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Abstract 

Inclined heterolithic stratification (IHS) is developed on an in-channel bar in the 

tide-influenced, fluvially dominated reach of the Fraser River, British Columbia, Canada. 

The vertical bar succession is characterized by a fining-upward profile with an increase in 

mud-bed thickness and content, from the shallow subtidal to the upper intertidal zone. 

There is an increase in the number of mud beds as well as their lateral continuity from the 

upstream to the downstream side of the bar. Sediment deposition is seasonally controlled, 

wherein sand deposition occurs during periods of high discharge (snowmelt-induced 

freshet), and mud is deposited during low discharge (ambient flow conditions).  The 

seasonal cyclicity in observed in sediment deposition is also observed in the ichnological 

character of the IHS. Mud beds are typically moderately to pervasively bioturbated 

(Bioturbation Index (BI) 2-5), and sand beds exhibit little to no bioturbation (BI 0-2). 

 
Keywords:  inclined heterolithic stratification; IHS; tidally influenced; Fraser River; 
brackish water ichnology.  
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1: Introduction 

1.1 Introduction 

Research conducted in modern sedimentary environments is undertaken, in part, 

to develop depositional analogs for sedimentary strata. Through modern-based research it 

is possible to link observations of sediment transport and deposition to the lateral and 

vertical distribution of sediments within the environment. Moreover, modern studies are 

commonly used to correlate the distribution of infauna, and their associated burrows, to 

phyiscochemical conditions of the environment at the time of sediment colonization.  The 

integration of sedimentological, ichnological, and hydrodynamic datasets provides the 

basis for developing process-response-based depositional models to aid in the 

interpretation of the rock record.  

In the rock record, strata exhibit a considerable degree of lithological, 

sedimentological, and ichnological variability (e.g., Thomas et al., 1987; Lettley et al., 

2007; Hovikoski et al., 2008). To better understand how IHS is distributed in ancient 

deposits, studies conducted on channel bars in modern environments are undertaken from 

both a process-response perspective and at the facies scale. Modern studies are necessary 

in IHS research because the nature of sediment deposition and infaunal colonization can 

be linked to fluvial discharge, tidal flux, and seasonal changes in physicochemical 

stresses. Further, by identifying the styles of IHS that develop under specific 

hydrodynamic conditions, facies models can be developed for recognizing IHS deposited 

in fluvially dominated, mixed tidal-fluvial, and tide-dominated channels.  
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Understanding the hydrodynamic conditions present during the time of sediment 

deposition is of particular interest to petroleum geologists because it may provide 

information about the lateral and vertical extent of mud beds in an IHS succession. In the 

Athabasca oil sands of northeastern Alberta, Canada (Fig. 1.1), which is one of the 

world’s largest hydrocarbon deposits, the Cretaceous McMurray Formation is host to 

approximately 900 billion barrels of in place bitumen reserves (Wightman and 

Pemberton, 1997). The stratigraphic architecture of the McMurray Formation is complex 

and variable, with one of the main depositional elements being point-bar deposits 

composed of IHS (Fig. 1.2; Mossop and Flach, 1983; Smith, 1987, 1988; Lettley, 2007; 

Hubbard et al., in press). In the exploitation of bitumen, the lateral continuity and 

connectivity of IHS sand and mud beds is economically significant because the 

impermeable mud beds act as barriers to fluid flow (i.e., water/steam, hydrocarbons).  

Despite the importance of developing criteria for predicting IHS distribution, there are a 

limited number of modern examples available from which to build associated 

depositional models. 
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Figure 1.1 Map showing the location and extent of the Athabasca, Peace River, and Cold Lake oil sands 
deposits. 



 

 4 

 
Figure 1.2 IHS in the McMurray Formation. A) Stratigraphic framework of the McMurray Formation, and 
the associated lithic character. Modified after Mossop and Flach (1983). B) An example of McMurray 
Formation IHS showing an upward-fining IHS succession of a single point bar.  The base of the core 
(bottom left) consists of sand-dominated IHS transitioning into mud-dominated IHS near the top (top right).  
Core boxes are 75 cm long. From Crerar and Arnott (2007). 



 

 5 

This study was undertaken to characterize the sedimentology and ichnology on an 

in-channel bar in the tide-influenced, fluvially dominated reach of the Fraser River, 

British Columbia, Canada (South Arm Marshes; Fig. 1.3). The South Arm Marshes 

(SAM) in-channel bar is selected for study because it is a large (i.e., reservoir scale) 

laterally accreted bar deposit characterized by IHS, and it occurs in the mesotidally 

influenced (fresh to mesohaline salinity) reach of the undammed Fraser River. 

Sedimentological and ichnological characteristics of the SAM are linked to seasonal and 

tidal controls on sediment deposition and infaunal colonization, and to the process-

response-based signature of IHS developed on the bar. The development of a process-

response-based depositional model for this modern example of IHS may provide insight 

into the depositional processes and stratigraphic architecture of ancient IHS deposited 

under analogous conditions. For comparative purposes, the nature and distribution of IHS 

developed in the Fraser is compared to IHS developed in a purely fluvial setting, and to 

IHS developed in a polyhaline to euhaline, tide-dominated setting. 
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Figure 1.3 Location of study area. A) British Columbia, Canada, with the Fraser River catchment overlain. 
B) Aerial view of the Fraser River Delta. C) Map of Fraser River Delta showing the location of the study 
area (South Arm Marshes) in the dashed box. 
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1.2 Inclined Heterolithic Stratification 

IHS is defined as parallel to sub-parallel interbedded sand and mud beds with 

depositional dip (Thomas et al., 1987). Deposits of such strata typically range in 

thickness from 1-30 m, with dip angles commonly ranging from 5-15°. The development 

of IHS is generally attributed to lateral accretion of bar deposits in channelized settings 

(e.g., point bars, in-channel bars), where the sedimentological and ichnological variability 

reflects the wide range of fluvial (Jackson, 1981; Calverley, 1984; Smith, 1987), mixed 

tidal-fluvial (Smith, 1987, 1988; Thomas et al., 1987; Gingras et al., 1999, 2002; Lettley 

et al., 2007; Hovikoski et al., 2008), and tidal channels (Choi et al., 2004; Pearson and 

Gingras, 2006; Choi, 2010) in which IHS is developed. Prior to the terminology proposed 

by Thomas et al. (1987), inclined heterolithic stratification was referred to by several 

different terms, including: longitudinal oblique bedding (Reineck, 1958), epsilon cross 

stratification (Allen, 1963), and lateral accretion structures (Collinson, 1978; Allen, 1982; 

De Mowbray, 1983). Each of these IHS-equivalent studies contributed significantly to 

establishing that IHS is the product of lateral migration of bar forms in channelized 

settings, and that the heterolithic nature can be attributed to fluctuating hydrodynamic 

conditions.  

Based on a compilation of modern and ancient examples, Thomas et al. (1987) 

proposed a descriptive nomenclature to standardize the criteria and terminology used to 

recognize and document IHS deposits. In general, IHS deposits consist of interbedded 

coarse-grained (dominantly sand) and fine-grained (dominantly silt/clay) layers, which 

together comprise an IHS unit. The inclined units are separated by non-deposition and/or 

erosion surfaces, typically resulting in a sharp contact between coarse- and fine-grained 
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beds. In addition, several recurrent fining trends have been documented, including: 1) 

along-strike (down-flow) proximal-to-distal fining; 2) lateral fining (away from channel) 

into an overbank sequence; 3) overall vertical fining upward; 4) up-dip fining within 

individual inclined beds; 5) fining of coarse-grained beds of successive inclined units, 

perpendicular to inclined bounding surfaces; 6) fining perpendicular to inclined bounding 

surfaces within individual beds (Fig. 1.4; Thomas et al., 1987). 

 
Figure 1.4 Schematic illustration of a hypothetical point bar showing six possible grain-size fining trends 
associated with IHS deposits. 1) Along-strike (down-flow) proximal-to-distal fining; 2) Lateral fining 
(away from channel) into an overbank sequence; 3) Overall vertical fining upward; 4) Up-dip fining within 
individual inclined beds; 5) Fining of coarse-grained beds of successive inclined units, perpendicular to 
inclined bounding surfaces; 6) Fining perpendicular to inclined bounding surfaces within individual beds. 
Modified by Stephen Hubbard after Thomas et al. (1987). 

 

Both sand and mud beds in IHS successions exhibit a variety of sedimentary 

structures. In sand beds, the most common sedimentary structures are medium-scale 

trough and planar cross-stratification, normally graded bedding, parallel lamination, and 

current ripple cross-lamination. The direction of bedform migration (trough cross beds 

and current ripples) is parallel to the channel axis, and the scale of current-generated 
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bedforms progressively diminishes with decreasing flow depth. Like the overall fining-

upward trend, the decrease in the scale of bedforms is attributed to a decrease in flow 

velocity with increasing elevation on the laterally accreting slope (Allen, 1963; Rubin 

and McCulloch, 1980; Tyler and Ethridge, 1983). Dominantly muddy beds typically 

show parallel lamination, flaser to lenticular bedding, and small-scale cross lamination. 

Mud beds may be normally graded, or, more uncommonly, reverse graded. Post-

depositional features such as desiccation cracks, burrows, and roots, as well as 

penecontemporaneous deformation features may also be present (Thomas et al., 1987).  

1.2.1 Examples of Modern IHS 

Inclined heterolithic stratification is documented in channels along the 

hydrodynamic continuum from fluvial-dominated to tide-dominated settings. 

Depositional models for the transitioning styles of IHS in river-dominated to tide-

dominated end-members are desirable because they lead to the development and 

refinement of criteria for identifying different styles of IHS in the modern and rock 

record. Below are descriptions of IHS successions from a range of depositional settings 

including the purely fluvial Athabasca River, Alberta, Canada (Calverley, 1984), the 

purely fluvial Peace River, Alberta, Canada (Smith et al., 2009; Smith et al. 2010) the 

tide-dominated Han River, South Korea (Choi et al., 2004; Choi, 2010), the fluvially 

influenced, tide-dominated Willapa River, Washington, USA (Smith, 1985, 1987), and 

the tide-influenced, fluvially dominated Daule River, Ecuador (Smith, 1987). 

At the fluvial end of the spectrum of channels with well-developed IHS, 

Calverley (1984) describes an IHS succession from the upper delta plain of the mixed-

load Athabasca River, northeast Alberta, Canada. In the Athabasca example, an 8 m thick 
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point bar comprises an overall upward-fining trend, with increasing mud content 

upsection. IHS in the point bar does not exhibit a regular upward increase in mud bed 

thickness or number (Calverley, 1984). In addition to the overall up-section fining trend 

in grain size, there is a downstream-fining trend manifest as an increase in the number 

and thickness of mud beds downstream (Fig. 1.5). IHS development in the Athabasca 

River is linked solely to fluctuations in river discharge. Calverley (1984) suggests the 

following cycle of river discharge to produce the IHS in the Athabasca. (1) Rising river 

discharge during the snowmelt-induced freshet increases current velocity, producing an 

erosion/scour surface. (2) The increased current velocity mobilizes sand, transporting it 

as traction load and producing downstream-migrating bedforms. (3) As river discharge 

wanes, there is a diminution in the grain sizes transported, and a gradual shift to lower 

energy bedforms. (4) As discharge continues to wane and current velocities decrease, 

traction-load sediment transport ceases and the suspended load is deposited on top of the 

sand (Collinson, 1978; Calverley, 1984). Although this cycle occurs repeatedly, the high 

energy associated with fluvial flooding often erodes the previous phase of mud 

deposition, leading to amalgamation of fluvial sands, and resulting in the irregular nature 

of mud bed occurrences and thicknesses.  
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Figure 1.5 Cores and location of modern fluvial IHS on the Athabasca River, northeastern Alberta, 
Canada. A) Five stratigraphic logs taken from the meandering Embarrass distributary channel of the 
Athabasca upper delta plain (Calverley, 1984). The mud beds in this fluvial IHS do not show a predicatble 
change in mud bed thickness moving upsection. Mud beds also tend to occur at irregular intervals, lacking 
any notable rhythmicity. Bioturbation was not reported from these deposits. Datum is the river surface 2 m 
below bankfull stage (from Smith, 1987). B) Aerial view of the Embarrass distributary channel showing the 
locations of the five cores (image source: Google Earth) 

 
 

More recent studies of fluvial IHS on the Athabasca River and Peace River 

demonstrate that IHS not only forms on point bars, but also on counter point bars and as 

eddy accretion deposits (Smith et al. 2009; in press).  Smith et al. (2009; in press) 
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describe dominantly muddy (80%-90% silt), inclined lateral accretion deposits (IHS) on  

counter point bars (CPB: Fig. 1.6) that form downstream of dominantly sandy point bars 

(90%-100% sand). The counter point-bar deposits, which form wedge-shaped bodies with 

similar thickness to adjacent point bars, form beyond the meander inflection, where 

channel morphology transitions from convex (point bar) to concave (CPB). The initiation 

of the CPB is attributed to channel impingement against bedrock valley sides, or erosion 

resistant sediment (e.g., muddy oxbow lake fills). Once that channel abuts against the 

resistive unit, a hydraulic separation zone is formed that consists of a series of small 

reverse eddy currents moving upstream along the channel bank during bankfull flow (Fig. 

