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Abstract 

 The Fraser River delta is a tide-influenced, river-dominated delta that exhibits 

distinct asymmetry in sedimentological and neoichnological character between the 

updrift (south) and downdrift (north) sides of the delta front and upper prodelta (< 200 m 

water depth). The updrift portion consists mainly of sands and heterolithic sand and mud 

bedsets with low bioturbation intensities (BI 0-3). Trace suites are sporadically 

distributed and include elements of the Skolithos Ichnofacies. The downdrift portion is 

composed of homogeneous mud beds and bedsets with significantly higher intensity of 

bioturbation (BI 3-6). Trace suites are attributable to the Cruziana Ichnofacies. The 

asymmetrical distribution of sediment and burrows on the delta is primarily controlled by 

strong northward-directed tidal currents. 

 Physical sedimentary processes differ significantly between updrift and downdrift 

sides of the delta. The updrift delta is mainly an area of erosion in which strong tidal 

currents scour previously deposited sediments. This scouring reveals underlying sandy 

paleo-distributary channel deposits. The downdrift delta, on the other hand, is an area of 

net sediment (predominantly mud) accumulation. Sandy material eroded from the updrift 

delta is trapped within a deep submarine channel and does not get redistributed to the 

downdrift delta. This results in contrasting substrate types between the updrift and 

downdrift delta. The asymmetrical character of the Fraser River delta is similar in its 

sedimentological signature, but ichnologically distinct, from the wave-dominated 

asymmetric delta model. Neoichnological trends are opposite to that observed in wave-

dominated asymmetrical deltas, in that the trace diversity and density are higher on the 

downdrift side of the delta front than the updrift side. Based on the results presented 

herein, a new tidally asymmetric delta model is proposed which, overall, leads to a more 

robust asymmetric delta model. The most important aspect of this new model is that 

tidally-influenced asymmetric deltas are not depth-dependent, and therefore, they have 

greater potential to develop in deep water settings than wave-dominated asymmetric 

deltas. 

Keywords:  Deltas; neoichnology; asymmetric delta; sedimentology; oceanography; 
holothurians 
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Chapter 1.  
 
Introduction 

The sedimentological and ichnological characteristics of modern deltas provide 

insight into their rock record counterparts. River-, wave-, and tide-dominated deltas are 

well documented in the literature in terms of their sedimentology, and to a lesser degree 

their ichnology (e.g., Bhattacharya, 2006; Galloway, 1975; MacEachern et al., 2005; 

Orton and Reading, 1993). Conversely, the sedimentology and ichnology of asymmetric 

deltas – those deltas where opposing (updrift versus downdrift) sides of the main 

distributary channel have distinct sediment and burrow distributions – are poorly 

documented (Bhattacharya and Giosan, 2003; Hansen, 2007; Hansen and MacEachern, 

2007; Li et al., 2011b). Currently, the asymmetric delta model is exclusively applied to 

mixed river- and wave-influenced (MRW) systems and does not account for the effects 

of tides and other basinal processes (Bhattacharya and Giosan, 2003). Defining the 

sediment and burrow distributions on a tidally asymmetric delta and linking those results 

to prevailing hydrodynamic conditions is needed to evolve the asymmetric delta concept 

to include tidal asymmetry.  

The focus of this thesis is on characterizing the sedimentological, 

neoichnological, biological, and hydrodynamic characteristics of the Fraser River Delta 

with the intention of developing a model for asymmetric deltas. As part of this research, 

work was done on: sediment transport to the delta front and prodelta, defining biological 

and neoichnological characteristics of the delta, and developing a summary model for 

asymmetric deltas. Specific questions addressed herein, include: 

1.  How is sediment redistributed from the river mouth and from 
hypopycnal plumes to the delta front? 

2.  What burrow structures are produced by holothurians (sea 
cucumbers) and what physico-chemical stresses impact their 
distribution? 
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3.  What can the biology and neoichnology of the Fraser River Delta tell 
us about the ichnology of deltas? 

4.  What sedimentological and ichnological trends can be expected in a 
tidally asymmetric delta?  

The thesis comprises 6 chapters. Chapter 1 provides general background 

information about the thesis. Chapter 2 documents tidal flows as an initiation mechanism 

for sediment gravity flows, as well as how these flows control sediment distribution in the 

Fraser delta. Chapter 3 focuses on holothurian traces in the Fraser delta, and links 

holothurian distributions to the environmental conditions. Chapter 4 reports 

neoichnological and biological characteristics of the Fraser delta, and shows main trends 

of these characteristics along the delta. Chapter 5 introduces a new tidally asymmetric 

delta model. Finally, Chapter 6 summarises the whole thesis and shows the relationship 

between each chapter. 

1.1. Tide-Supported Gravity Flows 

Hyper-concentrated flows play a major role in the re-distribution of river-derived 

sediments to subaqueous deltas. In deltaic settings gravity flows can initiate where there 

is over-steepening of the delta slope (e.g., Plink-Björklund and Steel, 2004). However, 

plunging plumes of hyper-concentrated water are typically initiated by waves (Wright et 

al., 2001) and tides (Chapter 2, Ayranci et al., 2012), regardless of the steepness of the 

seafloor. Hyper-concentrated flows impart significant physical and chemical stresses on 

infauna in the delta front and prodelta, and transport significant amount of coarse-

grained material deep into the basin (Hill et al., 2008; Piper and Normark, 2009; Plink-

Björklund and Steel, 2004). Determining the mechanism and frequency of hyper-

concentrated flows is crucial in order to understand sediment dispersion. 

In the Fraser River delta, real-time physical and chemical oceanic properties 

exhibit episodic anomalous spikes showing short-lived salinity drops, accompanied with 

an increase in water temperature and turbidity on the delta front. These events coincide 

with the Fraser River freshet (i.e., snowmelt induced high flow conditions), as well as 

spring flood tides. The mechanism that produces these spikes is described in Chapter 2.  
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1.2. Holothurian Distributions and Their 
Neoichnological Characteristics 

Echinoderms are one of the most abundant and diverse marine infaunal groups. 

They inhabit a wide range of environments from the intertidal zone to the abyssal plain 

(Massin, 1982; Pawson, 1966). From an ichnological perspective, the burrowing 

behaviour of holothurians is poorly understood due to a lack of data and study. There is 

very little data that links holothurians with their causative traces and very little is known 

about holothurian ethologies (Gingras et al., 2008; Howard, 1968; Powell, 1977; Smilek 

and Hembree, 2012). Yet, the majority of present-day holothurians are active burrowers 

(Chang and Levings, 1976; Gingras et al., 2008; Smilek and Hembree, 2012), and it is 

likely that this evolutionary trait extends into the rock record. To date, only one attempt 

has been made to correlate holothurian traces with their fossilized counterparts (Zhang 

et al., 2008). 

In Chapter 3, the distributions of three groups of active burrowing holothurians 

(molpadids, apodids, and dendrodids) are mapped. These data are then used to 

demonstrate their preferred habitats, as well as physical and chemical stresses that they 

cannot tolerate (e.g., salinity fluctuations, grain size, nutrient availability etc.). Utilizing 

previous studies and morphological similarities we compared the density of holothurian-

made traces with holothurian distributions. 

1.3. Neoichnology of the Fraser River Delta 

Ichnological characteristics of deltas aid in distinguishing delta subtypes (i.e., 

river-, wave-, and tide-dominated). Today, most of the ichnological aspects of deltas are 

based on rock-record examples. Trace assemblages are similar regardless of delta 

subtypes. River-dominated deltas are subject to severe stresses, and thus are generally 

characterized by low diversities and densities of trace fossils (Coates and MacEachern, 

2007; Gani et al., 2007; Tonkin, 2012). Wave-dominated deltas show variable trace-

fossil diversities and densities, which are typically higher than in river-dominated deltas 

(Coates and MacEachern, 2007; Gani et al., 2007; Gingras et al., 1998; Tonkin, 2012). 
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Among the delta subtypes, tide-dominated deltas are least understood. They show 

variable trace-fossil diversities and densities (Carmona et al., 2009; McIlroy, 2007).  

In addition to the aforementioned delta subtypes, ichnological characteristics play 

an important role in recognizing delta asymmetry (Hansen, 2007; Hansen and 

MacEachern, 2007; Li et al., 2011b). In MRW asymmetric deltas, the updrift portion of 

the delta is typically represented by high trace fossil diversities and high bioturbation 

intensity, whereas the downdrift portion is characterised by low trace fossil densities with 

low bioturbation intensity. The ichnological character of tidally asymmetric deltas has not 

been assessed to date, although the data from the Fraser delta provides one case study. 

Chapter 4 focuses on the relationship between physical and chemical stresses, 

and infaunal distributions of the Fraser River delta front and prodelta. This relationship is 

compared with the neoichnological characteristics of the Fraser River Delta to provide 

insight into the recognition of tidally influenced deltaic systems in the rock record. This 

study is important, because this is the first modern study that considers the subaqueous 

portion of a deep (300 m) tidally influenced delta.  

1.4. Asymmetric Delta Model 

The asymmetric delta model is a relatively new concept for classifying deltas 

based on the distinctive character of sediments deposited on opposing (updrift versus 

downdrift) sides of the main distributary channel (Bhattacharya and Giosan, 2003). In 

this model, the updrift side of asymmetric deltas are characterised by sand dominated 

strandplains deposits wherein sedimentation is dominated by wave processes. Downdrift 

portions of the deltas exhibit heterolithic mud and sand interbedding deposited in, barrier 

islands, spits, bay head deltas, lagoons and lakes. Sediment dispersion is mainly 

controlled by river and wave processes on the downdrift sides of asymmetric deltas 

(Bhattacharya and Giosan, 2003; Li et al., 2011a; Li et al., 2011b). The ichnological 

characteristics of MRW asymmetric deltas also show significant variations from updrift 

and downdrift (Hansen, 2007; Hansen and MacEachern, 2007). The updrift sides show 

high bioturbation intensities and high trace-fossils densities indicating favorable 

conditions for infaunal colonization. The downdrift sides of deltas show significantly 
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lower intensities of bioturbation and low trace fossil densities suggesting more stressed 

conditions for infauna (Hansen, 2007; Hansen and MacEachern, 2007; Li et al., 2011b). 

In the Fraser River delta front and upper prodelta there is a clear asymmetry in 

sediment and burrow distributions. However, sediment dispersion is dominantly 

controlled by tidal currents. Chapter 5 describes tidal control on the asymmetric Fraser 

River Delta, and demonstrates the similarities and differences between tidally influenced 

and MRW asymmetric deltas. Utilizing these results, we propose a new tidally influenced 

asymmetric delta model that considers tides as the main controlling mechanism on 

asymmetry. This model may have significant application to the rock record, because 

tides are not depth dependant and can control sediment distribution in deep-water 

settings whereas waves are limited to the fair-weather wave base (~30 m). In other 

words, tidally-influences asymmetric deltas are more plausible in deep-water settings 

and have a higher preservation potential.  

1.5. References 

Ayranci, K., Lintern, D.G., Hill, P.R., Dashtgard, S.E., 2012. Tide-supported gravity flows 
on the upper delta front, Fraser River delta, Canada. Marine Geology 326–328, 
166–170. 

Bhattacharya, J.P., 2006. Deltas, in: Posamentier, H.W., Walker, R.G. (Eds.), Facies 
Models Revisited. SEPM (Sociey for Sedimentary Geology), Tulsa, pp. 237-292. 

Bhattacharya, J.P., Giosan, L., 2003. Wave-influenced deltas: geomorphological 
implications for facies reconstruction. Sedimentology 50, 187-210. 

Carmona, N.B., Buatois, L.A., Ponce, J.J., Mángano, M.G., 2009. Ichnology and 
sedimentology of a tide-influenced delta, Lower Miocene Chenque Formation, 
Patagonia, Argentina: Trace-fossil distribution and response to environmental 
stresses. Palaeogeography, Palaeoclimatology, Palaeoecology 273, 75-86. 

Chang, B.D., Levings, C.D., 1976. Laboratory experiments on the effects of ocean 
dumping on benthic invertebrates I. Choice tests with solid wastes. Department 
of the Environment Fisheries and Marine Service Research and Development 
Directorate. 



 

6 

Coates, L., MacEachern, J.A., 2007. The ichnological signatures of river- and wave-
dominated delta complexes: differentiating deltaic from non-deltaic shallow 
marine successions, Lower Cretaceous Viking Formation and Upper Cretaceous 
Dunvegan Formation, west-central Alberta, in: MacEachern, J.A., Bann, K.L., 
Gingras, M.K., Pemberton, S.G. (Eds.), Applied Ichnology. SEPM (Society of 
Sedimentary Geology), Tulsa, USA, pp. 227-254. 

Galloway, W.E., 1975. Process framework for describing the morphologic and 
stratigraphic evolution of deltaic depositional systems, in: Broussard, M.L. (Ed.), 
Deltas, Models for Exploration. Houston Geological Society, Houston, Texas, pp. 
87-98. 

Gani, M.R., Bhattacharya, J.P., MacEachern, J.A., 2007. Using ichnology to determine 
relative influence of waves, storms, tides and rivers in deltaic deposits: examples 
from Cretaceous Western Interior Seaway, U.S.A, in: MacEachern, J.A., Bann, 
K.L., Gingras, M.K., Pemberton, S.G. (Eds.), Applied Ichnology. SEPM (Society 
of Sedimentary Geology), Tulsa, USA, pp. 209–225. 

Gingras, M.K., Dashtgard, S.E., MacEachern, J.A., Pemberton, S.G., 2008. Biology of 
shallow-marine ichnology: a modern perspective. Aquatic Biology 2, 255–268. 

Gingras, M.K., MacEachern, J.A., Pemberton, S.G., 1998. A comparative analysis of the 
ichnology of wave- and river-dominated allomembers of the Upper Cretaceous 
Dunvegan Formation. Bulletin of Canadian Petroleum Geology 46, 51-73. 

Hansen, C., 2007. Ichnological Applications to Deltaic Reservoir Distribution and 
Architecture, Upper Cretaceous Basal Belly River Formation, Central Alberta, 
Earth Sciences. Simon Fraser University, Burnaby, B.C., p. 190. 

Hansen, C.D., MacEachern, J.A., 2007. Application of the asymmetric delta model to 
along-strike facies variations in a mixed wave- and river-influenced delta lobe, 
Upper Cretaceous Basal Belly River Formation, central Alberta, in: MacEachern, 
J.A., Bann, K.L., Gingras, M.K., Pemberton, S.G. (Eds.), Applied Ichnology. 
SEPM (Society of Sedimentary Geology), Tulsa, USA, pp. 256-272. 

Hill, P.R., Conway, K., Lintern, D.G., Meulé, S., Picard, K., Barrie, J.V., 2008. 
Sedimentary processes and sediment dispersal in the southern Strait of Georgia, 
BC, Canada. Marine Environmental Research 66, S39–S48. 

Howard, J.D., 1968. X-ray radiography for eamination of burrowing in sediments by 
marine invertebrate organisms. Sedimentology 11, 249–258. 

