

La Croix, A.D., and Dashtgard, S.E., 2014. Of sand and mud: Sedimentological criteria 
for identifying the turbidity maximun zone in a tidally influenced river. 
Sedimentology, 61: 1961–1981. 

La Croix, A.D., and Dashtgard, S.E., 2015. A synthesis of depositional trends in intertidal 
and upper subtidal sediments across the tidal–fluvial transition in the Fraser 
River, Canada. Journal of Sedimentary Research, 85: 683–698. 

La Croix, A.D., Dashtgard, S.E., Gingras, M.K., Hauck, T.E., and MacEachern, J.A., in 
press. Bioturbation trends across the freshwater to brackish-water transition in 
rivers. Palaeogeography, Palaeoclimatology, Palaeoecology. 

Labrecque, P.A., Jensen, J.L., Hubbard, S.M. and Nielsen, H., 2011. Sedimentology and 
stratigraphic architecture of a point bar deposit, Lower Cretaceous McMurray 
Formation, Alberta, Canada. Bulletin of Canadian Petroleum Geology, 59: 147–
171. 

Langenberg, C.W., Hein, F.J., Lawton, D.C., and Cunningham, J., 2002. Seismic 
modeling of fluvial-estuarine deposits in the Athabasca oil sands using ray-
tracing techniques, Steepbank River area, northeastrn Alberta. Bulletin of 
Canadian Petroleum Geology, 50: 178–204. 

MacEachern, J.A., and Gingras, M.K., 2007. Recognition of brackish-water trace fossils 
suites in the Cretaceous Western Interior Seaway of Alberta, Canada. In: R.G., 
Bromley, L.A., Buatois, M.G., Mangano, J.F., Genise, and R.N., Melchor 
(Editors), Sediment-Organism Interactions: A Multifaceted Ichnology, pp. 149–
194. 

Mossop, G.D., and Flach, P.D., 1983. Deep channel sedimentation in the Lower 
Cretaceous McMurray Formation, Athabasca oil sands, Alberta. Sedimentology, 
30: 439–509. 

Musial, G., Reynaud, J.-Y., Gingras, M.K., Fenies, H., Labourdette, R. and Parize, O., 
2012. Subsurface and outcrop characterization of large tidally influenced point 
bars of the Cretaceous McMurray Formation (Alberta, Canada). Sedimentary 
Geology, 279: 156–172. 

Nardin, T.R., Feldman, H.R. and Carter, B.J., 2013. Stratigraphic architecture of a large-
scale point-bar complex in the McMurray Formation: Syncrude’s Mildred Lake 
Mine, Alberta, Canada. In: F.J. Hein, D.A. Leckie, S. Larter and J.R. Suter 
(Editors), Heavy-Oil and Oil-Sand Petroleum Systems in Alberta and Beyond, 
AAPG Studies in Geology 64, AAPG, Tulsa, Oklahoma, pp. 273–311. 

Pearson, N.J. and Gingras, M.K., 2006. An ichnological and sedimentological facies 
model for muddy point-bar deposits. Journal of Sedimentary Research, 76: 771–
782. 



 

139 

Pemberton, S.G., Flach, P.D., and Mossop, G.D., 1982. Trace fossils from the 
Athabasca oil sands, Alberta, Canada. Science, 217: 825–827. 

Ranger, M.J., 1994. A basin study of the southern Athabasca Oil Sands deposit. 
Unpublished Ph.D. Thesis, University of Alberta, Edmonton, Alberta, 290 pp. 

Ranger, M.J., and Pemberton, S.G., 1997. Elements of a stratigraphic framework for the 
McMurray Formation in south Athabasca area, Alberta. In: S.G. Pemberton, and 
D.P. James (Editors), Petroleum Geology of the Cretaceous Mannville Group, 
Western Canada. Canadian Society of Petroleum Geologists, Calgary, Alberta, 
pp. 263–291. 

Ranger, M.J., and Gingras, M.K., 2003a. Discussion: "Seismic modeling of fluvial-
estuarine deposits in the Athabasca oil sands using ray-tracing techniques, 
Steepbank River area, northeastern Alberta". Bulletin of Canadian Petroleum 
Geology, 51: 347–353. 

Ranger, M.J., and Gingras, M.K., 2003b. Geology of the Athabasca Oil Sands: Field 
Guide and Overview, 132 pp. 

Sisulak, C.F. and Dashtgard, S.E., 2012. Seasonal controls on the development and 
character of inclined heterolithic stratification in a tide-influenced, fluvially 
dominated channel: Fraser River, Canada. Journal of Sedimentary Research, 82: 
244–257. 