1.7; Taylor et al., 1971; Smith et al., 2009).  

Smith et al. (in press) describes another lateral accretion deposit with IHS, and 

concave scroll patterns. These deposits, referred to as eddy accretion deposits (EAD; Fig 

1.6), differ from CPB deposits in that they are thicker, sandier (up to 80% sand), and not 

as laterally extensive. Like CPB deposits, EAD also originate where river flow impinges 

against erosion resistant sediment. In the case of EAD, when river flow is forced to make 

an abrupt bend it forces about a third of the flow to separate, generating a large reverse 

eddy current that develops a deep scour pool on the upstream side of the obstacle (Fig. 

1.7; Carey 1969; Burge and Smith, 1999). As the meander and EAD migrate down-

valley, a concave scroll pattern is left as the surface expression of the process. 

Morphologically, CPB deposits and EAD may look similar in plan view (Fig.1.7), 

however, unlike CPB, EAD are dominantly sandy, and up to twice as thick as adjacent 

point-bar deposits.  
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Figure 1.6 Counter point-bar deposits and eddy-accretion deposits in fluvial systems. A) Lithostratigraphic 
profile of 7 vibracores taken from point bar and counter point-bar deposits along the bank of the Peace 
River (See C) for location). Note that grain size fines in the downstream direction from the point bar to 
counter point bar. B) Lithostratigraphic profile of 5 vibracores taken from an eddy accretion deposit along 
the bank of the main distributary of the Athabasca River. Note that these cores are significantly more sandy 
than the CPB cores in A). C) Location of vibracores from A). D) Location of vibracores from B). Images 
from Smith et al. (in press). 
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Figure 1.7 Schematic plan-form view comparing the concave scroll bar morphology of a counter point-bar 
(A) and an eddy accretion (B). Note that both are laterally restricted by erosion-resistant finer-grained 
sediment. From Smith et al. (in press). 
 

At the tide-dominated end of the spectrum for channelized settings with well-

developed IHS, Choi et al. (2004) describes a 40 m thick tidal point bar on the main 

distributary of the macrotidal Han River Delta, South Korea. The basal 15 m of the point 

bar is dominated by trough cross-bedded sands, which can be both ebb- and flood-

oriented. The upper 25 m is dominated by IHS, which consists of finely interbedded fine 

sand, sandy silt, and silt with well-developed tidal rhythmites in the middle and upper 

intertidal zone (Fig. 1.8). Despite strong seasonal variations in river discharge (rainfall-

induced), seasonal controls on sediment deposition are not evident in these deposits. 

Instead, IHS is produced by persistent tidal-current flow. 
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Figure 1.8 Example of modern tide-dominated IHS from Han River Delta, Korea. A) Schematic columnar 
section of Han River IHS (Sukmo Channel bank). Note that the inclined heterolithic stratification extends 
through the entire intertidal and shallow subtidal portion (upper 25 m) of the bank. Tidal rhythmites are 
present mainly in the upper intertidal zone, and may also be present in the shallow subtidal zone. 
Coarsening near the MSLWL is attributed to wave influence. The cross-bedded medium sand below -25 m 
is flood dominated; ebb-dominated cross-bedding may occur at the very base of the succession. The IHS 
may be cut by large-scale slump scars, with chaotic debris near the channel base. MSLWL, mean spring 
low-water level; MSL, mean sea level: MSHWL, mean spring high-water level (form Choi et al. 2004). B) 
Aerial view of the Han River, located on the west coast of South Korea, with study area of Choi et al 
(2004) highlighted by red box. C) Close up view of the study area of Choi et al. (2004) (image source: 
Google Earth). 
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Inclined heterolithic stratification has also been documented in mixed tidal-fluvial 

settings. In the mesotidal reach of the tide-dominated, fluvially influenced Willapa River, 

Washington, U.S.A, IHS developed on point bars exhibits grain size fining upsection and 

in the downstream direction (Smith, 1985; 1987). The Willapa point-bar deposits are 

dominated by a rhythmic style of alternating sand and mud beds (Fig. 1.9), with both 

fine- and coarse- bedsets extending the full height of the point bar (i.e., channel bank to 

channel floor). Although the processes for the deposition of fine and coarse bedsets are 

not documented, the regular preservation of fine-grained beds suggests that even during 

periods of elevated flow, fluvial influence in the system is still limited relative to tidal 

influence.  

Smith (1985, 1987) also reported on the nature of IHS in the tidally influenced, 

fluvially dominated Daule River, Ecuador. At the landward end of the lower reach of the 

Daule River, where a 2—3 m tidal range is present, the IHS style is similar to that 

observed by Calverley (1984) on the Athabasca River: mainly irregularly spaced sand 

and mud beds. With increasing proximity to the marine basin, where the tidal range 

increases to 3—4.5 m, the IHS shows an increasingly rhythmic style of sand and mud 

interbedding. Through this research, Smith (1985, 1987) argued that IHS rhythmicity 

increased with the degree of tidal influence. Smith (1987) then used the rhythmicity of 

sand and mud interbeds to develop analog models for point-bar deposits developed along 

the tidal-fluvial continuum (Fig. 1.10; Smith, 1987).  
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Figure 1.9 Cores and location of mixed tidal-fluvial IHS, Willapa River, Washington, USA. A) Lithologic 
profiles of cores taken from the mesotidally influenced reach of the Willapa River, Washington, U.S.A. 
Each core displays rhythmic interbedding, and a fining-upward trend. There is also an overall fining trend 
in the downstream direction (from left to right). Both vertical and horizontal distances are in metres 
(modified from Smith, 1987). B) Aerial view of the Willapa River, with the point bar studied by Smith 
(1987) highlighted by dashed red box. C) Close up of point bar showing location of cores 1-6 (image 
source: Google Earth) 
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Figure 1.10 The threefold lithofacies classification developed by Smith (1987) for meandering river 
estuarine point bars deposits. The downriver sequential change (from left to right) implies that all three 
point-bar styles can occur in one fluvial-estuarine, or fluvial-deltaic, system. Modified from Smith (1987). 

1.2.2 Paleogeographic Implications of IHS 

The value in interpreting the degree of tidal influence on ancient IHS deposits is 

that it may provide a basis for paleogeographic reconstructions. This is possible by 

identifying sedimentation styles characteristic of particular hydrodynamic conditions 

(e.g., fluvial, tide-dominated), and positioning the varying styles of IHS along a distal-

proximal gradient. Hovikoski et al. (2008) interpreted the degree of tidal influence, and 

seasonal control, on Miocene IHS deposits in the Acre sub-basin, western Amazonian 

foreland basin. By using the observed increase in rhythmicity, and changes in 

bioturbation, they were able to interpret the proximity of the IHS outcrops to the ancient 

marine basin, and develop a generalized interpretation of the depositional system (Fig. 



 

 19 

1.11). Similarly, a study of the IHS in the Cretaceous McMurray Formation, northeast 

Alberta, documented transitional styles of IHS characteristic of increasing tidal influence, 

although the examples identified were not located along a single contemporaneous 

depositional system (Lettley et al., 2007).   

 

 
Figure 1.11 Generalized schematic interpretation of a Late Miocene depositional system in the western 
Amazonian foreland basin. Based on differing styles of IHS (indicated by various facies codes), Hovikoski 
et al. (2008) were able to interpret relative proximity to an ancient marine basin, providing the basis for this 
paleogeographic interpretation. From Hovikoski et al. (2008).  
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1.3 Ichnology 

Ichnology, the study of trace fossils, is a valuable tool for interpreting the 

depositional environments of sedimentary rocks.  By recording the behaviors of in situ 

animal burrows, trails, and trackways, the variety and distribution of trace fossils provide 

criteria indicative of the environmental (physical and chemical) stresses present at the 

time of burrow construction (e.g., salinity fluctuation, turbidity, shifting substrate; 

Howard and Frey, 1973, 1975; Pemberton et al., 1982; Pemberton and Wightman, 1992; 

Gingras et al., 1999; Dashtgard et al., 2008; Hauck et al., 2009).  Characteristic trace-

fossil assemblages are produced in response to particular environmental conditions; 

hence, burrow assemblages can be correlated to particular depositional conditions. The 

recurrence of specific trace fossils in environments subjected to similar physical and 

chemical stresses forms the foundation of the ichnofacies paradigm (Seilacher, 1953, 

1967; Pemberton et al., 1992; MacEachern et al., 2007). The ichnofacies paradigm 

provides a basis for the establishment of ichnofacies for continental, marginal–marine, 

and marine environments, where specific settings (e.g., lakes, beach, continental slope) 

exhibit similar trace-fossil assemblages or ichnofacies.  

1.3.1 Brackish-Water Model 

While a number of physicochemical parameters can affect bioturbation (e.g., 

oxygen content, substrate texture, temperature, pH), salinity stress produces an 

ichnological signature that is unique to brackish-water settings.  Marginal-marine 

environments, including environments in which IHS is developed (e.g., estuarine 

channels, delta distributaries), characteristically display steep salinity gradients resulting 

from variations in: 1) the amount of freshwater input from rivers and runoff from land; 2) 
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tidal range; 3) rain fall; 4) evaporation; 5) salinity content in adjacent open-ocean coastal 

waters, 6) morphology of the coastal area; and, 7) differences in wind direction and 

velocity (Dorjes and Howard, 1975; Pemberton and Wightman, 1992).  Salinity gradients 

produce a physiologically stressful environment for many groups of organisms, and are 

only tolerated by organisms with specialized adaptations for regulating their cellular 

chemistry under fluctuating, and decreased, salinity concentrations (Croghan, 1983; 

Pemberton and Wightman, 1992). In general, decreasing salinity results in decreasing 

species diversity. Environments with fluctuating and/or low salinity are inhospitable to 

many of the infauna present in open-marine environments (Fig. 1.12; Pemberton et al., 

1982; Pickerill and Brenchley, 1991; Pemberton and Wightman, 1992; MacEachern and 

Pemberton, 1994; Gingras et al., 1999). The restriction of infauna in brackish-water 

settings forms the underpinning of the brackish-water model, which is characterized by: 

1) a low diversity of ichnogenera; 2) overall diminutive traces; 3) high individual 

densities; 4) simple structures of trophic generalists (Fig 1.13); and, 5) trace forms 

commonly found in marine environments (Pemberton et al., 1982; Pemberton and 

Wightman, 1992).  