Li, W., Bhattacharya, J., Wang, Y., 2011a. Delta asymmetry: Concepts, characteristics, 
and depositional models. Petroleum Science 8, 278-289. 

Li, W., Bhattacharya, J.P., Zhu, Y., Garza, D., Blankenship, E., 2011b. Evaluating delta 
asymmetry using three-dimensional facies architecture and ichnological analysis, 
Ferron 'Notom Delta', Capitan Reef, Utah, USA. Sedimentology 58, 478-507. 



 

7 

MacEachern, J.A., Bann, K.L., Bhattacharya, J.P., Howell, C.D.J., 2005. Ichnology of 
deltas: Organism responses to the dynamic interplay of rivers, waves, storms, 
and tides, in: Giosan, L., Bhattacharya, J.P. (Eds.), River Deltas - Concepts, 
Models, and Examples. SEPM Society for Sedimentary Geology, Tulsa, USA, pp. 
49-85. 

Massin, C., 1982. Effects of feeding on the environment: Holothuroidea, in: Jangoux, M., 
Lawrence, J.M. (Eds.), Echinoderm nutrition, A. A. Balkema Press. 

McIlroy, D., 2007. Ichnology of a macrotidal tide-dominated deltaic depositional system; 
Lajas Formation, Nequen Province, Argentina, in: Bromley, R.G., Buatois, L.A., 
Mangano, G.M., Genise, J.F., Melchor, R.N. (Eds.), Sediment-Organism 
Interactions; A Multifaceted Ichnology. SEPM (Society for Sedimentary Geology), 
Tulsa, pp. 195-211. 

Orton, G.J., Reading, H.G., 1993. Variability in deltaic processes in terms of sediment 
supply, with particular emphasis on grain size. Sedimentology 40, 475-512. 

Pawson, D.L., 1966. Ecology of holothurians in: Boolootian, R.A. (Ed.), Physiology of 
Echinodermata. Interscience Publishers, pp. 63–71. 

Piper, D.J.W., Normark, W.R., 2009. Processes That Initiate Turbidity Currents and 
Their Influence on Turbidites: A Marine Geology Perspective. Journal of 
Sedimentary Research 79, 347-362. 

Plink-Björklund, P., Steel, R.J., 2004. Initiation of turbidity currents: outcrop evidence for 
Eocene hyperpycnal flow turbidites. Sedimentary Geology 165, 29-52. 

Powell, E.N., 1977. Particle size selection and sediment reworking in a funnel feeder, 
leptosynapta tenuis (holothuroidea, synaptidae). Int. Revue ges. Hydrobiol. 62, 
385–408. 

Smilek, K.R., Hembree, D.I., 2012. Neoichnology of Thyonella gemmata: A Case Study 
for Understanding Holothurian Ichnofossils. The Open Paleontology Journal 4, 1–
10. 

Tonkin, N.S., 2012. Deltas, in: Knaust, D., Bromley, R.G. (Eds.), Trace Fossils as 
Indicators of Sedimentary Environments. Elsevier, pp. 507–523. 

Wright, L.D., Friedrichs, C.T., Kim, S.C., Scully, M.E., 2001. Effects of ambient currents 
and waves on gravity-driven sediment transport on continental shelves. Marine 
Geology 175, 25-45. 

Zhang, G., Uchman, A., Chodyn, R., Bromley, R.G., 2008. Trace fossil Artichnus 
pholeoides igen. nov. isp. nov. in Eocene turbidites, Polish Carpathians: possible 
ascription to holothurians Acta Geologica Polonica 58, 75–86.  



 

8 

Chapter 2.  
 
Tide-Supported Gravity Flows on the Upper Delta 
Front, Fraser River Delta, Canada 

2.1. Introduction 

When the bulk density of sediment laden river water exceeds the density of water 

in the receiving basin, the river plume plunges below the basin water as a high-density 

turbulent underflow known as a hyperpycnal flow (Bates 1953; Mulder and Syvitski 1995; 

Zavala et al. 2006). These conditions occur most commonly at the mouths of small- and 

medium-sized, sediment-laden rivers draining mountainous terrain (Mulder and Syvitski 

1995; Warrick and Milliman 2003). Large rivers, including the Fraser River, Canada are 

generally incapable of producing hyperpycnal flows because high discharge volumes 

dilute suspended-sediment concentrations and produce low-density plumes that cannot 

sink below the higher density saltwater in the receiving basin (Mulder and Syvitski 1995). 

However, experimental work suggests that convective settling of sediment particles can 

lead to the development of hyperpycnal flows when river SSC is much lower (Parsons et 

al. 2001). Field observations have also demonstrated that dense underflows can be 

generated at the mouths of flooding rivers when current or waves support high near-

bottom sediment suspensions (Wright et al. 2001; Wright and Friedrichs 2006). 

The Ocean Networks Canada, Victoria Experimental Network Under the Sea 

(VENUS) comprises a network of oceanographic instruments seaward of the Fraser 

River ((V.E.N.U.S.) 2009) that record real-time measurements of physical and chemical 

water properties. Natural Resources Canada is making use of the VENUS capabilities by 

installing an instrumented platform called the Delta Dynamics Laboratory (DDL) which 

contains instrumentation to measure delta processes, and in particular mechanisms of 

delta failure. In 2008, anomalies were recorded by these instruments which appear to 
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reflect episodic, but relatively long-lived, sediment gravity-flow events associated with 

both convective settling and sediment resuspension by strong tidal currents. Significant 

and rapid changes in the physical and chemical properties of seawater at a station 41 m 

below sea level indicate that high-density turbulent underflows are initiated on the delta 

front during periods of both elevated river discharge and ebbing spring tides from early 

May to the end of July. The drivers of these anomalous events (AEs) are described, and 

the effects of these events on the sedimentological and ichnological character of the 

delta are discussed. 

2.2. Study Area 

Data was collected from the Fraser Delta, located in southwestern British 

Columbia, Canada (Fig. 2.1). Specifically, most of the instruments were located seaward 

of where the Main Channel of the Fraser River debouches into the Strait of Georgia 

(SoG). The spatial extent of the delta is approximately 1,000 km2, including subaerial 

and subaqueous components. The delta front has an average slope gradient of 1° to 3°, 

and extends 10 km seaward of the maximum low tide level (Hart and Barrie 1995; 

Clague 1998; Luternauer et al. 1998). The delta has an average tidal range of 3 m and a 

maximum spring tidal range of 5 m. Tidal current velocities along the delta front can 

exceed 1.2 m/s towards the southeast and northwest during ebb and flood tides, 

respectively (Hill et al. 2008). The Fraser Delta is fed by the Fraser River, which is the 

largest river in Western Canada. The river is 1,200 km long, and has a drainage basin of 

250,000 km2 (Milliman 1980; Kostaschuk et al. 1998). Mean river discharge is 

approximately 2,000 m3/s, and maximum discharge can reach 14,000 m3/s during 

snowmelt-induced freshet (early May to late June).  



 

10 

 
Figure 2.1. Underwater station on VENUS plotted on a seafloor bathymetric map of the Strait 
of Georgia (grey scale). The Delta Dynamics Laboratory (DDL) is located in front of the main 
distributary mouth (the Main Channel) at 41m water depth. 

2.3. Methods 

The Delta Dynamics Laboratory used in this study is an instrumented platform 

connected to the VENUS array. The platform was situated on the seafloor at 41 m water 

depth from January to October 2008, approximately 250 m seaward of the maximum low 

tide limit (Fig. 2.1). Salinity (psu), temperature (°C), and pressure (dBar) were measured 

using a Sea-Bird Electronics Seacat 16plus. Turbidity (NTU) data were measured using 

a Wetlabs ECO-NTUSB (RT) sensor, and current profile data were obtained by a 

Teledyne RDI Acoustic Doppler Current Profiler 150 kHz Workhorse Sentinel. All data 

are available for free download from the VENUS website (www.venus.uvic.ca). 

http://www.venus.uvic.ca/
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2.4. Results 

 Anomalous Events (AEs) 2.4.1.

In 2008, three AEs (Table 2.1) were recorded at 41 m water depth. All of the 

anomalies occurred during the spring melt season (freshet) when river discharge 

exceeded 9,000 m3/s (Fig. 2.2a). All three events occurred at or close to spring tide 

conditions (Fig. 2.2b, c). Two events initiated at slack water between the ebb and flood 

tide and one event initiated in the five hours after the slack, during the spring flood tide 

(Fig. 2.2d-f).  

Table 2.1. Properties of AEs on the Fraser delta 

Event Start date 
(yy:mm:dd) 

Start time 
(Hours:mis) 

Duration 
(Hours:mins) 

Max salinity drop 
(psu) 

Temperature 
change 

(°C) 
41 m water depth 
1 2008:05:24 21:31 09:41 2.34 0.79 
2 2008:06:03 19:04 05:50 1.47 1.18 
3 2008:06:05 00:12 06:00 4.14 0.43 

 

The AEs recorded at 41 m water depth are characterized by rapid salinity drops 

of at least 1 psu associated with synchronous increases in temperature of more than 

0.5°C and high turbidity values that exceed the instrument maximum measurement limit. 

These changes in water properties markedly exceed baseline fluctuations related to the 

diurnal and semi-diurnal tidal cycles. The changes are rapid but not instantaneous, 

occurring over periods of minutes to hours. Anomalies that are characterized by near 

instantaneous salinity drops or those that do not show any correlation between 

temperature and salinity were excluded from consideration because they are likely 

instrument fouling artifacts. Overall six anomalies were discounted for these reasons. 

The three AEs are characterized by similar salinity, temperature, and turbidity 

responses (Table 2.1) at 1.5 m above the seabed. The example shown in Figure 2.3 is 

marked by a gradual decrease in salinity to values as low as 25.6 psu from the basin-

water salinity of 30 psu (see hours 00:21 to 07:23 hours, Fig. 2.3A), while the 

temperature increased by 0.8 °C. During all AEs, turbidity values exceeded the 
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maximum range of the instrument (24.2 NTU) indicating SSC values greater than 20 

mg/l (Fig. 2.3A). 

Acoustic Doppler Current Profiler (ADCP) data shown in Figure 2.3B-D provide 

insight into the dynamics of the water column 3 m and higher above the seabed. Prior to 

the AE, a thin (approximately 5 m thick) sediment-laden surface jet is “imaged” in both 

the current velocity (Fig. 2.3B-C) and the acoustic backscatter intensity (Fig. 2.3D) 

during the ebbing tide, as the seaward flow of the river discharge is enhanced by the 

ebbing tidal outflow. As ebb-tide currents slacken, a high concentration of sediment, 

indicated by high backscatter intensity (Fig. 2.3D), settles from the surface plume 

through the water column in finger-like forms, resulting in a high SSC layer near the 

seafloor (see hours 11 to 12, Fig. 2.3). Near-bed salinity starts to decrease once the high 

SSC, near-bottom layer is established. The near-bottom layer decreases in thickness 

until hour 14, then increases again as the flood tide increases in velocity. From hour 15, 

the measured turbidity at 1.5 m above the seabed increases dramatically to the 

maximum level of the instrument (hours 15 to 20.5, Fig. 2.3D). 



 

13 

 
Figure 2.2. (a) Annual real-time salinity measurements (in practical salinity units (psu)) from 
the 41 m water depth station, plotted with Fraser River fluvial discharge (m3/s) measured at 
Mission, B.C. Three of the anomalous spikes (1-3) in the salinity data are river-derived 
underflows, which are initiated during the freshet (Table 2.1). (b) Annual real-time pressure 
measurements (in decibar). (c) Close-up of pressure data during the anomalous events. (d-f) 
Initiation times of events 1-3 against the diurnal tidal cycle. 
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2.5. Discussion  

 Interpretation of the AEs 2.5.1.

The influx of lower salinity, higher temperature water into bottom waters on the 

upper delta front requires a process that acts against the established basin density 

gradient to bring less dense water to depth. The measurement of associated very high 

turbidities at 1.5 m above the seabed strongly suggests that high sediment 

concentrations may provide the excess density to drive these sediment gravity flows 

down the delta front. It is likely that concentrations of sediment nearer the bed would be 

much higher.  

The AEs are confined to the freshet when sediment input from the river, in the 

form of a hypopycnal surface plume, is highest (Kostaschuk et al. 1993). Also, seaward 

transport of sediment from the tidal flats has been recorded during ebbing spring tides 

(Houser and Hill 2010; Hill et al. 2008). The pattern of ebb-tide to slack-tide settling, as 

observed in the ADCP echo intensity data (Fig. 2.3D) is consistent with the concept of 

convective settling (Parsons et al. 2001), albeit on a much larger scale than the 

laboratory experiments. Sediment is rapidly deposited at the 41 m site leaving a high 

SSC near-bottom layer and a deposited bed that is likely poorly consolidated or even in 

a fluid state. Although there are no precise measurements of sediment concentrations or 

currents within 3 m of the bed (the concentration instruments are oversaturated), these 

conditions have the potential for generating hyperpycnal conditions and / or sediment 

gravity flows. Later increases in near-bed turbidity coincident with the accelerating flood-

tidal current suggest that the newly deposited sediment may be resuspended and the 

sediment gravity flows sustained by tidal currents. The influx of low salinity and high 

temperature water associated with the high SSC bottom layer suggests advection of 

near surface water from up slope. The combined observations are, therefore, consistent 

with the development of a sustained sediment gravity flow. Similar observations of warm 

fresh water intruding into deep water were inferred to result from hyperpycnal flow by 

Kao et al. (2010), albeit on a much larger scale. 
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Figure 2.3. Real-time measurements of water properties during an AE at 41 m water depth 
(Event 1, Table 2.1). A: The flow starts at the beginning of the flood-tide, and is characterized by 
a gradual decrease in salinity from 30.5 psu to 28.1 psu over approximately 9.6 hours. Maximum 
temperature increase is 0.8°C. It is noteworthy that the turbidity values exceed the maximum 
detection limit of the turbidity meter throughout most of the AE (the turbidity meter is records 
turbidity 1.5 m above the seafloor). B-D: Plotted ADCP profile during the AE; current velocity 
magnitude (B), current direction (C) and acoustic backscatter intensity (D). The lowest bin of the 
ADCP echo intensity data is 3 m above the seafloor. 
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 Implications of Tide-Supported Gravity Flows 2.5.2.

The measurements from the Fraser delta front indicate that sustained sediment 

gravity flows occur during the period when the river flood (freshet) coincides with the 

spring tide. These gravity flows are at least partly “tide-supported” in the sense that 

strong tidal currents are required to sustain the excess density by re-suspension of 

poorly consolidated sediments deposited on the previous ebb to slack tide. The 

observed differences between the response of the near-bed turbidity sensor and the 

echo intensity data from the overlying water column suggest that most excess density, 

and therefore most sediment gravity flows, are limited to within a meter or two above the 

seabed at 41 m water depth.  