Smith, D.G., 1985. Modern analogues of the McMurray Formation channel deposits, 
sedimentology of mesotidal-influenced meandering river point bars with inclined 
beds of alternating sand and mud. AOSTRA Final Report, Calgary, Alberta, pp. 
78. 

Smith, D.G., 1987. Meandering River Point Bar Lithofacies: modern and Ancient 
Examples Compared. In: E. Etbridge, R. Flores, and M. Harvey (Editors), Recent 
Developments in Fluvial Sedimentology. Special Publication, SEPM, Tulsa, 
Oklahoma, pp. 83–91. 

Stewart, G.A., 1981. Athabasca oil sands. In: R.F., Meyer, and C.T., Steel (Editors), The 
Future of Heavy Crude and Tar Sands. McGraw Hill, New York, NY, pp. 208–
222. 

Strobl, R.S., Muwais, W.K., Wightman, D.M., Cotterill, D.K., and Yuan, L., 1997. 
Application of outcrop analogues and detailed reservoir characterization to the 
AOSTRA underground test facility, McMurray Formation, north eastern Alberta. 
In: S.G., Pemberton, D.P., James (Editors), Petroleum Geology of the 
Cretaceous Mannville Group, Western Canada.Canadian Society of Petroleum 
Geologists, Calgary, Alberta, pp. 375–391. 



 

140 

Thomas, R.G., Smith, D.G., Wood, J.M., Visser, J., Calverley-Range, E.A., and Koster, 
E.H., 1987. Inclined heterolithic stratification - terminology, description, 
interpretation and significance. Sedimentary Geology, 53: 123–179. 

Wightman, D.M., and Pemberton, S.G., 1997. The Lower Cretaceous (Aptian) McMurray 
Formation: an overview of the Fort McMurray area, northeastern Alberta. In: S.G. 
Pemberton, and D.P. James (Editors), Petroleum Geology of the Cretaceous 
Mannville Group, Western Canada. Canadian Society of Petroleum Geologists 
Memoir 18, Canadian Society of Petroleum Geologists, Calgary, Alberta, pp. 
292–311. 

Williams, G.D., 1963. The Mannville Group (Lower Cretaceous) of central Alberta. 
Bulletin of Canadian Petroleum Geology, 11: 350–368. 



 

141 

Chapter 6.  
 
Conclusions 

This study of channel-bar deposits distributed along the tidal–fluvial transition 

(TFT) of modern and ancient rivers provides process-response criteria for interpreting 

ancient sedimentary successions. Based on the results of the four primary chapters 

(Chapters 2 to 5), four main contributions are made to our understanding of deposition 

across the TFT. (1) Chapter 2 presents quantified bed-thickness distributions that enable 

differentiation of the turbidity maximum zone (TMZ) where mud deposition is the 

greatest, and sediments deposited seaward and landward of the TMZ. (2) In Chapter 3, 

the neoichnological characteristics of the freshwater to brackish-water transition are 

documented, and a revision of the current brackish-water ichnological model is 

constructed. (3) Chapter 4 showcases the main depositional characteristics of channel-

bars from the three main hydrodynamic zones of the TFT in the lower Fraser River, 

Canada, and proposes a model for recognizing similar deposits in the rock record. (4) A 

comparison between modern and ancient channel bar deposits is conducted in Chapter 

5, to test how well the McMurray Formation matches the Fraser River’s depositional 

model. Together, these chapters provide a major advance in our understanding of the 

process-response relationships that govern deposition in the TFT, and provide a means 

to map and predict the distribution of such sediments within the upper subtidal and 

intertidal zones of channel bars. A summary of the four main contributions from this 

research are outlined below. 

6.1. Quantification of Bed-Thickness Distributions 

Each of the three main hydrodynamic zones across the TFT of the Fraser River, 

Canada shows distinctive characteristics with respect to the thickness of sand and mud 

beds that accumulate on channel bars. In Chapter 2, quantitative bed-thickness analysis 
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indicates that sand beds are thickest near the landward limit of tidal influence, 

progressively decrease towards the time-averaged position of the TMZ, and then thicken 

again with increasing proximity to the mouth of the Fraser River’s distributary channels. 

In contrast, mud beds increase in thickness (from almost absent near the freshwater 

tidal limit) towards the locus of mud deposition within the TMZ. The thickness of mud 

beds declines from the TMZ towards the river mouth.  