For rivers entering a marine basin, a gradient of salinity stress occurs along the 

system (Howard et al., 1975). In the lower reaches of a river, but landward of the zone of 

saltwater incursion, water is consistently fresh (i.e., 0 psu), making it intolerable to 

infauna adapted to living in either brackish or marine settings. In the seaward direction 

there is an increase in tidal influence in the channel, and a zone of fresh and saltwater 

mixing is developed. Regular salinity fluctuations in the mixing zone can be recognized 

on at least two temporal scales; semidiurnal or diurnal fluctuations (tidal), and annual 
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fluctuations related to seasonal changes in river discharge. Organisms dwelling below the 

sediment-water interface are capable of enduring tidally induced salinity fluctuations due 

to the buffering properties of sediment pore waters (Fig. 1.14; Chapman and Brinkhurst, 

1981; Knox, 1986). However, sediment buffering is insufficient for the duration of 

seasonally induced salinity fluctuations, as pore water re-equilibrates to the overlying 

water column over a few days (Chapman, 1981).  At the seaward end of the system (i.e., 

outer estuary, delta front) salinity stress reaches a minimum, potentially allowing the 

development of a less stressed trace assemblage. 

 

 
Figure 1.12 Classification of salinity levels and variation of species diversity through the freshwater to 
seawater transition.  Note the low taxonomic diversity of brackish-water faunas, and the significant 
increase associated with increasing salinity. Adapted and modified from Pickerill and Brenchley (1991), 
and Pemberton and Wightman (1992). 
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Figure 1.13 An example of a modern trophic generalist. Nereis sp. produces a wide array of burrow 
structures, reflecting a wide range of feeding behaviours. Modified from Hauck et al. (2009). 

 
 
 

 
Figure 1.14 Variations in salinity in the water column and sediment pore waters at high tide and low tide in 
brackish-water settings. The sediment acts as a buffer against salinity fluctuation, providing a refuge for 
infauna from the rapid and significant salinity changes in the water column. Adapted and modified from 
Knox (1986) and Lettley et al. (2007). 
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1.3.2 Ichnology of Modern IHS 

The proximal-to-distal gradient of decreasing salinity stress, and the 

corresponding increase in trace diversity and abundance is documented in a range of 

modern channelized environments with well-developed IHS. At the fluvial end of the 

spectrum, bioturbation was not reported in the IHS deposits developed on the Athabasca 

River, Canada and Peace River, Canada (Calverley, 1984; Smith, 1985; Smith, 1987; 

Smith et al., 2009; Smith et al., 2010). This is dominantly a result of the inability of 

salinity-dependent trace-making organisms to survive in freshwater (Fig. 1.12).  

At the tide-dominated end of the spectrum, in the polyhaline (25.6-28.5 psu) reach 

of the Han River, Korea, bioturbation in IHS beds is rare, except in the upper intertidal 

zone. Despite the relatively stable, nearly fully marine conditions, the low intensity of 

burrowing is attributed to the rapid sedimentation rate and energetic conditions in the 

lower intertidal and subtidal zones (Choi et al., 2004; Choi, 2010). Exclusive to the upper 

intertidal zone, bioturbation intensity increases with elevation, where there is less 

exposure to relatively energetic channel flow. Upper intertidal zone burrows are produced 

primarily by small burrowing crabs, where burrows (trace name: Psilonichnus) are 

present in both sandy and muddy intervals, and are typically less than 1 cm in diameter.  

In tide-dominated IHS in less energetic environments, the ichnological characteristics can 

be much different. In the macrotidal polyhaline Shepody River, New Brunswick, Canada, 

Pearson and Gingras (2006) report a wide variety of traces from muddy point-bar IHS 

(e.g., Arenicolites, Diplocraterion, Palaeophycus, Planolites, Polykladichnus, 

Siphonicnus, Skolithos).  These traces are constructed by opportunistic fauna that can 

tolerate an environment with extreme temperature stress (warm summers, freezing 

winters) and moderate salinity fluctuation (range: 16—27 psu). By documenting the 
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bioturbation intensity of the succession, Pearson and Gingras (2006) were able to identify 

a pattern of alternating burrowed and laminated beds (Fig. 1.15). Considering the 

seasonal control on environmental stresses, they determined that the laminated beds 

characterize early winter and spring sedimentation, deposited during the peak of salinity 

and temperature stress (i.e., below 0° C), and bioturbated beds represent late spring 

through fall deposition, when conditions were tolerable to the trace makers.  The overall 

low energy of the system limits sediment reworking, allowing the preservation of 

burrows. 
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Figure 1.15 Location maps and schematic illustration of modern bioturbated IHS from a muddy point bar 
deposit located at the macrotidal mouth of the Shepody, River, New Brunswick, Canada. A) Schematic 
illustration showing the vertical sedimentological and ichnological transitions in the muddy tide-dominated 
IHS. Note the alternating bioturbated and laminated sediments that are produced by the seasonal 
fluctuations in environmental stresses (temperature and salinity). From Pearson and Gingras (2006).  B) 
Aerial view of the Shepody River, showing location of study area. C) Close up of the muddy point bar 
studied by Pearson and Gingras (2006) (image source: Google Earth). 
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2: Geological History of the Fraser River Delta 

2.1 Bedrock Geology and Glacial History 

 The Fraser River Delta is a Holocene depositional feature located on the 

southwestern coast of British Columbia, Canada. The delta is positioned near the western 

edge of the North America plate, which is part of an active convergent margin. Tectonic 

activity in the region has influenced the evolution of the mountainous landscape 

surrounding the modern delta, as well as the deposition and deformation of the 

underlying bedrock. The bedrock deposits beneath the delta consist of clastic strata that 

were sourced from the adjacent uplifting mountains, and were deposited in a structural 

depression during the Late Cretaceous and Tertiary (Mustard and Rouse, 1994). These 

sedimentary rocks are up to 4 km thick, and unconformably overlie Early Cretaceous 

granitic basement rocks (Mustard and Rouse, 1994). Unconformably overlying the 

bedrock deposits, and immediately underlying the Fraser delta, is a succession of glacial 

and glaciomarine deposits.  

 During the Quaternary, the coastal region of southern British Columbia was 

subjected to at least three glaciations, and intervening interglacial periods, by the advance 

and retreat of the Cordilleran Ice Sheet (Clague, 1998).  Bedrock erosion during periods 

of glacial advance reshaped the surface of the underlying bedrock, producing a surface 

with more than 500 m of relief (Fig. 2.1). The last glacial period in the region, the Fraser 

Glaciation, began 25-30 ka, and ended with glacial retreat 11-13 ka (end of the 

Pleistocene Epoch; Clague et al., 1998). The result of this series of glacial events is a 
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succession of alternating glacial and glaciomarine deposits that are up to 400 m thick, 

which are present below the Fraser delta and above the bedrock surface. Due to the 

erosive nature of the glaciations the upper surface of the glacial deposits is irregular, with 

more than 200 m relief (Figure 2.1; Clague et al., 1998).  

 

Figure 2.1 Cross sections showing the variability in thickness of Pleistocene and Holocene deposits, as 
well as the undulating nature of the bedrock surface. The elevation of the top of the Pleistocene deposits 
determines the thickness of the Holocene deltaic deposits. Data based on drilling and geophysical surveys. 
Note difference in vertical scales. Modified from Clague et al. (1998).  
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2.2 Growth of the Fraser River Delta 

Following regional deglaciation the Fraser River floodplain prograded westward 

into a glacially scoured valley, and began building its delta into the Strait of Georgia 

about 10 ka (Fig. 2.2; Williams and Roberts, 1989). By 5 ka delta progradation had 

connected the delta front to Point Roberts, and subsequently cut-off Boundary Bay from 

sediment supplied from the distributary channels of the Fraser River (Fig. 2.2; 

Hutchinson et al., 1995). Radiocarbon dating of shell and wood fragments recovered 

from boreholes show that the rate of delta advance was controlled by the rate of relative 

sea level rise, which varied throughout the Holocene (Fig. 2.3; Williams and Roberts, 

1989). Outpacing the 12 m of relative sea level rise, the large volume of sediment 

deposited from the Fraser River on the delta front produced a normal regression with 

continuous vertical accretion and seaward progradation (Fig. 2.4; Williams and Roberts, 

1989). 

 
Figure 2.2 Holocene development of the Fraser River Delta. A)-C) show the westward progradation of the 
delta floodplain (yellow) into the Strait of Georgia. From Clague (1998). 
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Figure 2.3 Reconstructed sea level curve for the Fraser River Delta region throughout the Holocene (based 
on radiocarbon dating and stratigraphic relationships, see Fig. 2.4). Note the rapid 12 m rise in sea level 
between 8 and 6 ka. From Williams and Roberts (1989). 

 

 

 
 

 
Figure 2.4 Generalized lithostratigraphic and chronologic framework of the delta based on radiocarbon 
dating and a series of drill cores. Note the continuous progradation and vertical accretion. Modified from 
Williams and Roberts (1989). 
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2.3 The Fraser River Delta Today 

The modern Fraser River Delta is a tidally influenced, river-dominated delta, 

subject to a mixed semi-diurnal tidal range of up to 5 m at the delta front. Tidal flow 

influences the Fraser’s distributaries, with the fluctuating tides influencing channel 

hydrodynamics up to 110 km inland during low flow periods (Milliman, 1980).  The 

morphology of the delta is also influenced by the presence of Vancouver Island, which 

shelters the delta front from open ocean waves. Waves reaching the delta rarely exceed 

1.2 m in height, whereas open coast waves on the westcoast of Vancouver Island can 

reach 9 m (Yorath et al., 1979; Luternaeur et al., 1998)). The delta front spans 40 km of 

Strait of Georgia coastline, with the adjacent tidal flats and delta plain covering an area of 

975 km2.  Prograding at a rate of 2.4 m/a, the delta is currently building its deposits into 

water depths up to 300 m (Williams and Roberts, 1989). Due to the undulating nature of 

the underlying Pleistocene surface the thickness of delta sediments varies, with an 

average thickness of about 110 m, and a maximum of about 300 m (Fig. 2.1). 

 
Figure 2.5 The modern Fraser River Delta. This eastward facing image shows a sediment plume off the 
front of the delta, which is produced each spring as snow melts in the mountainous drainage basin. (image 
source: NASA World Wind) 
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3: Seasonal Controls on the Development of Inclined 
Heterolithic Stratification in a Tide-Influenced, 
Fluvially Dominated Channel, Fraser River, Canada  

This chapter is under review with the Journal of Sedimentary Research (February, 2011). 

Author List: Chad F. Sisulak and Shahin E. Dashtgard 

Author Contribution: The lead author completed the fieldwork, laboratory work, and 

initial manuscript. Subsequent reviews of the manuscript, and refinement of concepts, 

were completed during collaboration with Dr. Shahin E. Dashtgard.  