Interestingly, AEs similar to the ones described herein were not observed during 

the freshets of 2009-2012 after the instrument platform was redeployed to deeper water 

(107 m). This suggests that the maximum depth to which the sediment gravity flow 

extends is limited to between 40 and 100 m. This is nevertheless considerably deeper 

than observed off the Huanghe Delta where tidal shear fronts are thought to limit 

offshore flow (Wright et al. 1988; Wang et al. 2007; Bi et al. 2010). Alternatively, it is also 

possible that the conditions necessary to trigger sediment gravity flows do not occur 

annually on the Fraser Delta. At the time of writing, we are investigating a high energy 

flow that displaced the instrument platform in June 2012, which represents another 

possible sediment gravity flow event. The exact conditions that lead to such gravity flows 

are not understood so more work is clearly required for improved understanding of these 

phenomena. Strong tidal currents could have several effects. First, we observe in the 

ADCP and optical backscatter data that resuspension of the surrounding seabed occurs 

during strong tidal currents. Second, it has been shown that rapidly receding tides lead 

to extraction of sediment from the intertidal bank above the delta front. Third, strong ebb 

tides combined with strong river discharge would influence the placement of the salt 

wedge to bring the sediment-loaded river further out into the estuary (Kostaschuk et al. 

1993), where the sediment is then deposited in high concentrations. There were no 

contemporaneous measurements in the channel to prove this. Similarly, deciphering the 

roles of sediment fingering, turbulence and shear fronts as cited by other workers 

requires more spatially integrated data than are provided by the single instrument 

platform available for this study. 
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On the Fraser Delta, turbidity currents, including the herein described tide-

supported gravity flows, may have a significant impact on sediment distribution patterns. 

The river transports muddy sediments for most of the year, but during the freshet it 

carries a significant amount of sand and silt that is deposited in the channel, on the tidal 

flats, and on the upper few tens of meters of the upper delta front (Hill et al. 2008). 

Sediment gravity flows can transport these coarser materials to deeper water either 

through slope failure (Hill et al. 2008; Hill 2012; Plink-Björklund and Steel 2004; Piper 

and Normark 2009) or, as these results suggest, by more quasi-continuous processes.  

Sediment gravity flows that bring low-salinity, high-turbidity water to the seafloor, 

also impart significant physical and chemical stresses on infaunal communities 

colonizing the upper 50 m of subaqueous deltas. For the Fraser Delta that includes the 

upper delta front, whereas for deltas in shallow water basins (< 50 m water depth), such 

as those in the Cretaceous Western Interior Seaway (e.g., Bhattacharya and Walker 

1991; Bhattacharya 1994; Fielding 2010), sediment gravity flows would easily reach the 

prodelta. Low salinity, high sedimentation conditions on the delta front and prodelta will 

limit infaunal colonization (Dashtgard 2011b, c; MacEachern and Gingras 2007) 

providing a mechanism to explain the absence, paucity, or low diversity of bioturbation in 

delta front and prodelta deposits (e.g., Bhattacharya and MacEachern 2009; Li et al. 

2011b; Hansen and MacEachern 2007; MacEachern et al. 2005). 

2.6. Conclusions 

Sustained quasi-continuous sediment gravity flows occur on the Fraser River 

delta during periods of elevated river discharge and spring tides. Flows are initiated in 

shallow water, at the interface between the tidal flats and the delta front, due to the 

combination of suspended sediment in the hypopycnal river plume, sediment-laden 

water derived from the tidal flats, and from current-induced erosion of the sediments 

deposited on the upper delta front. During the ebb tide, high SSC plumes settle down 

through the water column and form high-fluid content sediment concentration layers on 

or above the seabed. These large ebb tides may also bring the salt-fresh water interface 

of the estuary out to the upper delta front and lead to increased sediment deposition. At 

slack tide, bottom concentrations due to this settling material reach levels of excess 
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density and offshore-directed sediment gravity flows are triggered. As the following flood 

tide accelerates, sediment is resuspended from the bottom and this contributes to 

sustaining the flows over periods of 5 to 10 hours. 
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Chapter 3.  
 
Infaunal Holothurian Distributions and Their 
Traces in the Fraser River Delta Front and 
Prodelta, British Columbia, Canada 

3.1. Introduction 

Holothurians, or sea cucumbers, are one of the most abundant and diverse 

groups of marine invertebrates, and they employ a wide range of ethologies, including 

swimming, burrowing, and crawling (Roberts and Bryce 1982; Miller and Pawson 1990; 

Massin 1982b; McKenzie and Picton 1984). In carbonate settings, the calcareous 

sclerites, or ossicles, that are embedded in the endoderm of epifaunal sea cucumbers 

are commonly preserved (Scholle and Ulmer-Scholle 2003; Tucker 2001). In siliciclastic 

settings, however, preservation of carbonate material is limited, and geologists are 

forced to rely on trace fossils as evidence of holothurians in paleoecosystems. Given the 

abundance of holothurians in modern and ancient marine environments and the variety 

of burrowing behaviors employed by these animals, the trace fossils produced by 

holothurians should be prevalent in the rock record; yet, only a limited number of studies 

identify and describe sea cucumber-generated biogenic structures (e.g., Zhang et al. 

2008). The distribution and abundance of these structures is likely under-reported from 

the rock record. 

The purpose of this study is to report on the distribution and biogenic structures 

produced by holothurians in a moderately deep-water setting, the delta front and 

prodelta of the Fraser River delta (30 to 330 m water depth), British Columbia, Canada. 

Individuals belonging to three orders of infaunal holothurians are encountered, including: 

(1) Order Molpadiida, (2) Order Apodida, and (3) Order Dendrochirotida. The 

distributions of these animals are mapped and are linked to physical and chemical 
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stresses affecting holothurian colonization (e.g., grain size, water salinity, water turbidity, 

nutrient content, etc.). Population distributions are then compared to the neoichnology of 

sediment cores and to published ethological studies to establish the range of burrows 

that can be produced by infaunal sea cucumbers. These data provide a means to relate 

the distribution of modern holothurians to the traces they produce, and to present their 

trace distributions as an analog to the rock record. In particular, the data are intended to 

aid in paleoecological and paleoenvironmental characterizations of sedimentary rocks 

deposited in deltaic and marine settings.  

Infaunal holothurians are subsurface deposit feeders (Dinnel et al. 1987; Rhoads 

and Young 1971; Heezen and Hollister 1971; Ruppert and Barnes 1994), surface 

deposit feeders (Powell 1977; Fretter and Graham 1976), and/or suspension feeders 

(Pawson 1966; Smilek and Hembree 2012). Subsurface- and surface-deposit feeders 

ingest mainly organic detritus, whereas suspension feeders filter plankton and diatoms 

from the water column (Massin 1982b; Pawson 1966). Some suspension feeders may 

also employ deposit-feeding behaviors, or vice versa, when experiencing extreme 

environmental stress such as reduced food availability (Massin 1982b; Roberts and 

Bryce 1982; Fankboner 1981). The majority of infaunal holothurians are non-selective in 

terms of the nutrients they ingest (Pawson, 1966). There are some exceptions. One 

such exception is Molpadia oolitica, which head-down deposit feeds, and selectively 

ingests nutrients adhered to fine-grained material (Rhoads and Young, 1971). Another 

exception, the apodid sea cucumber Chridotida spp., preferentially consumes freshly 

deposited sediment (<100 days old; Miller et al., 2000). The exceptions seen in feeding 

behaviors may partly explain local or regional increases in populations. 

Holothurians of Order Molpadiida (molpadids) are mainly sedentary, head-down, 

subsurface-deposit feeders, known as conveyer-belt feeders (McClintic et al. 2008; 

Jumars et al. 1990; Rhoads and Young 1971; Hatanaka 1939; Yamanouchi 1926; 

Rhoads 1974). However, in one example, Molpadia intermedia was also encountered in 

an open burrow 70 cm below the sediment-water interface in muddy sediments (Dinnel 

et al. 1987), suggesting that M. intermedia may also be mobile subsurface deposit 

feeder. Sedentary molpadids produce mounds and depressions on the seafloor by 

ingesting (depressions) and defecating (mounds) sediment (Fig. 3.1A). In the substrate, 

they produce void spaces around the zone of feeding (Yamanouchi 1926; Heezen and 



 

24 

Hollister 1971; Young et al. 1985; Rhoads and Young 1971). Mobile molpadids produce 

unbranching tunnels deep in the substrate (Fig. 1A; Dinnel et al. 1987), although how 

these animals defecate or respire in deep burrows is unknown.  

Holothurians of Order Apodida (apodids) are mobile, subsurface- and/or surface-

deposit feeders (Miller et al. 2000; Powell 1977; Chang and Levings 1976). When 

completely submerged in the sediment, apodids likely produce back-filled, spreitenated 

traces (Fig. 1B; Chang and Levings 1976; Miller et al. 2000). When surface-deposit 

feeding, apodids produce U- or J-shaped burrows (Fig. 1B; Zhang et al. 2008; Powell 

1977; Fretter and Graham 1976; Taghon 1982). The surface expressions of apodid 

burrows include mounds, funnel-shaped depressions, and star-shaped grooves around 

the burrow opening (Powell 1977; Zhang et al. 2008).  

Finally, holothurians of Order Dendrochirotida (dendrodids) are mostly infaunal 

suspension feeders (Massin 1982a; McKenzie and Picton 1984; Reese 1966). They may 

also employ subsurface-deposit-feeding behaviors (Fankboner 1981). Unlike other 

infaunal holothurians encountered in the Fraser delta, dendrodids have tube feet on their 

body that assist in locomotion and in excavating sediment. Seafloor expressions of 

dendroid burrows are limited to open burrows and fecal pellets (Fankboner 1981). In the 

substrate, dendrodids produce bio-deformation- and U-shaped-structures (Fig. 1C; 

Smilek and Hembree 2012; Howard 1968; Gingras et al. 2008; Pearse 1908; Fretter and 

Graham 1976). 

3.2. Study Area 

The Fraser River delta is situated in the Strait of Georgia (SoG), between 

Vancouver Island and the mainland of British Columbia, Canada (Fig. 3.2). The delta 

front extends approximately 3 km seaward from the average low-tide limit. It is separated 

from the prodelta by a significant break in slope; the average slope gradient decreases 

from 1– 3° on the delta front to <1° on the prodelta. This break roughly corresponds to 

the 150 m water-depth contour, and generally parallels the low-tide limit of the lower 

delta plain (Fig. 3.2A). The Fraser River delta front is subdivided into two geographic 

zones: the northern delta front (NDF) and southern delta front (SDF). These two zones 
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have distinct sedimentological characteristics and, therefore, are treated as distinct 

regions. The SDF is mainly characterised by sandy beds and bed sets, whereas the 

NDF is dominated by vertically and horizontally continuous mud beds. These two zones 

are separated by the main submarine channel, which is located outboard of the Main 

Channel distributary mouth and extends about 6 km seaward to the prodelta (200 –250 

m water depth; Fig. 3.2C). 

 
Figure 3.1. Schematic representation of holothurian-made biogenic structures reported in 
previous studies. A) Molpadid holothurian-made burrows. Images are modified from: (a) Rhoads 
and Young (1971); (b) Dinnel (1987); (c) Yamanouchi (1926). B) Apodid holothurian-made 
burrows. Images are modified from: (d) Chang and Levings (1976) and Miller et al. (2000); (e) 
Zhang et al. (2008); (f) Powell (1977); (g) Fretter and Graham (1976). C) Dendrodid holothurian-
made biogenic structures. Images are modified from: (h) Smilek and Hembree (2012), Fretter and 
Graham (1976), Howard (1968), Gingras et al. (2008) and Pearse (1908); (i) Fankboner (1981) 
and Howard (1968); (j) Massin (1982a).The sketches are not drawn in scale. 

On the Fraser delta, river-derived sediment dispersion patterns differ above and 

below effective storm wave-base. The Fraser delta is fed by the Fraser River, which is 

the largest river on the Pacific coast of Canada. River discharge into the SoG takes the 

form of a hypopycnal plume that is contained within the upper 5 –10 m of the water 

column (within the wave mixing zone). The plume is commonly deflected to the south–
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southwest by wind-derived waves (Fig. 3.2B) resulting in increased river-derived 

physical and chemical stresses on the southern delta plain (Dashtgard 2011a) and 

potentially on the upper SDF (to 15 m water depth). Below storm wave-base, the delta 

front and prodelta are impacted by strong tidal currents and slope failures that largely 

control the dispersion of river-derived sediments (Hill et al. 2008; Hart et al. 1998). Tide-

supported gravity flows also contribute to the sediment dispersion on the delta front. 

Tide-supported gravity flows episodically drag fresh surface waters down at least 50 

meters and change the water chemistry of the upper delta front for relatively short 

periods of time (up to 10 hours; Ayranci et al. 2012). 
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Figure 3.2. A) Schematic map of the Fraser River delta. The grey scale is the multibeam-
derived bathymetric map provided by the Geological Survey of Canada, Pacific Division (contour 
interval = 50 m). The areas affected by human pollution are marked by stars. B) Satellite image 
showing southward deflected hypopycnal river plume (light color) during the elevated river 
discharge (freshet). C) Multibeam image of the main submarine channel located seaward of the 
mouth of the Main Channel of the Fraser River. 

Along the delta front, flood tides (that flow northward) are typically stronger than 

ebb tides (that flow southward); thus, the net sediment transport direction is to the north. 

Based on this, the SDF is considered to be “updrift” and the NDF is considered to be 

“downdrift” of the main sediment source (the Main Channel). The SDF experiences 

erosion due to the strong tidal currents and periodic slope failures (Hart and Barrie 1995; 
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Hill et al. 2008; Kostachuk et al. 1995). The NDF is a site of net sediment deposition, 

and mud accumulates mainly from suspension settling (Hart and Barrie 1995). On the 

prodelta, tidal currents are not as strong as on the delta front, allowing for the 

accumulation of river-derived sediments from flocculation and suspension settling 

(Johannessen et al. 2005). The net sediment deposition rates, calculated using sediment 

cores, indicate that the maximum sedimentation (~13 cm yr-1) occurs in the vicinity of the 

river mouth (Fig. 3.3) (Hart et al. 1998), and the NDF and northern prodelta accumulates 

~3 to 4 cm yr-1 (Fig. 3.3). The southern prodelta experiences slightly lower sedimentation 

rates than the NDF and northern prodelta, and most of the SDF experiences no 

sedimentation (Fig. 3.3) (Hart et al. 1998).  

 
Figure 3.3. Contoured sedimentation rate (cm yr-1) of the Fraser River delta front and 
prodelta (Modified from Hart et al., 1998). 

On the Fraser River delta, there are three main sources of anthropogenic 

influence that likely affect infaunal distributions, and especially holothurian distributions. 

The first is the Iona wastewater discharge located on the NDF in approximately 80 m 

water depth (Fig. 3.2A). The other sources include the Point Grey and Sand Heads 
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dredged-sediment disposal sites, located 12 km northwest of Iona Island and near the 

Main Channel distributary mouth, respectively (Fig. 3.2A). The effects of these 

influences in the study area are localized, but significant for some of the holothurians. 