The results of this analysis are important for two main reasons. Firstly, they show 

that sand- and mud-bed thicknesses and their distributions can be used to discern the 

longitudinal position of channel bars across the TFT. Secondly, reservoir 

compartmentalization is strongly controlled by the thickness and lateral continuity of mud 

beds. The ability to numerically constrain these properties will improve reservoir 

modeling and flow simulation in tidal–fluvial successions. 

6.2. Neoichnology of the Brackish-Water to Freshwater 
Transition in Rivers 

 Tidal–fluvial channels display distinctive ichnological characteristics within 

intertidal sediments that vary according to sediment pore-water salinity at the time of 

colonization by infauna. Chapter 3 demonstrates that each major hydrodynamic zone 

has consistent but intergradational bioturbation signatures with respect to burrow size, 

trace distribution, and the ichnological diversity. The results indicate that as water 

salinities and the persistence of saline water at the bed decrease, trace diversities and 

densities within intertidal sediments correspondingly decrease. 

The findings of this paper support the current brackish-water ichnological model 

in the sustained brackish-water zones of rivers (cf. Buatois et al. 2005; MacEachern and 

Gingras 2007; Pemberton et al. 1982; Pemberton and Wightman 1992; Wightman and 

Pemberton 1997), but the characteristics across the brackish-water to freshwater 

transition zone differ from the present working model (cf. Buatois et al. 1997; Buatois 

and Mangano 2011). A revision of the brackish-water ichnological model is proposed in 

Chapter 3, which shows that there is a marked decrease in the intensity of bioturbation 

and diversity of biogenic structures moving from the brackish-water into the freshwater 
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realm.  The revised model is an important element of process-response interpretations 

within tidal–fluvial deposits in the rock record, and may facilitate the recognition of 

brackish-water conditions within previously interpreted freshwater tidal deposits. 

6.3. Synthesis of Channel-Bar Sedimentary Characteristics 

The Fraser River is an excellent process-based analogue for channel bar 

deposition across the TFT in rivers. In Chapter 4, sedimentological, ichnological, 

palynological and geochemical trends are synthesized from the TFT of the lower Fraser 

River. Sedimentological trends include thicknesses of mud beds, the presence / absence 

of dynamic mud deposits, and the style of heterolithic bedding. These characteristics all 

show that mud deposition is greatest at the leading edge of the TMZ. Ichnological trends 

were found to track time-averaged water salinity conditions across the TFT. The trends 

from seaward to landward show decreasing bioturbation intensity, decreasing 

abundance of bioturbated beds, decreasing diversity of traces, and decreasing diameter 

of traces. These four ichnological trends provide an independent means for determining 

the relative influence of tides and brackish-water conditions on tidally influenced 

channel-bar deposits. Though less useful as precise indicators of depositional position 

within the TFT, from seaward to landward, the relative abundance of dinocysts 

decreases from less than 1% to 0%, and δ13C values range from -26 ‰ to -27 ‰ 

(Czarnecki et al. 2014). 

By incorporating sedimentological and ichnological datasets, this paper shows 

that it is possible to use the sedimentary characteristics of channel bars to determine the 

depositional position of tidal–fluvial deposits in the rock record. A model with three 

hydrodynamic zones is constructed that incorporates all of these trends. 

6.4. Quantification of Sedimentology and Ichnology from 
the “A Valley” Trend in the McMurray Formation  

Chapter 5 presents sedimentological and ichnological data from three study 

areas in the McMurray Formation, and these are compared with the Fraser River (as a 
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modern analogue) to provide criteria for recognizing the presence of a turbidity 

maximum zone (TMZ) within a single valley/channel trend. The results indicate that IHS 

successions display characteristics that can be interpreted to represent differences 

between channel bars located landward of, within, or seaward of a TMZ. IHS 

successions that accumulate landward of the TMZ tend to be sand-dominated, with only 

very thin and sporadically disturbed mud beds. Bioturbation is generally low in both 

sands and muds, and the diversity of burrowing is low compared to open marine 

signatures. Successions deposited within the TMZ are mud-dominated with very thin 

sand beds. Here, bioturbation intensities are variable but commonly higher, and trace 

fossil suites are slightly more diverse than units occupying more landward positions. 

Finally, IHS successions deposited seaward of the TMZ are mixed sandy and muddy, 

though generally with sand beds thicker than mud beds. Bioturbation intensities are 

elevated in this part of the TFT, coupled with an increase in the diversity of burrows. 