3.1 Abstract  

Inclined heterolithic stratification (IHS) is developed on an in-channel bar in the 

tide-influenced (fluvially dominated), brackish-water reach of the Fraser River, British 

Columbia, Canada. The vertical bar succession is characterized by a fining-upward 

profile with an increase in mud-bed thickness and content, from the shallow subtidal to 

the upper intertidal zone. There is an increase in the number of mud beds as well as their 

lateral continuity from the upstream to the downstream side of the bar. Sediment 

deposition is seasonally controlled, wherein sand deposition occurs during periods of 

high discharge (snowmelt-induced freshet), and mud is deposited during low discharge 

(ambient flow conditions). This seasonal cyclicity is also observed in the ichnological 

characteristics of the IHS, with bioturbation more common in ambient deposits (mud 

beds) than freshet deposits (sand beds). In addition, infauna exhibit a lithological 

preference for colonizing muddy substrates, and burrows in sand beds typically subtend 
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from overlying mud beds. Diminutive, vertical burrows dominate the trace suite, 

reflecting a very low diversity of infauna. Bioturbation is more common on the 

downstream side of the bar, associated with the thicker and more laterally contiguous 

mud beds. A comparison of the sedimentological and ichnological characteristics of the 

IHS in the Fraser River to IHS in both river- and tide-dominated settings is also 

presented.  
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3.2 Introduction 

Inclined heterolithic stratification (IHS) is defined as parallel to sub-parallel 

interbedded sand and mud beds with depositional dip (Thomas et al., 1987). Deposits of 

such strata typically range in thickness from 1-30 m, with dip angles commonly ranging 

from 5-15°. This type of large-scale stratal architecture is common in channelized 

settings from fluvially dominated to tide dominated channels. To understand how IHS is 

deposited from both a process-response perspective and at the facies scale, it is necessary 

to study modern settings where the nature of sediment deposition and infaunal 

colonization can be linked to both tidal and seasonal influences. By integrating 

sedimentological, ichnological, and hydrodynamic data from modern environments, 

prediction of the lateral and vertical extent of mud beds can be improved, and more 

accurate geological models for the development and distribution of heterogeneity in IHS 

can be developed. In turn, criteria can be developed for recognizing IHS deposited in 

river dominated, tide-influenced, and tide-dominated channels.  

Herein, the sedimentology and ichnology is described for IHS developed on an in-

channel bar in the tide-influenced fluvially dominated reach of the Fraser River, British 

Columbia, Canada. The laterally accreted bar occurs in the mesotidal (approximately 3 m 

tidal range) reach of the river, and is regularly subjected to fresh, oligohaline, and 

mesohaline waters. An assessment of the seasonal and tidal controls on sediment 

deposition and infaunal colonization is presented, and the process-response-based 

signature of IHS is described. The nature and distribution of IHS developed in the Fraser 

is compared to IHS formed in purely fluvial settings, as well as to IHS deposited in 

polyhaline to euhaline, tide-dominated settings. 
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3.2.1 Sedimentology of Modern IHS Deposits 

The term “inclined heterolithic stratification” was introduced by Thomas et al. 

(1987) as a purely descriptive term for lithologically heterogeneous siliciclastic deposits 

possessing a depositional dip. IHS deposits consist of interbedded coarse-grained (mainly 

sand) and fine-grained (mainly silt/clay) layers, which together comprise an IHS unit. 

The inclined units are separated by surfaces produced by non-deposition and/or erosion, 

typically resulting in sharp contacts between coarse- and fine-grained beds. IHS is 

generally attributed to lateral accretion of bar deposits in channels (e.g., point bars, 

channel bars), and is particularly abundant in tide-influenced settings (Smith, 1987; 

Smith, 1988; Thomas et al., 1987; Gingras et al., 1999, 2002; Choi et al., 2004; 

Hovikovski et al., 2005; Pearson and Gingras, 2006; Hovikovski et al., 2008; Choi, 

2010).  In both modern and ancient point bar examples, several recurrent fining trends 

have been documented, including: 1) overall vertical fining upward; 2) along strike, 

proximal-to-distal fining (downstream fining); 3) up-dip fining within individual inclined 

units; and, 4) fining-upward rhythms within individual members (Thomas et al., 1987).   

Despite sharing the fundamental characteristics of IHS, work in modern 

environments has shown that there are differences in the style of IHS produced in fluvial 

(Calverley, 1984; Smith, 1987; Smith et al., 2009; Smith et al., 2010), and tide-dominated 

channels (Choi et al., 2004, Pearson and Gingras, 2006; Choi, 2010). Fluvial IHS in 8 m 

thick point bar deposits of the upper delta plain of the Athabasca River Delta consist of 

fining-upward sand beds, with mud beds of irregular thickness occurring in irregularly 

spaced intervals (Calverley, 1984; Smith, 1987). Mud beds typically have a homogeneous 

or laminated appearance. Sand beds display a homogenous appearance or comprise beds 

of stacked unidirectional current ripples, with common mud streaks or lenses. Finely 
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interlaminated sandy mud and muddy sand beds also occur. Lacking any tidal influence, 

these deposits also lack tidal rhythmites, or indicators of flow reversals. Due to the 

Athabasca River’s fluctuating hydrologic regime, these heterolithic deposits are 

interpreted to be the result of the river’s two main flow phases: sands are deposited 

during the spring flood stage (snowmelt-induced freshet), and mud drapes accumulate 

during low flow conditions. More recent studies of IHS on the Athabasca River, Canada 

and the nearby Peace River, Canada, demonstrate that IHS development is not restricted 

to point bar deposits in fluvial settings (Smith et al., 2009; in press). Smith et al. (2009; in 

press) identify dominantly muddy IHS deposits forming at the distal transition of point 

bars (from convex to concave channel morphology), and refer to the deposits as counter 

point bar deposits.  Smith et al. (in press) also identify another type of heterolithic 

channel deposit forming beyond the convex to concave transition in channel morphology, 

although these deposits, termed eddy accretion deposits, are dominantly sandy. Both 

counter point bar and eddy accretion deposits form as a result of reverse eddy currents 

resulting from channel impingement against erosion resistant sediment (e.g., bedrock, 

oxbow lake mud-fill). These deposits have not yet been identified in modern tidally 

influenced or tide-dominated settings, and are an area of ongoing research. 

At the tide-dominated extreme of channelized settings with IHS, Choi et al. 

(2004) describes a 40 m thick tidal point-bar (flood-tide dominated) on the main 

distributary of the macrotidal Han River Delta, Korea. Overlying 15 m of trough cross-

bedded sands, which can locally display ebb- and flood orientations, the Han River IHS 

consists of finely interbedded fine-grained sand, sandy silt, and silt with well-developed 

tidal rhythmites in the middle and upper intertidal zone. Despite experiencing seasonal 
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discharge fluctuations, seasonal variations are not evident in these deposits due to their 

proximity to the marine basin, and the resulting year-round dominance of the rather 

energetic tidal environment. Instead of seasonal discharge variation, the IHS is produced 

by daily tidal-current action.   

3.2.2 Ichnology of Modern IHS Deposits 

Whereas tidal influences on the character of IHS are best expressed in the context 

of their sedimentology, the ichnology reflects the physico-chemical stresses in the 

environment (e.g., sedimentation rate, salinity) at the time of sediment deposition and 

infaunal colonization. In particular, environments with fluctuating and/or low salinity are 

bioturbated by animals that tend to construct simple, vertical burrows (Grassle and 

Grassle, 1974; Howard and Frey, 1975; Benyon et al., 1988; Wightman et al., 1987; 

Gingras et al., 1999). The resultant trace suite is commonly referred to as a salinity-

stressed suite, or brackish-water assemblage (Pemberton et al., 1982; Beynon et al., 1988; 

Pemberton and Wightman, 1992; Buatois et al., 2005; MacEachern and Gingras, 2007). 

The brackish-water assemblage was first documented in modern estuaries along the coast 

of Georgia, U.S.A. (Dorjes and Howard, 1975; Howard and Frey, 1975), and was first 

interpreted in the rock record in IHS deposits of the McMurray Formation (Pemberton et 

al., 1982). Brackish water assemblages are characterized by: 1) a low diversity of 

ichnogenera; 2) overall diminutive traces; 3) high individual densities; 4) simple 

structures produced by trophic generalists; and, 5) forms typically found in marine 

environments (Pemberton et al., 1982; Pemberton and Wightman, 1992). In wholly 

freshwater settings, burrowing is rare to absent, or patchily distributed and limited to a 

low-diversity and low-density assemblage of simple, vertical and horizontal burrows 
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(Howard and Frey, 1975; Pemberton and Wightman, 1992).  

The ichnological characteristics of freshwater (fluvially dominated) and nearly 

fully marine (in this case, tide-dominated) settings are expressed in a range of modern 

channelized environments with well-developed IHS. At the fluvial end of the spectrum, 

the presence of bioturbation was not noted in IHS deposits from the Athabasca River, 

Canada, and Peace River, Canada (Calverley, 1984; Smith et al. 2009; Smith et al., 

2010). This is dominantly a result of the inability of salinity-dependent trace-making 

organisms to cope with the physico-chemical stresses of salinity less than 2 practical 

salinity units (psu; i.e., freshwater conditions). At the tide-dominated end of the 

spectrum, within the polyhaline (25.6-28.5 psu) reach of the Han River in Korea, 

bioturbation in IHS beds is rare, except in the upper intertidal zone. Despite the relatively 

stable, nearly fully marine conditions in this setting, which are particularly ideal for many 

trace-making organisms, the low intensity of burrowing is attributed to the high 

sedimentation rate and energetic conditions in the lower intertidal and subtidal zones 

(Choi et al., 2004; Choi, 2010). Within the upper intertidal zone, where there is less 

exposure to the energetic channel conditions, burrowing is common, and bioturbation 

intensity increases with elevation. These burrows are produced primarily by small 

burrowing crabs, where burrows (e.g. Psilonichnus) are present in both sandy and muddy 

intervals, and are typically less than 1 cm in diameter.  
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3.3 Study Area  

The Fraser River Delta is present at the terminal end of the Fraser River (Fig. 3.1), 

which is the largest river reaching the west coast of Canada. The Fraser River, with a 

drainage basin area of over 235 000 km2, flows undammed for more than 1 370 km 

through the mountainous interior of British Columbia (Mathews and Shepard, 1962). It is 

a mixed-load system that transports an annual sediment load between 12 and 30 million 

tonnes (average 17 million tonnes; Milliman, 1980; Kostaschuk et al., 1998). Thirty-five 

percent of this load is sand, classifying the Fraser River Delta as an exceptionally sandy 

system among the large deltas of the world (Orton and Reading, 1993; Kostaschuk et al., 

1998).  

Prograding into the Strait of Georgia, the Fraser River Delta is a tide-influenced, 

fluvially dominated delta with a tidal range of up to 5 m at the delta front. The study area 

lies at the seaward end of the Fraser River Delta flood plain, approximately 10 km inland 

from the delta front. The study area is centred on the in-channel bar known as the “South 

Arm Marshes” (SAM; Fig. 3.1). The river bifurcates around the bar where a smaller 

channel, (Ladner Reach / Sea Reach), is positioned on the accreting (south) side of the 

bar (Fig. 3.2).  Beginning as a meander bend on the Main Channel, the in-channel bar 

developed as a series of laterally accreting bars that amalgamated into a single bar over 

the past 180 years (Fig. 3.3). This was due to natural migration and avulsion of the main 

distributary channel (Main Channel). Across from the SAM, between the junction of 

Ladner Reach and Sea Reach, is a channel that debouches directly into the Straight of 

Georgia. This channel, Canoe Pass (Fig. 3.2), diverts a portion of flow from Ladner 

Reach that would otherwise flow through Sea Reach. Canoe Pass has remained open to 
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the Strait of Georgia throughout the development of the SAM (Fig. 3.3), and today is 

shallower than both Sea Reach and Ladner Reach.  

 

 
Figure 3.1 – Location of study area. A) British Columbia, Canada, showing the Fraser River catchment. B) 
Map of Fraser River Delta showing the study area in dashed box. 

 
 

 
Figure 3.2 Aerial view of South Arm Marshes. Fluvial discharge, and ebb flow, is from right to left (image 
source: Google Earth). 
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The banks of all Fraser River distributaries were dyked in 1913 (Johnston 1921), 

fixing the position of the channel and the bars; correspondingly the SAM have shifted 

relatively little since. Today, the Main Channel has an average width of 700 m and an 

average depth of 12 m (measured from maximum high tide water level (MHT)). The 

Ladner Reach / Sea Reach channel averages 300 m wide and 7 m deep (Fig. 3.4).  A 

network of shallow chute channels (<0.5 m deep during low tide) crosscuts the SAM, 

with one entrance channel on the upstream side of the bar that bifurcates into three 

smaller channels that join Sea Reach.  