Moreover, they provide insights into holothurian ethologies. As such, anthropogenic 

influences are considered as stresses factors, even though they have no direct 

application to the rock record. 

3.3. Materials and Methods 

Three sampling techniques were employed in this study: 1) grab sampling, 2) 

piston coring, and 3) seafloor-video interpretation. Population distributions and grain size 

were determined from grab samples; ichnological and sedimentological structures were 

identified in piston cores of seafloor sediments; and, seafloor videos provided data on 

the seafloor expressions of holothurian burrows and the density of open burrows on the 

seafloor. Sample locations (stations) were placed to acquire data from as much of the 

delta front and prodelta as possible given the time and resources available.  

Grab sampling was done during two cruises on the Canadian coast guard ship 

(CCGS) “Vector”. A total of 64 grab samples, spaced along eleven transects (T1– T11; 

Fig. 3.4A), were collected from the delta front and prodelta. All samples were acquired 

using a Van Veen grab sampler (36 x 28 cm, depth: 25 cm). Thirty-eight grab samples 

were obtained in June 2010 (coded G10, Fig. 3.4A), and another 26 were obtained in 

August 2011 (coded G11, Fig. 3.4A). Both cruises occurred at times characterized by 

similar hydrodynamic (e.g., river discharge) and water chemistry (e.g., seawater 

temperature and salinity) conditions. Transects 1–5 are positioned on the northern half 

of the delta, and transects 7–11 are on the southern half of the delta. Transect 6 (T6) 

was placed along the main submarine channel, seaward of the Main Channel. At least 

five grab sample stations were spaced along each transect (Fig. 3.4A). 
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Figure 3.4. Sample locations plotted on a multibeam image (grey scale). A) Grab sample 
and transect locations. B) Piston core, seafloor videos, and open-burrow measurement locations 
(contour interval = 50 m). Blank areas between the sample locations and the Mainland (blue) 
represent the tidal flats (Sturgeon and Roberts Banks). 
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After extracting subsamples for grain-size analysis, the sediments recovered in 

each grab sample were sieved through a 0.5 cm mesh sieve to extract macro-infauna. 

This resulted in the recovery of 415 holothurians belonging to orders Molpadiida, 

Apodida, and Dendrochirotida. The animals were catalogued by sample ID, identified to 

the species level, counted, grouped, and photographed. Holothurian identification was 

done in the field and confirmed in the laboratory. No distinction was made between adult 

and juvenile forms. For apodids, recovered animals commonly fragmented into several 

pieces in the sieving tray. To ensure that the population and size data of apodids were 

not skewed, only articulated animals were used for measuring animal size, and only the 

mouths of the animals were counted in population counts.  

Animal counts were converted to animals per square meter and then population 

distributions were mapped for each order. Randomness of the holothurians population 

distributions was tested in muddy sediments by using the Kolmogorov-Smirnov (K–S) 

test provided by Minitab Inc. (Minitab 2013). We did not apply this test to sandy 

sediments, because the holothurian populations in sandy substrates are negligible and 

the K–S test is not sensitive enough for use with sparse populations (Dytham 2011). It is 

also noted that the burrowing behavior of some holothurians may result in under-

representation of the population. For example, molpadids living deeper than the 

accessible depth of the grab samples (25 cm) would lead to lower molpadid population 

densities. This is a source of error that cannot be quantified. However, given the high 

recovery of holothurians in all three orders, and the depth of penetration of the grab 

sampler, it is likely that most, and possibly all, infaunal holothurians were sampled at 

each station. Approximately 100 g of surface sediment was removed from each grab 

sample for grain-size analysis. In the laboratory, these samples were dried at 105 °C for 

24 hours. One to two grams of sediment was extracted from the dried samples and 

treated with hydrogen peroxide (H2O2) for 24 hours to remove organic carbon. Samples 

were then treated with 0.5% sodium hexametaphosphate to disaggregate floccules, and 

grain size was measured using a Malvern Mastersizer 2000 laser particle-size analyzer. 

The results were incorporated into an ArcGIS model of the delta and then contour 

mapped. The ArcGIS base maps were provided by the Geological Survey of Canada, 

Pacific Division. 
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Fifteen piston cores (coded P, Fig. 3.4B), each up to 12 m long (cumulative core 

length = 132 m), were collected in 2009. Cores were taken along three transects that 

extended from the lower delta plain tidal flats to the prodelta (20 to 250 m water depth, 

Fig. 3.4B). Piston cores were logged, photographed, and X-radiographed. 

Sedimentological and ichnological characteristics were first determined by logging the 

sediment cores, and further identifications were made from photos and X-radiograph 

datasets.  

Tracefossil names were assigned to traces observed in the piston cores based 

upon morphological similarities with established ichnotaxa. Even though this is a 

controversial approach to neoichnology (Bertling et al. 2006), it is necessary to ensure 

clarity and for comparison to similar neoichnological studies (Kitchell et al. 1978; Gingras 

et al. 2008; Dashtgard 2011a). Tracefossil size is not a valid criterion for differentiating 

trace fossils in ichnotaxonomy (Bertling et al. 2006), however, we used the size of 

certain traces (e.g., Artichnus) as criteria for differentiating between trace-makers. The 

Fraser River delta cores contain two distinct sizes of Artichnus that are produced by 

holothurians belonging to two different orders. Similar interpretations are well 

established in the literature, at least at the ichnogenus level. For example, Seike et al. 

(2011) showed that Macaronichnus segregatis (small burrows) and Macaronichnus isp. 

(large burrows) are produced by different animals in a modern environment. They used 

this approach as a possible paleoenvironmental indicator and, based on their 

observations, M. segregatis was interpreted as occurring primarily in foreshore 

environments, and Macaronichnus isp. was restricted to the upper shoreface (Seike et 

al. 2011). 

Finally, high-definition video covering approximately 21 km of the seafloor was 

analyzed. The videos were used to assess the relation between the number of 

molpadids recovered from grab samples and the number of molpadid burrow openings 

on the seafloor. To count burrows, still-frame images were captured from the video 

footage, and the laser scale (10 cm spacing) and the angle of the camera relative to the 

seafloor were used to define areas of known dimensions (0.38 m by 1 m). Within those 

areas, burrow openings were counted and then normalized to a number of individuals 

per square meter. Because of the clarity of the seafloor videos and the turbidity of the 

overlying water column, only open burrows larger than 1.5 cm in diameter (the assumed 
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minimum dimension for molpadid burrows) were counted. The open burrows of other 

groups of holothurians were not counted because their burrows were too small to 

accurately count on the still frames. 

3.4. Results 

Forty different invertebrate species were collected from the Fraser River delta 

front and prodelta including polychaetes, echinoderms, bivalves and species of other 

minor groups (Table 3.1). Among these, individuals from three orders of holothurians 

were collected from the Fraser River delta front and prodelta, including molpadids (Fig. 

3.5A), apodids (Fig. 3.5B), and dendrodids (Fig. 3.5C). Table 3.2 lists the population 

densities of holothurians, as well as the water depth and the composition of the 

sediments from which the organisms were collected. The spatial distributions of the 

holothurians and grain-size results are shown in Figure 3.6. 

Table 3.1. List of the infauna collected from the Fraser River delta front and 
prodelta. 

Polychaetes Echinodermata Bivalve Other 
Sternaspis fossor Amphiodia periercta Macoma balthica Pinnixa tubicola 
Glycera americana Ophiosphalma jolliense Megayoldia martyria Echiurus echiurus 
Axiothella rubrocincta Brisaster latifrons Megayoldia 

thraciaeformis 
Urosalpinx cinerea 

Heteromastus cf. 
filiformis 

Molpadia intermedia Tellina carpenteri Tegula funebralis 

Lysippe cf. labiata Chiridota albatrossii Yoldia seminuda Kurtziella crebricostata 
Goniada cf. brunnea Pentamerapseudocalcigera Acila castrensis Priapulus caudatus 
Onuphis iridescens  Macama nasuta Golfingia vulgaris 
Pista cf. cristata  Serripes groenlandicus Amphiporus cf. bimaculatus 
Brada cf. sachalina   Unknown-3* 
Nephtys cf. punctata    
Pectinaria granulata    
Travisia pupa    
Aphrodite aculeate    
Ophelina acuminata    
Chone aurantiaca    
Unknown-1* (Eunice?)    
Unknown-2*    
* = We were unable to identify three species due to their limited population, and unclear photographs. 
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 Holothurian Distributions 3.4.1.

Molpadids 

Only one species of molpadids, Molpadia intermedia, was encountered in the 

Fraser River delta. One hundred and seven specimens of M. intermedia were recovered, 

measuring 4.7 – 22 cm in length and 1.5 – 4.5 cm in diameter. Molpadia intermedia were 

the most evenly distributed holothurians across the Fraser delta (Fig. 3.6A), and were 

encountered in 44 of 64 total stations (69%) at water depths between 75 and 320 m 

(Table 3.2). Of the 107 molpadids recovered in the grab samples, 8% inhabited 

predominantly sandy substrates (< 50% mud), and 92% inhabited predominantly muddy 

substrates (> 50% mud; Table 3.2, Fig. 3.7A). Molpadia intermedia preferentially 

colonized substrates that were composed of at least 30% mud (silt and clay); the 

average mud content of M. intermedia colonized substrates was 72% (Fig. 3.7A). In one 

station, however, two M. intermedia (20 individuals m2) were recovered in sediments 

containing only 11% mud (G10–18, Table 3.2).  

 
Figure 3.5. Photographs of the studied holothurians. A) Molpadia intermedia (molpadid). B) 
Chiridota cf. albatrossii (apodid), previously defined as Leptosynapta clarki. C) Pentamera 
pseudocalcigera (dendrodid). 

The population distribution map of molpadids highlights their intense colonization 

on the NDF and prodelta. Intensely colonized substrates are characterized by ≥ 40 

individual molpadids m-2 at any given station. In the NDF, the highest degrees of 

colonization occur between 130 and 180 m water depth (Fig. 3.6A). At that water depth, 

the substrates are muddy (average 73% mud; Fig. 3.6D) and densities reach a 

maximum of 70 individuals m-2 (G11–10; Table 3.2). In the prodelta, molpadids 

preferentially colonize the zone between 190 and 240 m water depth (Fig. 3.6A). In 

prodelta sediments, the average mud content is 76%, with a maximum density of 60 
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individuals m-2 (G11–04; Table 3.2, Fig. 3.6A). Molpadids are generally more abundant 

with increasing mud content (Fig. 3.7B). 

Table 3.2. Surface sediment compositions and holothurian populations. 

Station Latitude Longitude Water 
depth (m) % Sand % Mud Sediment 

class (a) 
Apodid/

m2 (b) 
Molpadid/

m2 (b) 
Dendrodid 

/m2 (b) 
G10-01 49.2447 -123.2947 70 38.5 61.5 Sandy silt 0 (0) 0 (0) 0 (0) 
G10-02 49.2451 -123.3138 159 11.1 88.9 Silt 90 (9) 20 (2) 0 (0) 
G10-03 49.2437 -123.3356 198 11.3 88.7 Silt 20 (2)  20 (2) 0 (0) 
G10-04 49.2416 -123.3803 248 23.5 76.5 Sandy silt 10 (1)  20 (2) 0 (0) 
G10-05 49.2397 -123.4217 262 11.1 88.9 Silt 20 (2) 10 (1) 0 (0) 
G10-06 49.2370 -123.4715 309 10.5 89.5 Silt 0 (0) 20 (2) 0 (0) 
G10-07 49.1869 -123.4787 316 11.8 88.2 Silt 20 (2) 10 (1) 0 (0) 
G10-08 49.1895 -123.4343 315 12.2 87.8 Silt 0 (0) 10 (1) 0 (0) 
G10-09 49.1949 -123.3857 260 12.7 87.3 Silt 0 (0) 10 (1) 0 (0) 
G10-10 49.1963 -123.3463 192 12.5 87.5 Silt 30 (3) 30 (3) 0 (0) 
G10-12 49.0610 -123.2945 42 79.2 20.8 Sand 0 (0) 0 (0) 0 (0) 
G10-13 49.0554 -123.3075 99 80.3 19.7 Sand 0 (0) 0 (0) 10 (1) 
G10-14 49.0376 -123.3546 225 26.8 73.2 Sandy silt 100 (10) 10 (1) 0 (0) 
G10-15 49.0312 -123.3765 248 20.1 79.9 Sandy silt 60 (6) 0 (0) 0 (0) 
G10-16 49.0210 -123.4054 288 18.2 81.8 Sandy silt 30 (3) 0 (0) 0 (0) 
G10-17 48.9825 -123.3320 203 28.0 72.0 Sandy silt 50 (5) 20 (2) 0 (0) 
G10-18 48.9943 -123.3041 184 89.5 10.5 Sand 30 (3) 20 (2) 0 (0) 
G10-19 49.0097 -123.2803 161 37.0 63.0 Sandy silt 0 (0) 0 (0) 0 (0) 
G10-20 49.0207 -123.2595 116 96.6 3.4 Sand 0 (0) 0 (0) 0 (0) 
G10-21 49.1013 -123.3142 34 54.4 45.6 Silty sand 0 (0) 0 (0) 0 (0) 
G10-22 49.0943 -123.3516 156 51.5 48.5 Silty sand 0 (0) 10 (1) 0 (0) 
G10-23 49.0877 -123.3893 220 87.1 12.9 Sand 60 (6) 0 (0) 0 (0) 
G10-24 49.0796 -123.4250 283 18.9 81.1 Sandy silt 40 (4) 0 (0) 0 (0) 
G10-25 49.1206 -123.4550 304 17.9 82.1 Sandy silt 10 (1) 20 (2) 0 (0) 
G10-26 49.1277 -123.4151 247 17.3 82.7 Silt 0 (0) 20 (2) 0 (0) 
G10-27 49.1310 -123.3687 173 27.2 72.8 Sandy silt 0 (0) 60 (6) 0 (0) 
G10-28 49.1365 -123.3156 106 27.1 72.9 Sandy silt 120 (12) 10 (1) 10 (1) 
G10-29 49.1984 -123.3006 84 40.4 59.6 Sandy silt 0 (0) 0 (0) 10 (1) 
G10-30 49.1175 -123.4737 330 14.7 85.3 Silt 0 (0) 0 (0) 0 (0) 
G10-31 49.0756 -123.4400 309 13.2 86.8 Silt 20 (2) 10 (1) 0 (0) 
G10-32 48.9775 -123.3411 207 31.2 68.8 Sandy silt 50 (5) 40 (4) 0 (0) 
G10-33 48.9877 -123.3174 195 30.4 69.6 Sandy silt 150 (15) 40 (4) 10 (1) 
G10-34 48.9830 -123.1812 121 84.5 15.5 Sand 0 (0) 0 (0) 0 (0) 
G10-35 48.9681 -123.1980 127 70.3 29.7 Silty sand 0 (0) 10 (1) 0 (0) 
G10-36 48.9604 -123.2066 129 67.9 32.1 Silty sand 0 (0) 0 (0) 0 (0) 
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Station Latitude Longitude Water 
depth (m) % Sand % Mud Sediment 