By using sedimentological and ichnological data in concert, and supported by 

modern analogue studies, this chapter demonstates that channelized deposits in the 

middle and upper McMurray of the southern Athabasca deposit were deposited across a 

potentially broad tidal–fluvial transition (TFT) zone. However, many more cores must be 

evaluated using the same methodology outlined in chapter 5 to obtain statistically 

significant results and confirm or refute the interpreted depositional trends. 

6.5. Relevant Application and Direction of Future Research 

The papers contained within this thesis are the first step towards producing a 

system-scale, quantified facies model for the distribution of sediments and bioturbation 

across the tidal–fluvial transition in rivers. Such a facies model has important and 

relevant applications to sedimentology, stratigraphy, and petroleum geology. The 

quantified facies characteristics described herein can be used to decipher depositional 

position and will ultimately help to refine paleogeographic interpreations of tidal–fluvial 

successions in the rock record. From a stratigraphic standpoint, the accurate 

determination of depositional position for channel bars can be used as a proxy for the 

relative position of base level. Moreover, by identifying subtle differences in the mud 

content and bioturbation signatures between deposits representing the sustained 
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brackish-water zone versus the freshwater tidal zone will permit allogenic stratigraphic 

surfaces to be differentiated from autogenic surfaces in cases of nested or stacked 

channel bar deposits. Finally, petroleum geologists and reservoir engineers can use 

quantified mud / mudstone bed thickness distributions and proportions, such as in 

Chapter 2, as numerical inputs for reservoir modelling and flow simulation. 

The quantified trends defined in the lower Fraser River do not reflect the full 

range of deposition that is possible across the TFT of other rivers. However, the study of 

IHS successions from both a modern and ancient perspective allows assessment and 

comparison of a diverse range of depositional parameters, and forms the basis for 

comparison of quantified trends derived from other depositional systems.  

Trends will vary markedly between the TFT of different rivers according to the 

process-response balance. Assessing the character of sediments across the TFT of 

other rivers and comparing them to trends defined from the lower Fraser River forms an 

important avenue for future research. With enough case studies, a model can be 

produced that accounts for changes in the calibre of grain sizes delivered by the river, 

differences in the cyclicity of river flow (e.g., snowmelt-induced freshet, cyclone-induced 

floods, wet and dry seasons, etc.), sedimentation rate, and variable density contrast 

between the receiving basin water and channel water.  

The Fraser River is a very sandy system (35% sand and 65% silt + clay) with 

strongly seasonal discharge (base flow 1 000 m3 s-1 and flood 6 000 to 15 000 m3 s-1), 

and a relatively narrow (along the river axis) TFT. As such, I expect the characteristics 

and trends defined from the Fraser will differ from those of other systems. For examples: 

(1) the along-strike length of the TFT of rivers is controlled by the interplay of tidal flux 

versus discharge, and the regional depositional gradient. Some small rivers have wide 

TFTs (e.g., Gironde Estuary; up to 180 km) as do many of the world’s major rivers (e.g., 

Mississippi River; > 200 km). A wider TFT will be manifest in a more gradual transition 

between brackish-water and freshwater tidal deposits, with a wider TMZ and a larger 

proportion of mud being trapped inside a river mouth. (2) Muddier rivers are more likely 

to display thicker and more widespread mud deposits, as is seen in the Fly River Delta 

(Wolanski et al. 1995; Dalrymple et al. 2003; Harris et al. 2004). (3) The Fraser River 
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has a relatively low sediment yield to the basin (~17 x 106 tonnes per year) compared to 

the Ganges-Brahmaputra system (1 670 x 106 tonnes per year) and this will have the 

effect of increasing deposition rates and creating a stress for burrowing infauna. A 

comparison of trends and physical characteristics of the Fraser River to those of other 

systems will lead to the development of a comprehensive and predictive model for 

deposition across the tidal-fluvial transition. 
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Appendix A.  
 
Fraser River Strip Logs 

Digital strip logs for cores from the Fraser River, British Columbia, Canada. The logs 
were originally drafted using Applecore® and later modified to suit the needs of each 
paper. 
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Appendix B.  
 
Fraser River Percent Mud Data 

Summary grain size data used to produce the percent mud maps from the Fraser River 
portion of the thesis. 
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Appendix C.  
 
Fraser River Box Core Images 

Raw images of x-radiographs produced from box cores collected from the various 
stations in the lower Fraser River, Canada. Each image is labelled with its location and 
the corresponding compass bearing orientation. 
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Appendix D.  
 
McMurrray Formation Strip Logs 

Digital strip logs for cores from the McMurray Formation, Alberta, Canada. The logs 
were originally drafted using Applecore® and later modified to suit the needs of each 
paper. 
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