 

 

 
 
Figure 3.3 Position of the South Arm Marshes (SAM) and the Fraser River Delta’s main distributary 
channels from 1827 to 2010 (1827 to 1919 maps adapted from Johnston, 1921). The dashed line represents 
the lower limit of the intertidal zone surrounding the SAM. The SAM bar originated by means of a chute 
cut-off (1827), and channel flow was gradually diverted (1860-1890) as the river straightened its course. 
The river was dyked in its current position in 1913, and has been relatively stable since. 
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Figure 3.4 Channel depth along Sea Reach and Ladner Reach (accreting edge of the bar). All depths are 
recorded relative to maximum high tide.  

3.4 Methods 

 Sampling was conducted in June and July 2009 (during freshet). Three methods 

of data collection were employed in the field: 1) surface observations (sedimentological 

and ichnological) and box coring, 2) grab sampling, and 3) vibracoring (Fig. 3.5). 

Additional surface observations were made in November 2009 and March 2010 to 

observe seasonal changes. In the intertidal zone, surface observations were made around 

the perimeter of the SAM and along the crosscutting chute channels. Sites were spaced 

50 to 100 m apart along depositional strike, and the presence as well as orientation of 

surface sedimentological and ichnological structures were recorded and photographed. 

Sediment samples were also taken at each station. Oriented box cores (0.28 m · 0.17 m · 

0.06 m) were taken 200 - 300 m apart along the intertidal zone, and from both the upper 

and lower intertidal zones. Additional cores were taken where interesting 

sedimentological and / or ichnological relationships were observed (e.g., highly 

bioturbated areas). Box cores were taken to the lab, slabbed, and x-rayed. X-radiographs 
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of the box cores reveal sedimentological and ichnological structures that are not visible 

otherwise.  

Grab samples were collected from the base of the channel and subtidal portion of 

the bar, in order to establish water depth, and to characterized grain size. Seventy-two 

grab samples were collected along 12 sampling transects (Fig. 3.6). For grain-size 

analyses of both intertidal sediment samples and grab samples, 200 g of sediment from 

each sample was sieved through a series of 8 screens, progressing from phi sizes – 2 φ (4 

mm) to 4 φ (0.0625 mm). Samples with greater than 5% mud were subsequently analyzed 

by X-ray absorption analysis using a Micrometrics® Sedigraph 5100.  Samples analyzed 

on the Sedigraph were pre-treated with hydrogen peroxide to remove organics, and 

sodium hexametaphosphate to prevent flocculation. Samples were then mechanically 

disaggregated by stirring, and placed in a sonification bath immediately prior to 

Sedigraph analysis. Mean grain size (φ) and sorting were calculated using the Gradistat 

computer program, which determines grain size using both the method of moments and 

graphical methods.  

Vibracores were taken in the lower intertidal zone around the accreting perimeter 

of the SAM. Fifteen cores, each 1.5 m to 4 m in length and 0.076 m in diameter were 

collected. Core lengths were measured after dewatering and/or compaction of the 

sediments, which produced an average 25% shortening of the cores. Due to the likelihood 

that differential compaction limits the accuracy of reconstructing the original thicknesses 

of individual beds, the core lengths are presented as recovered. In the lab, cores were 

split, logged using AppleCORE®, and photographed. After being photographed, one half 

of the core was used to make a resin peel, and the other half was x-rayed. 
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Figure 3.5 Sampling methods used at the SAM. Vibracores were taken during low tide to maximize 
recovery of subtidal sediments.  

 
 
 
 

 
Figure 3.6 Data distribution map showing location of grab samples, vibracores, and upstream and 
downstream cross sections in Figure 9. Vibracores numbered in order of downstream progression. 
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3.5 Results 

3.5.1 Hydrodynamic Conditions at the SAM In-Channel Bar 

The Fraser River’s discharge pattern exhibits a seasonal cyclicity of snowmelt-

induced freshet and ambient (non-freshet) conditions (Fig. 3.7). Ambient flow discharge 

averages 1 100 to 3 000 m3/s from the late summer through to spring. Freshet typically 

lasts from late spring to mid-summer, with sustained flows in the range of 6 000 to 12 

000 m3/s (Kostaschuk et al., 1998). As the snow pack in the catchment basin melts over 

the summer, flow gradually decreases to levels considered typical of ambient flow 

conditions. The annual freshet varies in timing, magnitude, and duration depending on 

snowfall accumulation and the rate of spring melt, and is responsible for transporting 

80% of the annual sediment load, including nearly all of the sand (Milliman, 1980; 

Kostaschuk et al., 1989). The remaining 20% of the annual sediment load is transported 

under ambient flow conditions, which persist for the majority of the year (8 to 9 months). 

Sediments transported during ambient flow are dominated by suspended clay and silt-size 

particles (Milliman, 1980).  

Located in the tidally influenced reach of the Fraser River’s main distributary, the 

South Arm Marshes in-channel bar experiences a mixed semi-diurnal tide up to 3 m in 

range (mesotidal). During each flood tide, a saltwater wedge (SWW) is forced up the 

channel, reversing flow in Ladner Reach, Sea Reach, Canoe Pass, and the basal 10 m of 

the water column in the Main Channel (Kostaschuk et al., 1998). The landward intrusion 

of the SWW is a function of tide height and river discharge, which results in temporal 

and spatial variations in salinity and current velocity (Kostaschuk et al., 1998). The two 

distinct phases of fluvial flow (ambient flow and freshet) have characteristic ranges for 
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the landward extent of the SWW intrusion (Fig. 3.8). At high tide, during periods of 

ambient flow, the SWW can intrude 15 km upstream of the study area, resulting in 

stratified flow as tidal currents flow upstream along the base of the channel (Fig. 3.8; 

Ward, 1976). Downstream (seaward) of the leading edge of the SWW there is an increase 

in salinity, a suppression of turbulence, and flocculation of clay and fine silt-sized 

particles (Milliman, 1980). These factors contribute to the enhanced deposition of fines; 

although, the majority of suspended sediment continues seaward in a buoyant plume 

above the SWW (Milliman, 1980). 

 

 

 
Figure 3.7 Hydrograph of mean daily discharge (blue), and daily suspended-sediment load (brown) for the 
Fraser River at Mission in 1985 (60 km upstream from study area). The onset of freshet is marked by a 
rapid peak and decline in suspended sediment load. This is due to the rapid entrainment of the most easily 
eroded material that accumulated during the winter. Modified from Kostaschuk and Luternauer (1989).   
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River discharge and tidal range also impact salinity of the river water. Under 

ambient flow conditions, high tide shifts the SWW to its furthest upstream position, 

resulting in surface water salinities at the study area measured up to 8 psu. Upon falling 

tide, the SWW is displaced downstream, although it remains upstream of the study area. 

This results in salinity decreasing to as low as 4 psu at the study area at low tide. Periods 

of heavy rainfall or partial snowmelt can temporarily force the SWW downstream of the 

study area during periods of ambient flow, however, these events are relatively 

uncommon (Kostaschuk et al., 1998). The significant increase in discharge during freshet 

typically maintains the saltwater wedge downstream of the study area. During this period, 

the SAM is exposed to freshwater (0 psu), unidirectional (downstream) currents, and 

rapid sedimentation for more than two months (Kostashuck et al., 1998). 
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Figure 3.8 Saltwater wedge position and corresponding salinity values in the Main Channel of the Fraser 
River. A) Aerial view of the Fraser River Delta, with the position of the study area indicated by the dashed 
box. The red arrow indicates the maximum upstream limit of the saltwater wedge (SWW) in the main 
distributary during freshet, and the yellow arrow indicates the maximum upstream limit during ambient 
flow conditions. B) and C) Channel-axis cross-sections illustrating the position of the SWW during mean 
high tide and freshet (B), and mean high tide and ambient flow conditions (C). Black arrows indicate 
relative rates of discharge, characteristic of freshet and ambient flow (image from Google Earth; data from 
Milliman, 1980). 
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3.5.2 Sedimentology of the SAM In-Channel Bar 

Along the channel base (water depth > 6.5 m relative to MHT; Fig. 3.3), 

moderately well to well-sorted, coarse-grained (0.6 φ) to medium-grained sand (1.3 φ) is 

deposited. Mud contents in these sands are consistently below 1 weight % (wt%). Grain 

size, sorting, and mud contents at the base of the channel are consistent from the 

upstream to downstream side of the bar, and exhibit a fining trend into shallower water: 

(i.e., toward the channel banks; Fig. 3.9). Sedimentary structures developed on the 

channel floor of the Ladner Reach and Sea Reach were not identified; however, the 

widespread occurrence of ebb-oriented dunes along the channel floor of the Ladner 

Reach during freshet has been documented (Pretious and Blench 1951). Immediately 

northwest of Sea Reach, the Main Channel is floored by ebb-oriented dunes (1-2 m in 

height and 20-50 m in length) that initiate and develop during freshet (Villard and 

Church, 2005), and are of similar sediment calibers to sediments at the base of both 

Ladner Reach and Sea Reach. Based on these studies, it is probable that both Ladner 

Reach and Sea Reach are floored by ebb-oriented dunes (note: ebb-oriented dunes were 

observed near the entrance to Canoe Pass in water ~1 m deep during low tide in July 

2009). 

Along the permanently subtidal banks of the in-channel bar (water depths from 3-

6.5 m below MHT; Fig. 3.4) grain sizes fine with decreasing water depth, and in the 

downstream direction (towards the west; Fig. 3.10). Average grain sizes on the upstream 

side of the bar ranges from coarse- (0.8 φ) to fine-grained sand (2.7 φ), with a negligible 

mud component (< 1 wt%). On the downstream side of the bar, mean grain sizes range 

from medium-grained sand (1.3 φ) to sandy silt (>4 φ), with mud contents up to 70 wt%. 
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Clay (>8 φ) contents range from 4-18 wt% of the mud component, and increase with 

increasing mud content. The sedimentological characteristics of sediments in the lower 

intertidal and upper subtidal portion of the bar  (2 to 4.5 m below MHT) were identified 

in vibracores. Inclined heterolithic stratification is present on both the upstream and 

downstream sides of the bar. Cross sections constructed from the cores show an overall 

increase in the number of mud beds and their lateral continuity on the downstream side of 

the bar versus the upstream side (Fig. 3.10). All cores exhibit an overall fining-upward 

trend, both as an upward decrease in average grain size, and an upward increase in the 

thickness and number of mud beds. 