class (a) 
Apodid/

m2 (b) 
Molpadid/

m2 (b) 
Dendrodid 

/m2 (b) 
G10-37 48.9467 -123.2264 138 72.0 28.0 Silty sand 0 (0) 0 (0) 30 (0) 
G10-38 48.9415 -123.2190 142 63.4 36.6 Silty sand 0 (0) 10 (1) 10 (1) 
G10-39 48.9292 -123.2538 153 66.2 33.8 Silty sand 0 (0) 30 (3) 0 (0) 
G11-01 49.1663 -123.3038 94 16.5 83.5 Silt 90 (9) 30 (3) 10 (1) 
G11-02 49.1646 -123.3404 176 16.1 83.9 Silt 360 (36) 40 (4) 0 (0) 
G11-03 49.1644 -123.3732 237 12.5 87.5 Silt 140 (14) 30 (3) 0 (0) 
G11-04 49.1625 -123.4158 238 15.3 84.7 Silt 0 (0) 60 (6) 0 (0) 
G11-05 49.1607 -123.4440 272 13.5 86.5 Silt 0 (0) 0 (0) 0 (0) 
G11-06 49.1296 -123.3922 194 30.4 69.6 Sandy silt 10 (1) 40 (4) 0 (0) 
G11-07 49.1341 -123.3401 152 30.2 69.8 Sandy silt 0 (0) 20 (2) 0 (0) 
G11-08 49.1176 -123.3179 76 48.8 51.2 Silty sand 0 (0) 10 (1) 10 (1) 
G11-09 49.1152 -123.3408 133 36.9 63.1 Sandy silt 0 (0) 40 (4) 0 (0) 
G11-10 49.1119 -123.3690 180 29.8 70.2 Sandy silt 0 (0) 70 (7) 0 (0) 
G11-11 49.1074 -123.4012 234 20.6 79.4 Sandy silt 240 (24) 40 (4) 0 (0) 
G11-12 49.1019 -123.4323 282 18.7 81.3 Sandy silt 250 (25) 10 (1) 0 (0) 
G11-13 49.0902 -123.3684 192 37.3 62.7 Sandy silt 20 (2) 30 (3) 10 (1) 
G11-14 49.0961 -123.3334 180 73.8 26.2 Silty sand 0 (0) 0 (0) 0 (0) 
G11-15 49.0776 -123.3212 91 49.9 50.1 Silty sand 10 (1) 10 (1) 0 (0) 
G11-16 49.0714 -123.3412 168 46.5 53.5 Sandy silt 0 (0) 30 (3) 0 (0) 
G11-17 49.0661 -123.3633 217 34.6 65.4 Sandy silt 90 (9) 10 (1) 0 (0) 
G11-18 49.0611 -123.3859 265 18.5 81.5 Silt 200 (20) 30 (3) 0 (0) 
G11-19 49.0519 -123.4075 282 12.7 87.3 Silt 120 (12) 20 (2) 0 (0) 
G11-20 49.0433 -123.3373 199 48.3 51.7 Sandy silt 150 (15) 0 (0) 0 (0) 
G11-21 49.0495 -123.3222 165 53.5 46.5 Silty sand 0 (0) 10 (1) 0 (0) 
G11-22 49.0427 -123.2827 90 86.8 13.2 Sand 0 (0) 0 (0) 0 (0) 
G11-32 49.0324 -123.3017 157 56.8 43.2 Silty sand 0 (0) 0 (0) 0 (0) 
G11-33 49.0211 -123.3199 196 41.6 58.4 Sandy silt 20 (2) 10 (1) 0 (0) 
G11-34 49.0096 -123.3411 217 22.9 77.1 Sandy silt 250 (25) 40 (4) 0 (0) 
G11-35 48.9979 -123.3604 232 22.0 78.0 Sandy silt 100 (10) 30 (3) 0 (0) 
a Shepard (1954) 
b Individual holothurian numbers collected from one grab sample (0.1 m2). 

Apodids 

The apodid population of the Fraser delta is represented by Chiridota cf. 

albatrossii (Fig. 3.5B). A total of 296 of these vermiform holothurians were collected. 

Based on 50 measurements of apodids, their average length is 5.2 cm (range: 1.5–11 

cm) and average diameter is 0.7 cm (range: 0.3–1.2 cm). Apodids were collected from 

33 of 64 stations (52%), at water depths ranging from 90 to 320 m (Table 3.2). Overall, 
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only 3% of apodids were found in sandy substrates, and 97% lived in muddy substrates 

(Fig. 3.7A). They preferentially colonized substrates comprising at least 50% mud, 

although they were most prevalent in sediments composed of at least 73% mud (Fig. 

3.7C). In only two stations were apodids living in sandy sediments (< 15% mud; G10–18 

and G10–23, Table 3.2). A highly colonized zone typically displays populations of >100 

individuals m-2.  

 
Figure 3.6. Spatial distribution maps of holothurians and grain size across the delta front and 
pordelta. A) Population distribution of Molpadia intermedia. B) Population distribution of apodid 
holothurians (Chiridota cf. albatrossii). C) Population distribution of dendrodid holothurians 
(Pentamera pseudocalcigera). (D) Percent mud content of the substrate (from grab samples) 
overlain by sedimentation rate contours. 

Apodid distributions in the Fraser delta are concentrated into two areas: the 

prodelta and the NDF. Both of these areas are mud-dominated (Fig. 3.6D). Apodids are 

most abundant in the prodelta, in water depths between 190 m and 290 m (Fig. 3.6B). In 

the prodelta, they are concentrated near the base of the main submarine channel and in 

the southern prodelta, where they occur in population densities up to 250 individuals m-2 
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(G11-12 and 34, Table 3.2). Apodids are absent or scarce in the northern prodelta. In 

the NDF, apodid holothurians colonize between 100 m and 240 m water depth (Fig. 3.2A 

and 3.6B), where the maximum individual population is 360 individuals m-2 (G11–02, 

Table 3.2). Similar to the molpadids, apodid holothurians are more abundant with 

increasing mud content (Fig. 3.7C).  

 
Figure 3.7. A) Comparison of holothurian occurrences versus substrate grain size Shepard’s 
(1954) sediment classification scheme. Note that molpadids and apodids are mostly concentrated 
in muddy sediments whereas dendrodids do not show a clear concentration in any type of 
substrate. B-D) Cross-plots of the individual holothurian populations (per square meter) versus 
mud percent. 
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Dendrodids 

Only 11 specimens of one species from Order Dendrochirotida, Pentamera 

pseudocalcigera (Fig. 3.5C), were collected from the Fraser delta front and prodelta. P. 

pseudocalcigera has a unique U-shaped morphology, and averages 5 cm in length 

(range: 1–9 cm) and 1.4 cm in diameter (range: 0.4–2.4 cm). The 11 individuals were 

collected from 9 of 64 stations (14%; Table 3.2) between 75 m and 200 m water depth. 

Dendrodids inhabited substrates with a minimum of 19% mud, and an average mud 

content of 54%. Forty-five percent of these animals were recovered from sandy 

substrates (≥ 50% sand), and 55% from muddy substrates (< 50% sand; Fig. 3.7A).  

The population of dendrodids is low compared to the other two groups of 

holothurians (10 individuals m-2 is considered high). On the SDF and prodelta, 

populations are patchily distributed and occur in muddy-sand substrates with an average 

mud content of 44%. Dendrodids on the SDF and prodelta occur in water depths 

between 95 and 200 m, and populations are highest, furthest from the mouth of the Main 

Channel. On the NDF, dendrodids inhabit muddy sediments (average 67% mud) and are 

uniformly distributed in sediments above 110 m water depth (Fig. 3.6C, Table 3.2).  

 Possible Holothurian-Made Traces and Their Distributions 3.4.2.

Due to the piston coring process (small surficial sampling area and disturbed 

shallow sediments) and the acquisition and processing of the grab samples, it was not 

possible to directly link burrows found in the cores to their holothurian trace makers. 

Therefore, multiple lines of circumstantial evidence are used to link trace maker and 

trace, including: 1) comparing burrow morphology and size to the size data of 

holothurians, 2) mapping out holothurian distributions and comparing them to core 

locations and trace densities in the cores, and 3) comparing our observations to 

published data on holothurian feeding and burrowing behaviors and their traces. From 

this, three distinct traces observed in the piston cores (Table 3.3) are attributed to 

holothurians: Artichnus (diminutive and robust forms), Thalassinoides, and U-shaped 

bio-deformation structures. Artichnus and U-shaped bio-deformation structures are 

ascribed to holothurians in the literature; however, Thalassinoides has not been 

previously attributed to their burrowing activity (Zhang et al. 2008; Howard 1968; Gingras 
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et al. 2008; Powell 1977; Smilek and Hembree 2012). These three traces represent a 

conservative estimate of the types of structures produced by holothurians, and likely do 

not represent the full range of burrows they produce. In addition, other infauna (Table 

3.1) can construct similar burrows to holothurians (e.g., Thalassinoides is also made by 

Thalassinid shrimp), hence holothurians are only one of the trace makers for the burrows 

described herein. 

Table 3.3. Summary table of the sediment piston cores and distribution of 
holothurian-made traces. 

Piston 
core 

Latitude Longitude Water 
depth (m) 

Recover
y (m) 

Thalassinoides Diminutive 
Artichnus 

Robust 
Artichnus 

U-shaped 
bio-def. 

1 49.221797 -123.36825 241 11.8 √ n/p n/p n/p 
2 49.221966 -123.340483 201 11.9 √ √ n/p n/p 
3 49.222706 -123.293628 53 8.0 √ n/p √ n/p 
4 49.223232 -123.291135 26 4.8 n/p n/p n/p n/p 
5 49.223133 -123.300053 103 11.5 n/p n/p n/p n/p 
6 49.043282 -123.340473 202 1.0 √ n/p n/p n/p 
7 49.051141 -123.317652 153 4.3 √ n/p n/p n/p 
9 49.059271 -123.295167 55 2.6 √ n/p n/p n/p 
11 49.031001 -123.375306 243 11.5 √ √ n/p n/p 
12 49.222623 -123.314467 153 11.3 √ √ n/p √ 
16 49.127061 -123.413858 242 10.9 √ √ √ n/p 
17 49.129113 -123.39653 202 10.7 √ √ √ n/p 
18 49.134813 -123.339615 151 8.6 √ √ n/p n/p 
19 49.13684 -123.315044 102 7.9 √      n/p n/p n/p 
20 49.137471 -123.293688 24 5.1 √ √ n/p n/p 
n/p = not present. 

Diminutive- and Robust-Artichnus 

Two distinct sizes of Artichnus are observed. The first is “diminutive Artichnus”, 

which is typically less than 3 cm in length and diameter (Fig. 3.8A). Diminutive Artichnus 

have an ellipsoidal morphology showing concentric to concave-downward spreite within 

a well-defined burrow margin. The average diameter of the causative burrow is 0.6 cm, 

and the maximum diameter is 1.3 cm. Burrows commonly taper upward. Multiple 

diminutive Artichnus traces are found in close association with each other, possibly 

indicating connected shafts akin to the trace fossil Asterosoma (Fig. 3.8A). Diminutive 

Artichnus are prevalent in seven cores collected from the NDF and prodelta (P–2, 11, 

12, 16, 17, 18, and 20, Fig. 3.4B, Table 3.3).  
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Figure 3.8. Examples of Artichnus (Art) traces in sediment cores. A) Transverse view of a 
diminutive Artichnus observed in P–12 (2.3 m below seafloor). B) Longitudinal view of robust 
Artichnus observed in P–3 (7.1 m below seafloor). Phy = Phycosiphon, Cy = Cylindrichnus, Th = 
Thalassinoides, Pl = Planolites. 

The second form of Artichnus is “robust Artichnus”, which is typically longer than 

3 cm and can be wider than the core diameter (> 6.5 cm; Fig. 3.8B). Besides their size, 

robust Artichnus are morphologically similar to diminutive Artichnus. Robust Artichnus 

are observed in three cores from the NDF (P–3) and prodelta (P–16 and 17, Fig. 3.4B, 

Table 3.3).  

Thalassinoides 

Thalassinoides is very abundant in the Fraser delta front and prodelta. The 

diameters of these burrows are typically larger than 1.5 cm and less than 3 cm. They are 

observed in all piston cores except P–4 and P–5 (Fig. 3.4B, Table 3.3). Some 

Thalassinoides are open burrows (e.g., Fig. 3.9) at depths of up to 2.8 m below the 

seafloor. Unfortunately, no holothurians were observed in Thalassinoides-like burrows in 
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the piston cores. Dinnel et al. (1987), however, captured M. intermedia in an open 

Thalassinoides-like trace (Fig. 3.9B) in Puget Sound, which is immediately south of the 

Strait of Georgia. 

 
Figure 3.9. A) Transverse view of a Thalassinoides (Th) observed in P–1 (2.8 m below 
seafloor). Pl = Planolites, Pa = Palaeophycus. B) Molpadia intermedia caught in incipient 
Thalassinoides at 72 cm (red arrow) below the sediment surface in a core from Puget Sound, 
U.S.A. (image from Dinnel et al. 1987). 

U-shaped Bio-Deformation Structures 

Bio-deformation structures are very common in the Fraser River delta front and 

prodelta, although in most cases the degree of deformation prevents their identification 

as holothurian-generated burrows. Only one definable bio-deformation structure is 

observed in a piston core from the NDF (P–12; Fig. 3.4B, Table 3.3). This bio-

deformation structure has a U-shaped morphology, and has spreiten-like features below 

the structure (Fig. 3.10). The dimension of the shaft in the U-shaped bio-deformation 

structure is about 1.5 cm (Fig. 3.10).  
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Figure 3.10. U-shaped bio-deformation structure observed in P–12 (3.1 m below seafloor). A) 
Core picture shows the spreite-like structures below the burrow (red arrow). B) The x-ray picture 
indicates the shaft. C) Schematic representation of the U-shaped bio-deformation structure. Pl = 
Planolites. 

Surface Expressions of Burrows and Other Surficial Biogenic Features 

In addition to subsurface burrows, some distinct biogenic structures were 

observed on the surface of the sea floor, including mounds and funnel-shaped 

depressions associated with open burrows. Similar structures have been observed in 

modern settings and were attributed to molpadids (Rhoads and Young 1971; 

Yamanouchi 1926; Heezen and Hollister 1971). In this study, the dimensions and 

number of large burrow openings were quantified in five locations where both grab 

samples and seafloor video were available (Fig. 3.4B, Fig. 3.11). The densities of 

apparent molpadid burrow openings (burrow diameter > 1.5 cm; Fig. 3.11) seen on the 

seafloor were compared with the number of molpadids in each grab sample. With the 

exception of one location (“D” on Fig. 3.4B and “D” in Fig. 3.11), the number of large 

open burrows exceeds the calculated number of molpadid holothurians m-2 determined 

from grab samples (Table 3.4, Fig. 3.11). This is likely a consequence of both natural 

variations in holothurian populations and the presence of other macrobenthos capable of 

producing large-diameter burrows. Other burrowing macrobenthos include thalassinid 
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shrimp, and echuirid worms (Echiurus echiurus), – and some burrow openings may be 

associated with these trace makers. In seafloor videos, mud ejections were recorded. 

Mud plumes were instantly deflected away from the open burrows (Fig. 3.12) indicating 

that the ejected muddy material is being dispersed across the seafloor by bottom 

currents, and not necessarily built into topographic highs immediately around the burrow 

openings.  

 
Figure 3.11. Seafloor-video images showing various sizes of open burrows and surface furrow 
structures. Open burrows larger than 1.5 cm in diameter (the assumed minimum dimension for 
molpadid burrows), are compared with the number of molpadid holothurians. The results of the 
burrow measurements are shown in Table 3.4. The locations of images A-E are shown in Figure 
3.3b. 
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3.5. Discussion 

 The Impact of Physicochemical Stresses on Holothurian 3.5.1.
Distributions 

The influence of environmental stresses on the distribution of holothurians in the 

Fraser River delta is difficult to resolve. Sediment gravity flows and/ or submarine slope 

failures (Hart 1993; Kostaschuk et al. 1992; McKenna et al. 1992; Ayranci et al. 2012), 

short-term fluctuations in seawater chemistry (Ayranci et al. 2012), erosion (Mosher and 

Thomson 2002; Hart and Barrie 1995), pollution (Hart and Barrie 1995; Barrie and Currie 

2000; Burd et al. 2008b), grain-size related factors (Dashtgard 2011a; Dashtgard et al. 

2008), sedimentation rate (Hart et al. 1998; Evoy et al. 1993) and availability of food 

resources affect, locally and/ or regionally, holothurian populations along the delta front 

and prodelta. Other stresses, such as subaerial exposure and long-term salinity 

fluctuations, are only effective on the Fraser River delta plain and the upper delta front 

(15 m water depth) (Dashtgard 2011c; Ayranci et al. 2012), and hence, do not influence 

the distribution of infauna reported in this study. It is also noted that no infaunal 

holothurians have been reported from the lower delta plain of the Fraser delta 

(Dashtgard 2011c, a; Burd et al. 1987), and holothurians are nearly always limited to 

environments with stable marine salinities (Pawson 1966). The delta front and prodelta 

of the Fraser River experience stable, euhaline salinities with rare (0–3 times per year) 

short-lived salinity changes experienced in the upper 50–100 m of the water column (26 

psu, Ayranci et al., 2012). 

Table 3.4. Results for the comparison of large (>1.5 cm) open burrows and the 
number of molpadid holothurians. 

Grab samples Video captures 
Station Latitude Longitude Molpadia /m2 Station Latitude Longitude Large open burrows /m2 
G10-23 49.0877 -123.3893 0 A 49.0879 -123.3895 21.5 
G11-13 49.0902 -123.3684 30 B 49.0861 -123.3670 54.8 
G10-22 49.0943 -123.3516 10 C 49.0931 -123.3514 69.5 
G10-04 49.2416 -123.3803 20 D 49.2423 -123.3653 0 
G10-09 49.1949 -123.3857 10 E 49.2109 -123.3796 16 
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Among the main effective stresses, grain-size related stresses appear to exert a 

significant control on holothurian distributions in the delta front and prodelta. Figure 3.7 

shows that molpadids and apodids are strongly particle-selective organisms, with more 

than 90% of these holothurians living in mud-rich substrates. In contrast, the SDF is 

characterized by sandy substrates, and both molpadids and apodids are scarce or 

absent in these sediments (Fig. 3.6A, B and D). The rest of the delta is dominated by 

muddy substrates in which the molpadids and apodids are more prevalent, although only 

66% of samples muddy substrates contained apodids and 81% contained molpadids. 

Dendrodid holothurians are equally uncommon in both sandy and muddy substrates, 

although they are slightly more abundant in muddy and mixed sand-and-mud substrates 

than in sandy ones. This suggests that dendrodids are not as particular about the 

substrate they colonize, and can be considered substrate non-selective.  

 
Figure 3.12. Deflection of a mud plume ejected from a large open burrow. Image captures are 
separated by one second. The arrow shows the direction of deflection. 

Nutrient distribution and sedimentation rate also exert strong influences on 

holothurian distributions in the Fraser River delta. Local concentrations of apodids in the 

NDF coincide with zones of relatively high river-derived sediment accumulation 

(sedimentation rate: ~2 to 4 cm yr-2), reflecting the opportunist feeding behavior of 

apodids (Fig. 3.3). On the prodelta, the area of elevated apodid population density (Fig. 

3.6B) approximates the areal extent of the southward-deflected hypopycnal Fraser River 

plume (Fig. 3.2B). This area, the southern prodelta, experiences a relatively low 

sedimentation rate (Fig. 3.3), yet sediments and nutrient delivered to this region are 

mainly river-derived (Johannessen et al. 2005). River-derived sediments and nutrients 

deposited on the southern prodelta settle out of the hypopycnal river plume and then are 
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transported northward by deep-water currents. During northward transport, terrigenous-

derived material is increasingly diluted with marine-sourced sediment (Johannessen et 

al. 2005). The change in the source of particles in the prodelta coincides with the 

decrease in the number of apodids from the southern to the northern prodelta, 

suggesting that apodids are opportunistic foragers and selectively consume terrigenous 

nutrients contained in muddy sediments. The concentration of apodids in the southern 

prodelta and NDF, where river-derived sediment settles out of suspension, may also 

reflect the preference of apodids for freshly deposited (<100 days) nutrients (Miller et al. 

2000). Regardless, apodids are concentrated where suspension settling of river-derived 

sediments is highest (Johannessen et al. 2005).  

Local increases in molpadid and apodid population densities in the NDF can also 

be explained by deposition of river-derived nutrients associated with relatively high 

sedimentation rates (2-4 cm yr-1, Fig. 3.3). During flood tides, suspension settling of 

river-derived material occurs on the NDF. Both molpadids and apodids show high 

concentrations where flood-tide associated suspension settling is concentrated, and it is 

likely that both molpadids and apodids consume river-derived nutrients. However, in 

areas with very high sedimentation rates (>13 cm yr-1), such as the upper delta front in 

the vicinity of the river mouth, holothurians are not found, even though these sediments 

tend to have high nutrient contents (Fig. 3.6, 3.3) (Burd et al. 2008b). This suggests that 

in addition to grain size, both nutrient content and sedimentation rate affect holothurian 

colonization patterns in the delta front and prodelta.  

A second example of a food-resource control, and an example of the impact of 

pollution, on holothurian distributions in the Fraser delta front and prodelta is provided by 

the concentration of dendrodids on the NDF, close to the Iona Beach waste-water 

discharge pipe (Fig. 3.2A, 3.6B). In general, echinoderms are very sensitive to chemical 

changes associated with elevated pollution and tend to avoid such areas (Word et al. 

1977; Burd et al. 2008b). On the NDF, pollution controls on echinoderms are manifest by 

a paucity of molpadids and apodids around the mouth of the Iona waste-water discharge 

pipe (Fig. 3.6A, B). However, elevated dendrodid colonization close to the Iona waste-

water discharge suggests that they can tolerate the chemical changes associated with 

the waste-water discharge. Moreover, the dendrodids appear to exhibit opportunistic 

behavior by colonizing the nutrient-rich sediments around the Iona waste-water 
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discharge. Pollution as a control on infaunal distributions has been reported elsewhere in 

the SoG, particularly for polychaetes (Burd et al. 2008a; Burd et al. 2008b).  

 Neoichnological Characterization of Holothurian Burrows 3.5.2.

The ethology of holothurian-produced traces, the morphology of traces and 

holothurians, and the distribution of holothurians on the Fraser delta provide abundant 

circumstantial evidence to link traces to their holothurian trace makers (Fig. 3.13). 

However, it is noted that the number of holothurian-generated traces may exceed what 

is identified in this study, and laboratory experiments are needed to confirm and expand 

upon the relations defined below.  

 
Figure 3.13. Block diagram showing various holothurian-made traces. Note that the green 
arrows represent the traces observed in the Fraser River delta front and prodelta. The other 
traces are based on previous studies, and are the same ones shown in Figure 3.1. Dep = 
Depression, M = Mound, Th = Thalassinoides, d-Art = diminutive Artichnus, r-Art = robust 
Artichnus, U-b.def = U-shaped bio-deformation. Images are modified from: (a) Rhoads and 
Young (1971); (b) Dinnel (1987); (c) Zhang et al. (2008); (d)Yamanouchi (1926); (e) Yamanouchi 
(1926) and Zhang et al. (2008); (f) Massin (1982a); (g) Smilek and Hembree (2012), Fretter and 
Graham (1976), Howard (1968), Gingras et al. (2008) and Pearse (1908); (h) Chang and Levings 
(1976) and Miller et al. (2000); (i) Fankboner (1981) and Howard (1968); (j) Powell (1977); (k) 
Fretter and Graham (1976). 
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Artichnus is interpreted to be the burrow of holothurians that either surface-

deposit-feed or suspension-feed (Zhang et al. 2008). Zhang et al. (2008) suggests that 

the vermiform apodids are the potential trace makers of Artichnus based on several 

parameters, including: morphology of the trace fossil and the trace-maker, water depth, 

and respiratory requirements of the animals. In the Fraser River delta, spatial 

distributions and abundance of sea cucumbers, in addition to the parameters listed 

above, suggest that both apodids and molpadids produce Artichnus. The body diameter 

of apodids is close to that of the causative burrow of diminutive Artichnus. Moreover, 

apodids have no respiratory trees and breathe through their skin (Zhang et al. 2008; 

Lambert 1997). Consequently, they do not need to circulate seawater through their 

burrows to respire (“c”, Fig. 3.13). Apodids tend to produce J-shaped Artichnus traces as 

described by Zhang et al. (2008). The head-down burrowing strategy of molpadids 

indicates that they also do not require seawater circulation through their burrow to 

respire (“a”, “b” and “d”, Fig. 3.13). Based on morphological similarities and observed 

ethologies, we propose that molpadids and apodids can produce morphologically similar 

traces, but in different sizes. Apodids produce diminutive Artichnus, similar to the 

structures described by Zhang et al. (2008), and molpadids construct robust Artichnus. 

Thalassinoides is constructed by mobile deposit feeders, and is mainly attributed 

to the burrowing behavior of thalassinid shrimp. However, modern core observations 

made by Dinnel et al. (1987) clearly show that the M. intermedia construct traces akin to 

Thalassinoides (Fig. 3.9B) at least 70 cm below the sediment-water interface. Due to the 

abundance of molpadids in the Fraser delta, it is possible that these animals are one of 

the main trace makers of Thalassinoides. Conversely, it is equally possible that other 

infauna (e.g., thalassinidean shrimp) are the main producers of Thalassinoides  

(Swinbanks and Luternauer 1987; Pemberton et al. 1976). In the core photo from Dinnel 

et al. (1987) two closely spaced (0.5 cm) burrow openings occur, one of which was 

occupied by M. intermedia. However, 9.5 cm below these two burrows there is another 

burrow opening of equal diameter, potentially indicating that all three burrows are 

connected. Thus, it is possible that molpadids produce spiral burrows, Gyrolithes-like 

traces, and not Thalassinoides. In the Fraser River delta, both traces are documented, 

but Thalassinoides is far more common than Gyrolithes-like traces.  
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U-shaped bio-deformation structures are attributed to the burrowing activities of 

dendrodid holothurians and are morphologically similar to structures produced by 

dendrodids in other studies (Howard 1968; Fretter and Graham 1976; Gingras et al. 

2008; Pearse 1908; Smilek and Hembree 2012). The dimensions and unique 

morphology of dendrodids are very similar to the dimensions and morphology of bio-

deformation structures observed in the Fraser delta cores (Fig. 3.10). Spreite-like 

structures are observed below this trace, recording upward re-adjustment of the animal, 

likely in response to high sedimentation rates. Such behavior was first reported by 

Howard (1968) who analysed the behavior of a dendrodid in aquaria under a 

sedimentation rate of approximately 0.4 cm hr-1 (3 504 cm yr-1). Although this rate is over 

two orders of magnitude higher than the maximum reported sedimentation rate in the 

Fraser delta (13 cm yr-1; Hart et al. 1998), the lower sedimentation rate on the delta will 

still force the animal to vertically re-adjust to maintain its depth relative to the sediment-

water interface. 

Surface biogenic structures reported in this study appear to be the surface 

expressions of molpadid burrows. The seafloor traces of molpadids are well documented 

in the literature and are primarily derived from deep-water photographs and empirical 

studies (Heezen and Hollister 1971; Rhoads and Young 1971; Yamanouchi 1926). 

According to these studies, molpadids are ascribed as the trace makers of mound-and-

depression structures associated with open burrows. The mounds are constructed 

mainly of fecal material (mud pellets) ejected by molpadids at the sediment-water 

interface (Rhoads and Young 1971). On the Fraser delta, strong tidal currents erode 

these structures, resulting in indiscernible mounds. Therefore, in addition to mound and 

depression structures, we assume that large-sized (>1.5 cm) open burrows indicate the 

presence of molpadids on the seafloor. 

3.6. Implications for the Rock Record 

The importance of holothurians as trace makers is likely underestimated in the 

rock record. Holothurians have occupied the world’s seafloor since the Ordovician 

Period (Reich 2001), yet the oldest, and the only, holothurian-made trace fossils 

described in the literature are from the Eocene Epoch (Zhang et al. 2008). Today, most 
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holothurians are soft-bodied and burrow into seafloor sediments (Massin 1982b; Fretter 

and Graham 1976). Unlike their hard-shelled relatives, echinoids, holothurian body 

fossils have not been preserved within their burrows. Consequently, neoichnological 

analysis of holothurian burrowing behavior is crucial for understanding the morphology 

and geographical distribution of their traces, and will aid in determining paleoecological 

diversity and in establishing paleoenvironmental conditions.  

Based on the results presented herein, and previous studies on holothurian 

burrowing activities (e.g., Zhang et al. 2008), we conclude that both Artichnus and U-

shaped bio-deformational structures are distinctive traces produced by holothurians. 

However, only Artichnus can be reliably used as evidence of holothurians, because bio-

deformation structures are internally “unstructured” and can be easily mistaken for soft-

sediment deformation and/or Pischichnus (e.g., Frey et al. 2009; Gingras et al. 2000; 

Gregory 1991). Thalassinoides also cannot be attributed solely to sea cucumbers, as a 

host of invertebrates (e.g., thalassinid shrimp) construct this trace. Consequently, only 

diminutive- and robust-Artichnus distributions are considered as representative of 

holothurian activity in the rock record.  

Perhaps one of the more interesting aspects of understanding holothurian 

distributions lies in using holothurian-generated traces to predict paleoenvironmental 

conditions. For example, holothurians in modern environments are nearly entirely 

restricted to basins with euhaline conditions and stable salinity (Pawson 1966). The 

distributions of holothurians in this study are similar, hence, particularly Artichnus, can 

be viewed as evidence that sediments were colonized, and likely deposited in euhaline 

seawater with stable salinity.  