Sand beds are moderately to moderately well sorted, and range from 1 cm to > 1 

m thick. Sands are either current rippled, homogenous, or trough cross-bedded. Mud 

clasts, thin beds of organic detritus, mud streaks/lenses, and flaser bedding are common 

in sand beds. Mud beds have a laminated or homogeneous appearance, and range in 

thickness from mm-scale to 15 cm (Fig. 3.11). Fine-grained sand laminae, lenticular 

bedding, and wavy bedding are common in muddy heterolithic intervals. Although the 

lowest portion of the bar (>4.5 m below MHT) was not directly observed or cored, it is 

likely that the ebb-oriented dunes preserved at the base of the channel continue on the 

lower half of the bar.  
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Figure 3.9 Grain size distributions in the channels along the accreting edge of the South Arm Marshes. 
(The Wentworth Scale equivalent for phi values are 0-1 for coarse-grained sand; 1-2 medium-grained sand; 
2-3 fine-grained sand; 3-4 very fine-grained sand; 4-6 silt, >6 clay). 
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Figure 3.10 (pages 57-58) Cross sections and grain-size profiles constructed from vibracores and adjacent 
grab-sample transects. The cross sections show the overall fining-upward trend, and the trend of increasing 
heterogeneity in the downstream direction. Both cross sections show that mud beds are variable in 
thickness and are laterally discontinuous (see Fig. 3.6 for cross section locations) A) Cross section of the 
upstream side of the bar, which is predominantly sandy below the average low tide water level (ALT). Mud 
beds do occur below the ALT, but are thinner and not as laterally continuous as mud beds on the 
downstream side of the bar. B) Cross section of the downstream side of the bar. Compared to the upstream 
side, there is a significant increase in the number of mud beds and the lateral continuity of mud beds on the 
downstream side of the bar. Mud beds also occur lower into the subtidal zone on the downstream side of 
the bar. Despite the increased lateral continuity downstream, the presence of chute channels produces 
discontinuities in mud beds, and also contributes to the heterogeneity on the downstream side of the bar by 
supplying sand during freshet. Note vibracore 6, an anomalously muddy core, is interpreted as potentially 
representing a slump deposit (see Fig. 3.14 for detailed location).  
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Figure 3.11 Core photos from vibracore 8 (Sea Reach). A) Rooted muddy interval from the upper intertidal 
zone. B) Finely and rhythmically interbedded IHS, potentially of tidal origin. C) IHS showing variability in 
sand and mud bed thickness. D) Dominantly sandy interval displaying organic-detritus laminae in lower 
half of the photo. A 3 cm scale bar is shown at the bottom right. 

 
The downstream fining and fining-upward trends measured on the subtidal banks 

of the SAM continue into the intertidal zone. In early June 2009 (during freshet), much of 

the intertidal surface on the upstream side of the bar was dominated by moderately to 

moderately well sorted sand (1.7 to 3.6 φ). These sands were deposited as ebb-oriented 

current ripples (Fig. 3.12). Toward the downstream side of the bar, surface sediments 

became increasingly muddy, with some fine-grained sand beds interbedded with the mud. 

During the rapidly waning freshet flow (late July-August 2009; Fig. 3.7), a thin layer (<2 

cm) of water-saturated mud mixed with very fine-grained sand and organic detritus 
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covered much of the intertidal surface, particularly in ripple troughs (Fig. 3.13B, C). By 

March 2010, following several months of ambient flow conditions, 1 to 5 cm of semi-

firm mud had accumulated over the current-rippled sand on both the upstream and 

downstream sides of the bar (Fig. 3.12). Other sedimentological features observed in the 

intertidal zone include flaser bedding, wave ripples, parallel-laminated sand, and mud 

clasts (‘rip-ups’; Fig. 3.13A). Mud clasts were evident where the river had undercut salt-

marsh deposits, where tidal creeks had cut across the intertidal zone and eroded existing 

muddy sediments, and where slumping occurred along the channel bank (meters to tens 

of meters in scale; Figs. 3.13D and 3.14). Slumping was observed in both Sea Reach and 

Ladner Reach, and is typically initiated by energetic freshet currents. No syneresis cracks 

or desiccation cracks were observed. The channelward dip of the intertidal zone typically 

ranges from 5° to 10°, and is slightly steeper on the upstream side of the bar. 

In the upper intertidal zone, halophytic vegetation (brackish-tolerant sedges and 

grasses; Hutchinson et al. 1998) increases in abundance toward the mean high water 

level. These plants trap silt and clay, binding it with their roots. The resultant marsh 

deposit comprises rooted (phytoturbated) mud with uncommon fine-grained sand beds, 

leaf litter, and organic detritus. On the erosive upstream side of the channel, resistive 

marsh deposits form cliffs up to 1.5 m high. Where the bar is accreting, the marsh forms a 

relatively steep, vegetated slope at the transition with the unvegetated intertidal zone. At 

higher elevations, the marsh is capped by organic-rich soil and is colonized by terrestrial 

vegetation (Hutchinson et al. 1998). 
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Figure 3.12 A) Ebb-oriented current ripples (sand) covering the intertidal zone in July 2009, shortly after 
peak river discharge. B) Photo of the same location in March 2010, after months of ambient flow 
conditions. The area has become mud covered, and green algal mats can be seen in the foreground. Flood-
oriented current ripples were not observed at any time during the year. 
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Figure 3.13 Sedimentological surface features of the intertidal zone. A) Mud clasts eroded from the 
channel margin. B) Current ripples draped with water-saturated mud along the channel margin in the 
intertidal zone during late July 2009. C) Flaser-bedded, wave-rippled sand developed in the upper intertidal 
zone. Parallel laminated sand, as well as clasts of eroded salt marsh are present between the wave ripples 
and the water line. The inset box show close-up of wave ripples with mud in the troughs. D) Erosion along 
the channel margin exposing inclined strata. 
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Figure 3.14 Large slump scar on the channel bank. A) Aerial view of the slump scar, with the location map 
in the bottom left. The location of vibracore 6, interpreted as a potentially slump deposit (see Fig. 3.10), is 
indicated (image source: Google Earth). B) Photo of the slump scar looking towards the east-southeast. 
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3.5.3 Ichnology of the SAM In-Channel Bar 

No macrofauna or remnants of burrows were recovered in grab samples from the 

sandy channel base or lower subtidal portion of the in-channel bar. In cores of the upper 

subtidal zone ichnological features are rare, and are mainly limited to vertical burrows 

that are either mud-filled (Trichichnus) or sand-filled (Skolithos). Sand-filled horizontal 

burrows (Palaeophycus-like) are also preserved locally, although uncommon. The 

paucity of burrows recovered in the vibracores may partly be due to the dewatering 

and/or compaction of the cores during drilling, or may be an artifact of burrow collapse 

during original burial and compaction of the sediment.  

In the intertidal zone, by contrast, bioturbation is common. Burrow distributions 

are strongly substrate controlled, and show significant lateral and vertical heterogeneity. 

Burrows are mainly confined to mud beds, with burrows in sand beds typically 

subtending from overlying mud beds. Bioturbation index (BI; Reineck, 1963) values 

range from BI 0 to 2 in sand beds, and from BI 0 to 4 in mud beds. Due to the increased 

colonization of mud, there is an increase in the bioturbation intensity toward the 

downstream end of the bar (Fig. 3.15).  

A limited suite of infauna populates the intertidal zone sediments. These animals 

produce a moderate- to high-density, but low-diversity trace suite, consisting mainly of 

Arenicolites- and Skolithos-like traces. Burrow structures generated by Corophium 

species are U-shaped, best described as Arenicolites (Fig. 3.16) or Diplocraterion. 

Threadworms (generic classification of all thin, < 2 mm diameter, polychaetes) produce 

vertical burrows that are similar to Skolithos, but have a low preservation potential. 

Larger Arenicolites-, Palaeophycus-, Planolites-, and Polykladichnus-like structures are 

less common, and are made exclusively by large Nereid polychaetes (Fig. 3.16).  Of the 
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Nereid-produced burrows, Arenicolites constitutes the most commonly observed form. 

During freshet, few Corophium, and no Nereid polychetes were found in their burrows. 

In March, after months of ambient flow conditions and the persistence of oligohaline to 

mesohaline (4 to 8 psu) salinities, Corophium were abundant in muddy substrates, and 

Nereis were commonly found in their burrows, mainly in mud.  

In box cores of intertidal-zone sediments, a clear pattern of alternating burrowed 

and unburrowed sediments is observed (Fig. 3.15). In sand-dominated intervals, 

bioturbation is typically rare to absent (Fig. 3.15; box core 1). In heterolithic sections, 

bioturbation is initiated in muddy intervals and burrows, particularly those of the larger 

Nereid polychaetes, may extend down into underlying sand beds. At the upper contact of 

the mud beds, where an overlying sand bed is present, burrows are typically truncated by 

current rippled sand or homogeneous sand. In wholly muddy intervals, bioturbated 

horizons are sharply truncated, with Arenicolites and Skolithos extending down from the 

upper contact. These sediments are commonly overlain by parallel laminated, wavy 

laminated, or current-rippled fine-grained sands and muds that grade vertically into 

bioturbated muddy intervals (Fig 3.15; box core 6). Muddy intervals, as well as 

heterolithic intervals, may also host sand-filled burrows (Fig. 3.16). 
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Figure 3.15 (previous page) – Box cores and location map. These examples highlight the upstream (1-3) to 
downstream (4-6) variability in intertidal zone sedimentation and bioturbation, as well as the annual 
cyclicity (brackets indicate annual sediment packages, interpreted from horizons of burrow truncation).  All 
box core samples were taken in June/July (freshet) 2009 from within the lower half of the intertidal zone. 1) 
Box core 1 consists of sand (mainly current ripples) and lacks bioturbation. Consequently, annual 
sedimentation cycles cannot reliably be interpreted. 2) Box core 2 shows two full cycles of sedimentation; 
the lower portion of each cycle consists of current rippled sand, likely deposited during freshet. The upper 
portion of each cycle consists of laminated mud with low bioturbation intensity. The uppermost portion 
consists of the most recent freshet deposit (note: all samples from June/July 2009) 3) Box core 3 is mainly 
mud and does not contain any obvious ichnological or sedimentological indicators of seasonal deposition. 
4) Box core 4 shows sedimentation packages similar to those in box core 2, but with an increase in 
bioturbation intensity. 5) Box core 5 shows increasing bioturbation in the downstream direction, with two 
horizons interpreted as freshet-induced eradication of the burrowing community. 6) Box core 6, located 
furthest downstream, shows three cycles of laminated mud, and has the highest BI values of all box cores. 
Burrows in all cores are mainly simple vertical structures, and can be classified as Arenicolites, Skolithos, 
Palaeophycus, or Polykladichnus. This sample displays a sedimentation rate of ~7 cm/yr.  
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Figure 3.16 A) Arenicolites and Skolithos-like traces, produced by Corophium volutator and threadworms. 
Both burrow types are unlined and diminutive compared to their marine counterparts. This photo was taken 
after several months of ambient flow conditions (March 2010), and shows burrows penetrating downward 
from the most recent muddy surface sediments (dashed bracket). B) Split clam-gun core showing three 
bioturbated horizons (dashed arrows), overlain by unbioturbated sand (dashed bracket) deposited during 
freshet (July 2009). C) Lined Arenicolites-like trace produced by a Nereid polychaete (unlined burrows 
were also observed). The upper left part of the burrow shows a branching morphology, which is typical of 
Polykladichnus: another burrow type commonly made by Nereid polychaetes. D) Sand-filled burrow (SFB) 
attributable to Polykladichnus made by a Nereid polychaete. Nereid burrows are produced under ambient 
flow conditions, and are open at the sediment-water interface. Upon freshet, the burrows are abandoned by 
the trace maker and are subsequently filled with sand.  
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3.6 Discussion 

3.6.1 Seasonal Controls on IHS Development – Hydrodynamics and 
Sedimentology 

Inclined heterolithic stratification developed on the South Arm Marshes in-

channel bar is produced by alternations in sediment transport and deposition resulting 

from seasonal fluctuations in river discharge (Fig.  3.7). Sand is deposited during freshet. 

Mud is deposited during waning freshet flow and throughout the months of low flow 

(ambient) conditions (Fig. 3.12). During freshet, when nearly all the sand and a large 

volume of mud are deposited (Milliman, 1980), hydrodynamic conditions closely 

resemble those of a purely fluvial system (i.e. sustained unidirectional currents). 

Consequently, nearly all cross-stratification in sand is ebb-oriented, and sand beds 

typically lack tidal rhythmites or reverse-flow indicators. As freshet wanes, the river’s 

decreasing discharge allows the return of the saltwater wedge and flow reversals at SAM. 

However, since the majority of the annual sediment budget is transported and deposited 

in the preceding weeks, little direct evidence of a tidal influence is recorded in the freshet 

deposits. Instead, the sedimentological evidence for the return of ambient flow 

conditions, as well as the tidal influence, is recorded as alternations in grain size; current-

rippled sand covered by a drape of mud. However, despite the dominance of seasonal 

cyclicity, intervals (<25 cm) of finely interbedded sand and mud, potentially generated by 

alternating tidal currents, were present in vibracores 8 and 10 (both located on the 

downstream side of the bar; Fig. 3.11). This may be indicative of Sea Reach being subject 

to a slightly greater degree of tidal influence due to the flow diversion into Canoe Pass, 

although surface sedimentary structures provide a strong indication that deposition in Sea 

Reach is still river-dominated.  
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The overall grain-size trends representing the annual cyclicity in fluvial discharge 

are not uniform around the perimeter of the SAM: sand and mud beds vary in thickness 

areally, and both amalgamated mud-bed successions and amalgamated sand-bed 

successions occur. Amalgamated sand beds predominantly occur in the intertidal and 

shallow subtidal zone (< 5.5 m below MHT) on the upstream side of the bar, and are 

considered to develop due to seasonal erosion of mud deposited under ambient flow. Due 

to the sustained downstream currents during freshet, sand beds consist of mainly of ebb-

oriented current ripples, or have a homogenous appearance. Amalgamated mud-bed 

successions are common within the intertidal and shallow subtidal zone (< 5.5 m below 

MHT) on the downstream side of the bar (Fig. 3.10). Laminated to bioturbated muddy 

composite bedsets (Fig. 3.15), each representing a single year of deposition, and 

amalgamated mudbeds reflect multi-year deposition. This suggests that mud beds on the 

downstream side of the bar are less likely eroded year-to-year, and are hypothesized to 

accumulate due to weaker currents at the top of the bar on the downstream side of the bar 

margin. Flow reduction downstream is partly due to a splitting of the flow between 

Canoe Pass and Sea Reach (Fig. 3.2), and partly to lower velocities along the upper 

channel bank. Although flow velocities are reduced on the downstream side of the bar, 

the lower subtidal portion of the bar (< 5.5 m below MHT) is still mainly sandy, and the 

channel base consists entirely of sand. Like the upstream side of the bar, and the entrance 

to Canoe Pass, the bedforms at the base of the channel probably comprise ebb-oriented 

dunes. 

The most significant difference in the character of IHS on the bar is the increase 

in lithological heterogeneity toward the downstream side (from Ladner Reach to Sea 
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Reach). Although mud beds are present on the subtidal-bar margin on the upstream side, 

they are comparatively thin, less abundant, and not as laterally continuous as those on the 

downstream side of the bar (Fig. 3.10). Although the mud beds on the downstream side of 

the bar are more laterally continuous, the presence of chute channels creates lateral 

discontinuities. The chute channels also contribute to increased heterogeneity locally by 

transporting sand to the dominantly muddy ITZ on the downstream side of the bar. The 

increase in mud bed abundance, thickness, and lateral continuity in the downstream 

direction is accompanied by an increase in bioturbation intensity, wherein infauna 

preferentially colonize muddy substrates. Trends in grain size and sedimentary structures 

can also be observed on the intertidal zone surface, and are most apparent during and 

immediately following freshet (e.g. increasing proportion of mud, and decreasing 

presence of current rippled sand in the downstream direction).  

3.6.2 Seasonal Controls on IHS Development – Physico-Chemical Stress and 
Ichnology  

Cyclic variations in the annual discharge of the Fraser River produce a rhythmic 

pattern in the infaunal colonization and resultant bioturbation of intertidal zone 

sediments. Predominantly muddy sediments are colonized by infauna when the channel 

water is brackish for extended periods of time; this state occurs under ambient flow 

conditions. Mud and sand beds rapidly deposited during freshet are typically 

unbioturbated. The unbioturbated character of the sand and mud beds deposited during 

freshet reflects the influence of the two dominant stresses on infaunal colonization of the 

SAM: salinity and sedimentation rate.  
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Reduced salinity imparts a significant chemical stress on burrowing infauna, 

where trace diversity reflects salinity conditions in the channel. Under ambient flow 

conditions (9 to 10 months), the SWW migrates upstream, such that salinities of surface 

waters are consistently oilgohaline to mesohaline in the SAM (Fig. 3.8). During freshet (2 

to 3 months), the SWW is pushed out of the channel by elevated river discharge, resulting 

in prolonged freshwater conditions. In SAM sediments, bioturbation only occurs during 

periods of ambient flow and concomitant brackish-water conditions. During freshet, 

infauna are eradicated from the channel sediments (Chapman and Brinkhurst, 1981), 

resulting in the deposition and preservation of unbioturbated units (Fig. 3.16B). Nearly 

all of the burrows produced by infauna during periods of sustained brackish-water 

conditions are attributable to Arenicolites, Skolithos, Palaeophycus, and Polykladichnus. 

The resultant trace suite is best described as a low-diversity, locally high-density 

ichnocoenose dominated by diminutive burrows. Such suites are typical of brackish-

water settings (cf. Pemberton et al., 1982; Wightman et al., 1987; Beynon et al., 1988; 

Pemberton and Wightman, 1992; MacEachern and Pemberton, 1994; Gingras et al., 

1999; Buatois et al., 2005; MacEachern and Gingras, 2007).  

The period of sustained low salinity also coincides with the dominant physical 

stress in the channel; rapid sedimentation. Rapid sedimentation limits the ability of 

animals to colonize the substrate, thereby limiting the degree of sediment reworking by 

infauna (Wheatcroft, 1990; Pollard and Goldring, 1993; Gingras et al., 2008; Dashtgard, 

in press). For the SAM, the combined effects of rapid sedimentation and sustained 

freshwater conditions during the annual freshet render conditions unfavourable to 

infaunal occupation. This results in an annual cycle of abandonment and subsequent 
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recolonization of the rapidly deposited new sediment, producing the rhythmic 

bioturbation pattern observed in the IHS of the SAM. Rhythmicity of bioturbation is 

further enhanced by a strong substrate-control on bioturbation patterns, mainly owing to 

the contrast in substrate consistency of sand and mud. Sand-filled burrows occurring in 

dominantly muddy sediments are also the result of freshet burrow abandonment, when 

rapidly deposited sand infills unoccupied burrows (Fig. 3.16D).   

3.6.3 Comparison of Fraser River IHS to IHS in Fluvial and Tide-Dominated 
Settings 

IHS developed in the mesotidal reach of the Fraser River shows several 

similarities as well as differences in IHS style compared to that formed in the purely 

fluvial Athabasca River and Peace River, Canada (Calverley, 1984; Smith et al. in press), 

and the tide-dominated Han River, South Korea (Choi et al., 2004). These modern 

examples represent end-member extremes in the fluvial-tidal spectrum of channels from 

which IHS has been reported. By comparing the style of IHS produced in the Athabasca 

River, Peace River, Han River, and Fraser River, it is possible to identify characteristics 

that are considered distinctive of IHS development in fluvially dominated, tidal-fluvial-

influenced, and tide-dominated settings.  

Point bar IHS developed in the purely fluvial Athabasca River is attributed solely 

to the river’s seasonal discharge cycle. Flow indicators are downstream-oriented, and the 

overall sediment distribution exhibits downstream fining and increases in the number of 

mud beds (Calverley, 1984; Smith, 1987). The main sedimentological difference between 

IHS in the Athabasca River and the Fraser River is that mud beds in the Athabasca River 

IHS occur at more irregular intervals, are vary markedly in thickness, and lack significant 
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bioturbation (Fig. 3.17). In contrast, mud beds are more regularly spaced, are more 

consistent in thickness, and are rhythmically bioturbated in the tide-influenced reach of 

the Fraser River.  

Counter point bar deposits and eddy accretion deposits (Smith et al., in press; Fig 

3.18) documented on the Peace River and Athabasca River, respectively, offer interesting 

new examples of IHS development in fluvial systems. As a result of the reverse eddy 

currents that produce these deposits, current-ripple stratification is produced in 

orientations other than parallel to the channel axis (as is dominantly the case in normal 

point bar deposits) in both muddy (counter point bar deposits) and sandy (eddy accretion 

deposits) IHS successions. In addition to point bar IHS, the identification of counter 

point-bar and eddy accretion depositional features demonstrates the variability present 

within fluvial IHS. Like the examples of point bar IHS documented by Calverley (1984), 

no bioturbation was reported from these deposits.  
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Figure 3.17 Cores and location of modern fluvial IHS on the Athabasca River, northeastern Alberta, 
Canada. A) Five stratigraphic logs taken from the meandering Embarrass distributary channel of the 
Athabasca upper delta plain (Calverley, 1984). The mud beds in this fluvial IHS do not show any regular 
change in mud bed thickness moving upsection. Mud beds also tend to occur at irregular intervals, lacking 
any notable rhythmicity. Bioturbation in these cores was reported as rare-to-absent (Calverley, 1984; Smith 
1987).. Datum is the river surface 2 m below bankfull stage (from Smith, 1987). B) Aerial view of the 
Embarrass distributary channel showing the locations of the five cores (image source: Google Earth) 
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Figure 3.18 Counter point bar deposits and eddy accretion deposits in fluvial systems. A) 
Lithostratigraphic profile of 7 vibracores taken from point bar and counter point bar deposits along the 
bank of the Peace River (See C) for location). Note that grain size fines in the downstream direction from 
the point bar deposits to counter point bar deposits. B) Lithostratigraphic profile of 5 vibracores taken from 
an eddy accretion deposit along the bank of the main distributary of the Athabasca River. Note that these 
cores are significantly more sandy than the CPBD cores in A). C) Location of vibracores from A). D) 
Location of vibracores from B). Images from Smith et al. (in press). 
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IHS developed in the Han River demonstrates several features unique to high-

energy tide-dominated settings (Fig. 3.19). Owing to the proximity to the marine basin, 

tidal currents dominate deposition throughout the year, and seasonal discharge variations 

are not obvious in the deposits (Choi et al., 2004). Because flow reversals occur 

regularly, and sediment deposition is driven by tidal flow, well-developed tidal 

rhythmites are common, and bi-directional flow indicators (e.g., both ebb- and flood-

oriented ripples/dunes) are present all the way to the base of the succession (Fig. 3.20; 

Choi et al., 2004; Dalrymple and Choi, 2007). In contrast, the Fraser River IHS exhibits 

comparatively little evidence of flow reversals (e.g., tidal rhythmites, flood-oriented 

ripples) throughout the entire vertical succession.  

Despite salinity being much higher in the Han River example compared to those 

of the South Arm Marshes, bioturbation in the Han is also of low diversity (i.e. mainly 

small crab burrows) and no rhythmic pattern of annual recolonization is observed. The 

relative paucity of burrowing throughout the Han River IHS succession, both in sand and 

mud, is attributed to rapid sedimentation and persistently high-energy conditions 

throughout the year. This contrasts with the Fraser River, where rapid sedimentation and 

freshwater only limit infaunal colonization during periods of freshet. Throughout the rest 

of the year, sedimentation is limited, due to reduced sediment transport in the Fraser 

River. Correspondingly, mud beds in the IHS are commonly extensively colonized by 

infauna.  