A second obvious correlation between holothurian-trace distributions and 

environmental conditions is the clear preference for muddy sediments. In fact, both 

Artichnus and holothurian-generated Thalassinoides occur in substrates that are greater 

than 55% mud and are most prevalent in sediments composed of 80% mud or higher. 

Considering their trace-makers described herein, we hypothesize that Artichnus is 

restricted to nutrient-rich muddy settings, and is indicative of relatively high sediment 

accumulation areas.  
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In addition to salinity and grain size controls on holothurian distributions, nutrient 

content and sedimentation rate exert significant controls on holothurian distribution. 

Firstly, localized concentrations of diminutive-Artichnus may mark the location of 

suspension settling and possibly suspension settling of river-derived sediment. This is 

the case for apodids which prefer freshly deposited sediments (Miller et al. 2000), and 

are concentrated in the Strait of Georgia where suspension-settling of river-derived 

sediments is high. Secondly, U-shaped bio-deformation structures may indicate 

moderate to shallow-water environments (< 200 m water depth) with high-suspended 

nutrient concentrations. This is concluded from the distribution and life habit of 

dendrodids which mainly colonize shallow waters, both on the Fraser delta and 

elsewhere (Reese 1966; Massin 1982b). However, we again note that bio-deformation 

structures cannot be conclusively linked to holothurians. We were unable to test the 

influence of substrate firmness on holothurian distributions. 
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Chapter 4.  
 
Neoichnological and Biological Characteristics of 
the Delta Front and Prodelta of the 
Fraser River Delta, British Columbia, Canada 

4.1. Introduction 

Infauna inhabiting deltaic settings experience a variety of physical and chemical 

(physico-chemical) stresses. These stresses affect biodiversity, and hence, are the 

primary controls on the resulting ichnological character of deltas. Although many studies 

compare infaunal distributions with environmental stresses in modern intertidal and 

shallow subtidal settings (e.g., Dashtgard 2011c, a; Baucon and Felletti 2013; 

Swinbanks and Luternauer 1987; Swinbanks and Murray 1981; Buchanan 1963; Newell 

et al. 2001; Warwick and Davies 1977; Li et al. 2010; Gingras et al. 1999; Dashtgard and 

Gingras 2005; Hauck et al. 2009), similar comparisons in relatively deep water (150–400 

m water depth) are uncommon (Burd et al. 2008b; Jayaraj et al. 2008a; Ellingsen 2002), 

and such studies focus on infauna and not on neoichnology. Of the existing 

neoichnological studies in deeper water, most consider neoichnological distributions of 

continental margins, continental slopes, and abyssal plains (Uchman and Wetzel 2011; 

Wetzel 2002, 1991; Wetzel and Werner 1981; Jayaraj et al. 2008a; Jayaraj et al. 2008b; 

Ekdale et al. 1984; Kitchell et al. 1978). Infaunal distributions and neoichnological 

characterization of deep-water deltaic systems, particularly tidally influenced systems, 

have not been discussed.  

Ichnological characteristics that are distinctive to deltas and discernible trends in 

bioturbation intensity and trace-fossil diversity along and across deltas enable 

recognition of delta subtypes (e.g., river-dominated, wave-dominated, and tide-

dominated). However, deltaic ichnology is largely based on rock-record examples and 
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have not been verified by data collected from modern examples. The ichnological 

characteristics of ancient deltaic successions include trace fossils that are common to 

both the Cruziana and Skolithos Ichnofacies (Coates and MacEachern 2007; 

MacEachern et al. 2005; Gingras et al. 1998; McIlroy 2004; Tonkin 2012), and to a 

lesser degree the Zoophycos Ichnofacies (Tonkin 2012). River-dominated deltas are 

subject to environmental stresses that are more extreme than those encountered in 

wave- and tide-dominated deltaic settings (McIlroy 2004; MacEachern et al. 2005; 

Gingras et al. 1998). Consequently, river-dominated deltas are characterized by the 

lowest diversity of trace fossils and the lowest bioturbation intensities of all deltaic 

successions. Trace fossil suites of river-dominated delta fronts are low diversity and 

consist of facies-crossing traces of inferred deposit feeders that are typical of the 

Cruziana Ichnofacies (Coates and MacEachern 2007) and more rarely the Skolithos 

Ichnofacies (McIlroy 2004). These include, but are not restricted to Ophiomorpha, 

Palaeophycus, Teichichnus, Rosselia, Skolithos, Cylindrichnus, Diplocraterion, and 

Planolites. Prodelta deposits are characterised by low to moderate bioturbation 

intensities with a variable diversity of trace fossils attributable to the Cruziana 

Ichnofacies (Coates and MacEachern 2007; Tonkin 2012; Gingras et al. 1998; Gani et 

al. 2007; Buatois et al. 2012). Prodelta trace fossil suites include Teichichnus, Planolites, 

Arenicolites, and Cylindrichnus, with rare Chondrites, Phycosiphon, and Zoophycos.  

Wave-dominated deltas show significantly higher trace fossil diversities than both 

river- and tide-dominated deltas. Delta-front deposits of wave-dominated deltas display 

variable bioturbation intensities (BI 0–5) and diversities (low to high), largely dependent 

upon the degree of storm influence and the proximity of distributary channels. Proximal 

portions of wave-dominated delta fronts may be characterised by suites attributable to 

the Skolithos Ichnofacies, whereas distal portions yield assemblages of the Cruziana 

Ichnofacies. The ichnological suites of wave-dominated deltas fronts include Skolithos, 

Arenicolites, Diplocraterion, Ophiomorpha, Palaeophycus, Rosselia, Planolites, 

Macaronichnus, and Cylindrichnus. Prodelta deposits of wave-dominated deltas 

predominantly show higher bioturbation intensities and diversities with suites dominated 

by elements of the Cruziana Ichnofacies, including Planolites, Teichichnus, Zoophycos, 

Phycosiphon, Chondrites, Macaronichnus, Siphonichnus, Asterosoma, Palaeophycus, 



 

60 

Arenicolites, and Rosselia (Coates and MacEachern 2007; Tonkin 2012; Gingras et al. 

1998; Gani et al. 2007).  

There is significantly less information available on the ichnology of tide-

dominated deltas compared to river- and wave-dominated deltas (McIlroy 2004; 

Carmona et al. 2009; Tonkin 2012; McIlroy 2007). They have been documented to 

experience greater degrees of environmental stresses than wave-dominated deltas 

(Gani et al. 2007), but slightly less so than their river-dominated counterparts (Tonkin 

2012; McIlroy 2004; MacEachern et al. 2005). Tide-dominated delta front deposits are 

characterised by low to high trace fossil diversities and moderate to high bioturbation 

intensities. Prevalent ichnotaxa associations are attributable to the Cruziana Ichnofacies 

and to a lesser degree the Skolithos Ichnofacies, and include Planolites, Teichichnus, 

Rosselia, Asterosoma, Diplocraterion, and Palaeophycus. Prodelta deposits of tide-

dominated deltas have variable trace fossil diversities (low to high) and bioturbation 

intensities (0-6) with elements of the Cruziana Ichnofacies, including Planolites, 

Teichichnus, Phycosiphon and Thalassinoides (Tonkin 2012; Carmona et al. 2009; 

McIlroy 2004, 2007).  

In river-, wave- and tide-dominated deltas, hydrodynamic processes exert 

stresses more or less equally on both sides of the main distributary channel. However, in 

wave-dominated and mixed river- and wave-influenced systems where wave-approach 

is oblique to the coastline, strong longshore currents develop, and opposing sides of 

distributary channels (updrift and downdrift sides) experience different hydrodynamic 

processes (Bhattacharya and Giosan 2003). This results in the formation of asymmetric 

deltas, which exhibit markedly different sedimentological and ichnological characteristics 

on their updrift and downdrift sides. In positions updrift of distributary channels in 

asymmetric systems, sedimentation is controlled by wave processes, and sand-

dominated lower delta plain and delta fronts occur. Positions downdrift of distributary 

channels are controlled by riverine processes and are dominated by heterolithic deposits 

(Bhattacharya and Giosan 2003; Li et al. 2011a; Li et al. 2011b). Updrift delta 

environments experience reduced depositional stresses that favour infaunal 

colonization, whereas downdrift delta environments experience greater environmental 

stress, which inhibits or reduces organism colonization (Hansen 2007; Hansen and 

MacEachern 2007; Li et al. 2011b). In other words, the updrift delta should contain high 
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trace fossil diversities and bioturbation intensities, and the downdrift delta should show 

low trace fossil diversities and bioturbation intensities.  

The Fraser River delta is river-dominated, tide-influenced, and progrades into 

relatively deep-water (~300 m), in which local or regional environmental stresses impact 

infauna. The main stress factors are grain size, salinity and temperature fluctuations, 

sedimentation rate, nutrient content, turbidity, water depth, tidal currents, pollution, and 

substrate stability. The effects of these stresses on infauna in the Fraser River Delta are 

well documented from the active and abandoned tidal flats (Dashtgard 2011c, a; 

Kellerhals and Murray 1969; Swinbanks and Luternauer 1987; Swinbanks and Murray 

1981), and from the channels of the lower Fraser River (Johnson and Dashtgard in 

review; Sisulak and Dashtgard 2012). Nevertheless, with few exceptions (Burd et al. 

2008b; Burd et al. 2008a), the effects of physico-chemical stresses on infauna in the 

delta front and prodelta have not been extensively documented, and neoichnological 

characterization has never been attempted. In this study, we describe the relations 

between effective stresses and biodiversity distributions in the Fraser River delta front 

and prodelta. Our results are then compared to the neoichnological characteristics of 

sediments from the same settings. The Fraser River Delta is an example of an 

asymmetric, tidally influenced delta, and thus the results of this study provide insight into 

the paleoenvironmental and paleoecological reconstruction of such deltaic successions 

in the rock record. 

4.2. Study Area 

The Fraser River delta is situated in southwestern British Columbia, Canada (Fig. 

4.1). The delta complex has prograded westward into the Strait of Georgia (SoG) for 

about 9000 years (Clague et al. 1991; Hart and Barrie 1995), and it has advanced about 

5.4 km in the last 2250 years (Roberts and Murty 1989). Both the delta front and 

prodelta occupy an area of approximately 550 km2 of the seafloor (see the polygon, Fig. 

4.1). The delta front extends about 2.4 km seaward from the Sturgeon Bank tidal flats 

and 3 km from the Robert Banks tidal flats, with an average slope gradient of 1-3º (Fig. 

4.1a). The seaward limit of this relatively steep delta front roughly corresponds to the 

150 m bathymetric contour. Below that depth lies the prodelta, which extends into the 
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SoG to a maximum water depth of 350 m (Fig. 4.1c) at a gentle gradient (< 1º). Both the 

delta front and prodelta are crosscut by a 6 km long and up to 22 m deep submarine 

channel (SC), which is located outboard of the main distributary channel. The 

sedimentological and neoichnological characteristics of the delta front show significant 

variations on either side of the SC; therefore, these zones are examined separately and 

are referred to as the northern delta front (NDF) and the southern delta front (SDF). 

Throughout the majority of the year (August to April), the Fraser River mainly 

transports muddy sediment into the SoG. During the freshet (May to July) almost half of 

the transported material is sand (McLean and Tassone 1991). Sandy material is first 

deposited close to the delta mouth, and then moves offshore via sediment gravity flows 

or slope failures (Ayranci et al. 2012; Kostaschuk et al. 1992; Hill et al. 2008). Muddy 

material bypasses the river mouth and moves offshore in suspension in a 5-10 m thick 

hypopycnal surface plume (Hill et al. 2008; Ayranci et al. 2012). In the subaqueous 

portion of the delta (delta front and prodelta), river-derived material is dispersed by 

waves and tides. The Strait of Georgia is a restricted basin and thus doesn’t experience 

significant storm waves. Effective wave base remains shallow (approximately 20 m), and 

the majority of the delta front and adjacent seafloor is not affected by wave processes 

(Hill and Davidson 2002). Waves have a more pronounced effect on the dispersion of 

the Fraser River surface plume rather than on the reworking of deposited material. The 

dominant wind direction is from the northwest, hence southeast migrating waves 

predominantly deflect the surface plume to the south and southeast (Fig. 4.1b; 

Johannessen et al. 2005). 
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Figure 4.1. Location map of the Fraser River delta, in southwestern British Columbia, 
Canada. A) The grey colour shows the multibeam-derived bathymetry provided by the Geological 
Survey of Canada, Pacific Division (contour interval = 50 m). The areas on the delta affected by 
anthropogenic factors are marked by stars. B) Satellite image showing southward-deflected 
hypopycnal river plume (light green) during elevated river discharge (freshet). C) 3D block 
diagram of the Fraser River delta showing the location of the main submarine channel (SC). 

Tides play a more significant role in the dispersion of river-derived sediment that 

settles on the seafloor. In the SoG, northward-flowing flood tides are significantly 

stronger than the southward-flowing ebb tides (Thomson 1981; Hill et al. 2008; Ayranci 

et al. 2012; Kostaschuk et al. 1995). This results in a net northward sediment transport 

of river-derived sediment that settles from suspension on the southern delta front and 
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prodelta (Hart et al. 1992; Kostaschuk et al. 1995; Hill et al. 2008; Johannessen et al. 

2005). In the SDF, strong tidal currents erode previously deposited sand beds and 

increase the turbidity of the water column (Kostaschuk et al. 1995; Hill et al. 2008). The 

north-south tidal flow pattern markedly changes near the SC, where tidal currents are 

deflected, so that they flow up and down slope instead. In 85 m of water, Shepard and 

Milliman (1978) showed that ebb tides flow downslope and are stronger than flood tides 

directed upslope. In 200 m water depth, however, flood tides are stronger and flow 

downslope, whereas ebb tides flow upslope. This reverse flow pattern was interpreted as 

a result of internal wave motion (Shepard and Milliman 1978).  

4.3. Materials and Methods  

In order to determine the neoichnological characteristics of the Fraser River 

delta, 15 sediment cores (Fig. 4.2a), each up to 12 m (cumulative core length = 132 m), 

were collected in 2009 using a piston corer. Maximum recoveries were achieved in 

muddy sediments, and minimum recoveries occurred in sandy or heterolithic sediments. 

Cores were collected along three transects (coded NT, CT, ST; Fig. 4.2a) extending 

from the upper delta front to the lower prodelta (Fig. 4.2a). The northern transect (NT) 

and the central transect (CT) are located on the north side of the main distributary 

channel, whereas the southern transect (ST) is located south of the Main Channel. 

Sediment cores were cut in half. One half was logged, photographed, and sub-sampled, 

and the second half was x-rayed to image bioturbated fabrics.  
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Figure 4.2. Sample locations plotted on a multibeam image (grey). A) Grab sample, transect, 
and anthropogenic influence locations. B) Piston core locations. Both images show water depths 
with yellow contour lines (contour interval = 50 m). 
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Infauna and surface sediment samples were acquired from 64 grab sample sites 

collected along eleven transects at water depths ranging from 30 m to 330 m (Fig. 4.2b). 