 These comparisons reveal that despite a tidal influence, the IHS deposited in the 

mesotidal reach of the Fraser River shows more similarity to the fluvial deposits of the 

Athabasca River than to the tide-dominated Han River IHS. Although the mesotidal reach 
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of the Fraser does experience a tidal influence, the significant freshet discharge of the 

Fraser (up to an order of magnitude greater than ambient discharge) overprints the 

majority of waning and ambient flow deposition, leaving relatively little direct 

sedimentological evidence of a tidal influence preserved in the Fraser River IHS. From a 

rock-record perspective, the best indicator of the tidal influence at the SAM may be the 

rhythmic pattern of bioturbation produced by the seasonal discharge cycle and 

corresponding flux of the SWW. Although the bioturbation pattern represents annual 

cyclicity, the tidal influence contributes to the SWW’s upstream migration, and the 

presence of hospitable brackish water conditions in the channel for the majority of each 

year.   Moreover, the low-diversity suite of mainly diminutive burrows is an excellent 

indicator of the reduced salinity conditions present in the channel at the time of infaunal 

colonization. 
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Figure 3.19 Example of modern tide-dominated IHS from Han River Delta, Korea. A) Schematic columnar 
section of Han River IHS (Sukmo Channel bank). Note that the inclined heterolithic stratification extends 
through the entire intertidal and shallow subtidal portion (upper 25 m) of the bank. Tidal rhythmites are 
present mainly in the upper intertidal zone, and may also be present in the shallow subtidal zone. 
Coarsening near the MSLWL is attributed to wave influence. The cross-bedded sand below -25 m is flood 
dominated; ebb-dominated cross-bedding may occur at the very base of the succession. The IHS may be 
locally cut by large-scale slump scars, with chaotic debris near the channel base. MSLWL, mean spring 
low-water level; MSL, mean sea level: MSHWL, mean spring high-water level (modified from Choi et al. 
2004). B) Aerial view of the Han River, located on the west coast of South Korea, with study area of Choi 
et al (2004) highlighted by red box. C) Close up view of the study area of Choi et al. (2004) (image source: 
Google Earth). 
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Figure 3.20 Dune migration pattern documented by Choi et al. (2004) on a tidal point bar in the Han River. 
Likely flow patterns of the dominant and subordinate currents in a meandering tidal channel. Flow in both 
directions is hypothesized to be out of phase with the channel sinuosity and with the current in the opposite 
direction. The dominant current is responsible for the obliquely down-current migration of the point bars, 
as indicated by the short black arrows, because the point-bar surfaces (indicated by the stars) are in a low-
speed zone at this time. By contrast, the subordinate current is stronger on the point-bar surface than it is on 
the cut bank side of the channel. This may cause the preferential preservation within the point bars of the 
cross stratification dipping in the direction of the subordinate current. The deposits of the channel thalweg 
may preserve the dominant flow direction (from Mutti et al. 1985). 

 
In addition to revealing distinctive characteristics for IHS developed in channels 

with differing degrees of tidal influence, these modern examples may also be considered 

to reflect the changing styles of IHS along a single depositional system; from the purely 

fluvial inland reaches of a river, grading to the tidally-influenced, and eventually tidally-

dominated conditions that occur with increasing proximity to a marine basin (Fig. 3.21). 

To the subsurface worker, recognition of this variability may provide a basis for the 

application of appropriate depositional models along a distal-to-proximal transition, 

enhancing the prediction and interpretation of heterogeneity within individual bars.  
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Figure 3.21 (previous page) Schematic illustrations of the tidal-fluvial transition in tide-dominated 
systems, and the longitudinal variation of intensity of the three main physical processes; river currents, tidal 
currents, and waves. The potential locations of tide-dominated, tide-influenced river dominated, and fluvial 
IHS are indicated based on hydrodynamic conditions present in each system. For each system the direction 
of net sediment transport, and area of bedload convergence (BLC), is indicated. These generalized models 
highlight the potential value of recognizing differing IHS styles in paleogeographic reconstructions. A) 
Legend of icons used to plot the approximate hydrodynamic conditions of the IHS examples documented in 
the Han River (tide-dominated), Fraser River (tide-influenced river dominated), and Peace and Athabasca 
Rivers (fluvial). B) Schematic map of a tide-dominated estuary with locations plotted according to relative 
dominance of hydrodynamic processes. C) Schematic map of a tide-dominated delta (based on the modern 
Fly River Delta, Papua New Guinea). Note: Local morphologic setting of the channel, and not only the 
relative dominance of river or tidal currents, can also influence local hydrodynamics (e.g., waves, nearby 
flow diversions, avulsions) and sedimentation style. B) and C) modified from Dalrymple and Choi (2007). 
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3.7 Conclusion 

1) IHS development on the South Arm Marshes reflects seasonal cyclicity in sediment 

deposition. Sand beds are deposited during freshet when the majority of the Fraser 

River’s annual sediment budget is transported. As freshet discharge wanes and ambient 

flow conditions prevail, mud is deposited. 

2) The differing hydrodynamic conditions on the upstream and downstream sides of the 

bar result in an increase in the number, thickness, and lateral continuity of mud beds from 

the upstream side of the bar to downstream side of the bar, and from channel base to top. 

The lateral continuity of mud beds in the intertidal zone and shallow subtidal zone is 

reduced by the discontinuities created by chute channels. In the dip oriented direction, 

continuity of mud beds may be limited by erosion along the channel margins. 

 3) Bioturbation is characterized by a low-diversity suite of diminutive burrows, with 

locally abundant burrow densities. These characteristics, representing an impoverished 

marine trace ichnocoenose, are typical of salinity-stressed environments (0-10 psu).  The 

annual infaunal recolonization of surface mud beds reflects the river’s annual discharge 

pattern, as ambient conditions are hospitable, and freshet conditions are inhospitable to 

the burrowing organisms. This results in a rhythmic bioturbation pattern commonly 

observed in intertidal zone sediments. From a rock record perspective, this may be the 

best indicator of brackish-water conditions, and an associated tidal influence. 

4) The style of IHS, and the rhythmic bioturbation pattern, strongly reflect the seasonal 

cycle of freshwater discharge in the tide-influenced, fluvially dominated lower reaches of 

the Fraser River. Based on comparison with other modern examples of IHS, these 
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hydrodynamic conditions produce IHS that is distinguishable from deposits of purely 

fluvial, and tide-dominated settings. 
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4: Conclusion 

The main objective for studying modern IHS on the Fraser River, British 

Columbia, Canada, was to determine the sedimentological and ichnological process-

response relationships responsible for the development of IHS in a mesotidally-

influenced river channel.  By integrating the Fraser’s well-documented hydrodynamic 

regime with a comprehensive sedimentological and ichnological data set, it was possible 

to interpret the seasonal and tidal controls on sedimentation and bioturbation on a tide-

influenced, fluvially dominated in-channel bar.  This information may assist in 

identifying similar deposits in the rock record, and is of value in subsurface studies 

because it contributes to the prediction of heterogeneity in petroleum reservoirs with 

well-developed IHS.  In addition, a comparison to other modern examples of IHS 

highlights differences in IHS deposited in fluvial, tide-influenced, and tide-dominated 

channels.  

 Field observations and data collection at the SAM reveals that IHS developed in 

this tide-influenced, fluvially dominated channel is produced by seasonal cyclicity in 

sediment deposition. Sand beds are deposited during freshet, when the hydrodynamic 

conditions resemble those of a purely fluvial system (i.e., unidirectional currents, 

freshwater). During freshet, the majority of the river’s annual sediment budget is 

transported, but the conditions are too energetic for significant mud deposition at the 

SAM. Mud deposition commences as the elevated freshet discharge wanes, and continues 

throughout the winter months and ambient flow conditions.  
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 In addition to seasonal variations in flow conditions, the hydrodynamic 

conditions in the channel differ from the upstream to the downstream side of the bar. This 

influences mud deposition and preservation: from the upstream to the downstream sides 

of the bar there is an increase in the number, thickness, and lateral continuity of mud 

beds.  These trends are also observed vertically in the bar, from channel base to top.  

Like sedimentation, bioturbation is also seasonally controlled. During ambient 

flow conditions the saltwater wedge extends upstream of the study area, resulting in 

several months of brackish-water conditions in the channel. Organisms that tolerate 

oligohaline-mesohaline waters colonize the muddy surface sediments during periods of 

persistent brackish conditions. Due to the paucity of organisms that can cope with this 

salinity stress, a low diversity trace assemblage is produced. Diminutive burrows and 

locally abundant trace densities further characterize the trace assemblage: qualities 

consistent with the brackish water ichnological model (Pemberton et al., 1982; 

Pemberton and Wightman, 1992; MacEachern and Pemberton, 1994; Gingras et al., 

1999).   

With the annual onset of freshet, the channel water becomes fresh for several 

weeks each year. This period of sustained freshwater is accompanied by the physical 

stress of rapid sedimentation. The combination of freshwater and high sedimentation 

rates eradicates the infaunal community, such that sandy freshet deposits are typically 

unbioturbated. Upon return of ambient flow conditions brackish salinity is re-established 

in the channel, providing a window of opportunity for recolonization of the muddy 

surface sediments. Repeated on an annual basis, this seasonally controlled cycle of 
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sediment recolonization and abandonment produces a rhythmic bioturbation pattern that 

is well expressed in the intertidal zone sediments of the South Arm Marshes.    

By comparing IHS at the SAM to IHS developed in purely fluvial and tide-

dominated channels, several criteria become apparent that may be useful for identifying 

the hydrodynamic regime of ancient IHS deposits. At the fluvial end of the spectrum, IHS 

lacking a tidal influence tends to have mud beds that are: 1) distributed at irregular 

intervals, 2) are widely variable in thickness, and 3) lack significant bioturbation.  With 

the presence of a tidal influence, IHS tends to exhibit mud beds that are: 1) more 

regularly spaced, 2) more consistent in thickness, and 3) bioturbated by a burrow 

assemblage exhibiting the characteristic signature of brackish-water conditions.  At the 

tide-dominated end of the spectrum, the nature of IHS development predominantly 

corresponds to semi-diurnal fluctuations in tidal current strength, as opposed to seasonal 

cyclicity. This produces IHS with well-developed tidal rhythmites, and an abundance bi-

directional flow indicators (e.g. both ebb- and flood-oriented dunes). Unlike fluvial and 

tide-influenced fluvially dominated IHS, a downstream fining trend, or a downstream 

increase in mud-bed thickness and lateral continuity, has not been reported from tide-

dominated IHS deposits. Despite the potential for higher, and more stable, salinity 

conditions, tide-dominated channels may be subject to rapid sedimentation and high-

energy conditions throughout the year. This results in a reduced potential for both 

infaunal colonization and burrow preservation in tide-dominated IHS deposits.   
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Grain size values and sample locations. 
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Vibracore Data 

 

 

 
Vibracore locations. 
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Vibracore 1 litholog. 
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Vibracore 2 litholog. 
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Vibracore 3 litholog. 
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Vibracore 4 litholog. 
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Vibracore 5 litholog. 
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Vibracore 6 litholog. 
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Vibracore 7 litholog. 
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Vibracore 8 litholog. 
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Vibracore 9 litholog. 
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Vibracore 10 litholog. 
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Vibracore 11 litholog. 
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Vibracore 12 litholog. 
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Vibracore 13 litholog. 
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Vibracore 14 litholog. 
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Vibracore 15 litholog. 
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Vibracore 16 litholog. 
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Vibracore 17 litholog. 

 

 

 



 

 114 

Box Core Data 

 

Box Core Location - E Location - N 
1 492700 5438330 
2 492179 5437810 
3 490709 5437251 
4 489788 5438249 
5 489572 5438275 
6 489371 5438484 
7 489083 5438654 
8 490260 5437566 
9 490318 5437529 
10 489966 5437695 
11 490862 5437222 
12 490671 5436410 
13 490681 5436413 
14 490711 5436529 
15 490856 5436884 

Box core locations 
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Box core 1. 
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Box core 2. 
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Box core 3. 
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Box core 4. 
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Box core 5. 
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Box core 6. 
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Box core 7. 
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Box core 8. 
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Box core 9. 
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Box core 10. 
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Box core 11. 
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Box core 12. 
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Box core 13. 
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Box core 14. 
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Box core 15. 
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