A Van Veen grab sampler (length: 36 cm, width: 28 cm, depth: 25 cm) was used in this 

study, which has a surface area of 0.1 m2 and a volume of 20 L. Thirty-eight grab 

samples were collected in June 2010 (coded G10, Fig. 4.2b), and 26 were collected in 

August 2011 (coded G11, Fig. 4.2b). Infaunal organisms were extracted by sieving grab 

samples through a 0.5 cm mesh sieve. The recovered infauna were catalogued, 

identified, counted, grouped and photographed (Table 4.1). No distinction was made 

between juvenile and adult forms. Using photographs, the dimensions of infauna were 

measured and averaged, and then used to calculate their average cross-sectional area 

and volumes (Table 4.2). One source of error that cannot be quantified is the potential 

under-representation of infauna that reside at depths in the sediment that are below the 

depth of investigation of the grab sampler (i.e., below approximately 25 cm). This may 

have led to lower population density values than actually occur in the sediment. 

Biodiversity was calculated using the Shannon-Wiener biodiversity index (H`) 

(Shannon 1948). This index takes into account both species richness and total number 

of individuals. Higher H` values represent higher numbers of species and more evenly 

distributed individuals of each species. H` is given by: 

H′ = �
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where, N = total number of individuals 

ni = number of individuals in each group  

s = number of species. 

The surface disruption value (SDV) is the total average cross-sectional area 

disturbed by burrowing organisms (Dashtgard 2011c, a). It is calculated using the 

average cross-sectional dimensions of organisms with respect to their life position. In 

this study, two geometric shapes, ellipse and circle, were assigned to infauna to define 

the area they occupy in life position (Table 4.2). For example, polychaetes generally 

have a cylindrical body and they burrow vertically; hence they produce circle-shaped 

burrows on the seafloor. Surface disruption values were first proposed by Dashtgard 

(2011c); however, our method differs in that we measured the dimensions of animals 
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instead of their traces, largely because the burrow were distorted in the grab sampling 

processes. It is important to note that the SDV is a minimum value of sediment 

disruption and does not account for the movement of organisms during their life cycles.  

The volumetric disruption value (VDV) is the volume of sediment occupied and 

altered by infauna. To determine this value, we calculated the volume of organisms in 1 

m2 area and the volume of the top 12 cm sediments in 1 m2 area (120 L). In this study, 

we assumed that recovered infauna live in the top 12 cm, because the maximum 

average length of infauna is 13 cm. Three main axes were measured and used to 

calculate the volume of each animal (Table 4.2). The VDV is a minimum value, similar to 

the SDV. 
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Table 4.1. Number of collected individual infauna in m2. 
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Most of the results presented in this study are plotted using ArcGIS, and using 

base maps provided by Geological Survey of Canada, Pacific Division. Various 

interpolation techniques are used to contour the maps. Some of the results, such as 

biodiversity distribution or VDV are plotted on a 3D reconstruction of the Fraser River 

delta with a vertical exaggeration of 20 to 25 times. 

4.4. Results 

 Sedimentology and Neoichnology 4.4.1.

Piston Cores 

In this section, we describe the generalized sedimentological and neoichnological 

characteristics of piston cores from the northern, central, and southern transects in order 

to recognize sedimentological and neoichnological variations across the delta. Based on 

the geomorphological locations, the cores collected at or close to the 150 m bathymetric 

contour are taken from the transition between prodelta and delta front. Table 4.3 shows 

the water depths and core recoveries of each core. 
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Table 4.2. Characteristic of the collected infauna in the Fraser River delta. 
Dimension of the three main axes, representative geometric shapes, 
average cross sectional area, and average volume of each animal is 
presented. 
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Avr.: Average, Ind.: Individual, #:Number, C: Circle, E: Ellipse, P: Paraboloid, Cy: Cylinder, Ep: 
Ellipsoid, Ecy: Elliptic cylinder 
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Northern Transect (NT) 

Cores P1–P2, collected from the northern prodelta (NT; Fig. 4.2), are entirely silt-

dominated and intensely bioturbated (Fig. 4.3). The average grain size is 11.8 µm with 

an average of 10% clay (<2 µm), 80% silt (2-63 µm), and 10% sand (> 2000 µm). The 

maximum recovery is 11.9 m (P2, Table 4.3). Very rarely do the cores exhibit preserved 

sedimentary structures such as high-angle lamination and loading structures, because 

intense biogenic activity has almost completely homogenized the sediment (Fig. 4.3). 

Carbonaceous material rarely occurs. Bioturbation intensity in P1 and P2 varies between 

bioturbation index (BI) 4 and 6. The trace assemblage includes Skolithos, Planolites, 

Thalassinoides, Artichnus, Palaeophycus, Phycosiphon and Scolicia. The 

sedimentological and neoichnological characteristics are similar in the lower (P1) and 

upper (P2) prodelta, as well as in the transition zone. 

Table 4.3. Summary table of the sediment (piston) cores. 

Piston core (P) Latitude Longitude Water depth (m) Recovery (m) 
1 49.221797 -123.36825 241 11.8 
2 49.221966 -123.340483 201 11.9 
3 49.222706 -123.293628 53 8.0 
4 49.223232 -123.291135 26 4.8 
5 49.223133 -123.300053 103 11.5 
6 49.043282 -123.340473 202 1.0 
7 49.051141 -123.317652 153 4.3 
9 49.059271 -123.295167 55 2.6 
11 49.031001 -123.375306 243 11.5 
12 49.222623 -123.314467 153 11.3 
16 49.127061 -123.413858 242 10.9 
17 49.129113 -123.39653 202 10.7 
18 49.134813 -123.339615 151 8.6 
19 49.13684 -123.315044 102 7.9 
20 49.137471 -123.293688 24 5.1 
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Figure 4.3. Sediment cores collected along the northern transect (NT). The bathymetric 
locations and thickness of the cores are shown on a seismic data (Grey scale image). See figure 
4.2A for the transect location. 

The single core from the transition zone (P12; Fig. 4.3) is also represented by 

silt-dominated units showing intense bioturbation. The average grain size is 12 µm (11% 

clay, 78% silt, 11% sand), and the maximum core recovery is 11.3 m (P12; Table 4.3). 

The trace assemblage includes all of the traces found in the prodelta sediments as well 

as Conichnus, Arenicolites, Cylindrichnus, Gyrolithes and U-shaped bio-deformation 

structures. 

Delta-front cores (P3, P4 and P5; Fig. 4.3) consist of silt and sandy silt, and are 

intensely bioturbated. Silt-dominated beds have an average grain size of 13.9 µm, and 

average 9% clay, 79% silt and 12% sand. Sandy silt-dominated beds have an average 
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grain size of 23 µm, and average 5% clay, 68% silt and 26% sand. The maximum core 

recovery from the northern delta front is 11.5 m (P5; Table 4.3). Rarely preserved 

sedimentary structures include parallel or low-angle lamination (mainly visible on X-

radiographs) and soft-sediment deformation. Carbonaceous material is rarely preserved. 

Bioturbation in NT delta-front cores is intense (BI 4-6) but is slightly less than that in the 

prodelta. However, the trace assemblage in the delta front is significantly more diverse 

than in the prodelta, and includes Skolithos, Planolites, Thalassinoides, Artichnus, 

Palaeophycus, Phycosiphon, Arenicolites, Conichnus, Asterosoma, Rosselia, 

Polykladichnus, Teichichnus and Scolicia. 

Central Transect (CT) 

Cores P16-P17 from the central transect prodelta consist of homogeneous sandy 

silt beds and exhibit moderate to intense bioturbation (Fig. 4.4). These beds have an 

average grain size of 17 µm (8% clay, 72% silt, 20% sand). The maximum recovery is 

10.9 m (P16, Table 4.3). With the exception of very rare planar parallel and low-angle 

lamination, sedimentary structures are generally lacking due to the high degrees of 

biogenic reworking. Terrestrially derived material such as wood fragments and 

macerated plant material are observed in the lower prodelta deposits (P16; Fig. 4.4), and 

shell fragments are observed in upper prodelta sediments (P17; Fig. 4.4). Bioturbation 

intensity is generally high (BI 3–6), and traces of both deposit- and suspension-feeding 

infauna are present. The trace assemblage is relatively diverse, and includes Skolithos, 

Planolites, Thalassinoides, Artichnus, Palaeophycus, Conichnus, Asterosoma, Rosselia, 

Cylindrichnus, Gyrolithes, retrusive and protrusive Teichichnus, and Scolicia.  

The sedimentological and neoichnological characteristics of the delta front to 

prodelta transition are expressed in a single core (P18; Fig. 4.4). The P18 core is entirely 

represented by intensely bioturbated sandy silt beds with the exception of the lower part 

of the succession, which is sparsely bioturbated (BI 0–3) and contains massive to 

parallel laminated sand beds interbedded with normally graded silt and sand beds (Fig. 

4.4). The average grain size is 21 µm (5% clay, 70% silt, 25% sand) and the maximum 

core recovery is 8.6 m (P18; Table 4.3). The thickness of the sand beds varies from 4 to 

40 cm. The thickest (40 cm) sand bed occurs in the lowermost part of the core and may 

represent a much thicker sand bed that could not be penetrated by the piston corer. The 
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overall bioturbation intensity of the succession is high (BI 3-6), and the trace assemblage 

includes Skolithos, Planolites, Thalassinoides, Artichnus, Palaeophycus, Conichnus, and 

Scolicia. Individual sand beds show significantly lower bioturbation intensities (BI 2-4) 

with a trace assemblage that includes Cylindrichnus, Palaeophycus, and Thalassinoides. 

 
Figure 4.4. Sediment cores collected along the central transect (CT). The bathymetric 
locations and thickness of the cores are shown on a seismic data (Grey scale image). See figure 
4.2A for the transect location. 

Delta-front cores of the CT (P19 and P20) exhibit similar sedimentological and 

ichnological characteristics to the transition core (P18). P19 and P20 cores are 

dominated by sandy silt beds with minor, thin (up to 7 cm) sand beds showing normal 

grading (Fig. 4.4). The average grain size is 26 µm (5% clay, 64% silt, 30% sand), and 

the maximum core recovery is 7.9 m (P19; Table 4.3). The core successions 

predominantly display high bioturbation intensities (BI 3-6), but individual sand beds 

display lower intensities, similar to the delta front-prodelta transition core. The overall 

diversity of the trace assemblage in the CT delta front is low compared to the prodelta 
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cores, and consists of Skolithos, Thalassinoides, Planolites, Palaeophycus, as well as 

rare Conichnus and Artichnus. Individual sand beds display lower diversities, with a 

trace suite that includes Skolithos, Planolites, Palaeophycus, and Conichnus. 

Southern Transect (ST) 

The sedimentological and neoichnological character of the single core from the 

lower prodelta (P11; 243 m water depth) is remarkably different than the core from the 

upper prodelta (P6; 202 m water depth). At the bottom of P11, rare, thin sand beds are 

interbedded with sandy silt beds and show soft-sediment deformation as well as 

preserved macerated plant material. The thin sand beds have low but variable 

bioturbation intensities (BI 2-4), and Thalassinoides constitutes the only trace observed. 

The interbedded sand and silt interval passes upwards into continuous (~10.8 m) sandy 

silt beds (P11; Fig 4.7) that exhibit rare parallel lamination, uncommon shell fragments, 

and macerated plant material. The average grain size is 24 µm (7% clay, 68% silt, 25% 

sand), and the maximum core recovery is 11.5 m (P11; Table 4.3). Beds in the 

continuous sandy silt interval are intensely bioturbated (BI 5-6) and are dominated by 

high-diversity trace suites that include Thalassinoides, Planolites, Palaeophycus, 

Scolicia, Artichnus, Phycosiphon, Skolithos, and Gyrolithes.  

Core P6 from the upper prodelta consists of coarse- to fine-grained sand beds 

that are parallel laminated or show soft-sediment deformation (P6, Fig. 4.5). The 

average grain size is 101 µm (2% clay, 29% silt, 69% sand), and the maximum core 

recovery is 1 m (P6; Table 4.3). These sand beds are sparsely bioturbated (BI 0-2), and 

contain a low-diversity trace suite dominated by Thalassinoides, Skolithos, and 

Planolites.  

The ST core (P7) from the prodelta to delta front transition shows heterolithic 

(interbedded) sand and mud with a significant upward decrease in sand content and 

increase in mud content (Fig. 4.5). The average grain size is 52 µm (3% clay, 42% silt, 

55% sand), and the maximum core recovery is 4.3 m (P7; Table 4.3). The succession 

contains a variety of sedimentary structures including high-angle, low-angle, planar 

parallel and wavy parallel lamination, as well as soft-sedimentary deformation such as 

rare loading structures and gas escape structures. Macerated plant material is a minor 

accessory (P7; Fig. 4.5). The overall bioturbation intensity is low (BI 0-3) and consists of 



 

82 

a low-diversity trace suite of Thalassinoides, Planolites, Skolithos, as well as rare 

Conichnus and Cylindrichnus. 

 
Figure 4.5. Sediment cores collected along the southern transect (ST). Bathymetric locations 
and thickness of the cores are shown on a multibeam profile image. See figure 4.2A for the 
transect location. 

The delta front of the ST is intersected by a single core (P9) due to the limitations 

in the ability to core these sandy substrates (Fig. 4.5). This core consists of medium- to 

fine-grained sand beds. The maximum core recovery is 2.6 m (P9; Table 4.3). Physical 

sedimentary structures are well preserved and are mainly low-angle and planar parallel 

lamination. Bioturbation intensity is low (BI 0-2) and the traces include Planolites and 

Palaeophycus. Unfortunately, we do not have grain size analyses for P9. 
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Surface Grain Size Distribution 

Surface sediment textural parameters, including sand, silt, and clay percentages, 

and mean grain sizes are presented in Table 4.4. The Fraser River delta is characterized 

by a heterogeneous surface grain size distribution. Based on Shepard’s sediment 

classification (Shepard 1954), 42% of sampling stations were sandy silt, 28% were silt, 

11% were sand, and 19% were silty-sand (Fig. 4.6). Sediments at all stations contained 

at least 10% sand, but only 27% of the stations (17 out of 64) contain more than 50% 

sand. Sandy substrates are predominantly concentrated in the SDF and at the toe of the 

SC (Fig. 4.6). There is at least 3% silt at each station, and 69% of the stations (44 out of 

64) contain more than 50% silt (Fig. 4.6). Clay-sized sediment is not common in the 

delta, and where present, only occurs below 198 m water depth. The maximum clay 

content at any station was 12%; however, only 8% of all the stations (5 out of 64) contain 

more than 10% clay (Fig. 4.6). Muddy (silt and clay) substrates dominate the entire delta 

front and prodelta except on the SDF (Fig. 4.6).  
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Figure 4.6. Spatial distribution of sand percent along the Fraser delta. 

 Biology 4.4.2.

A total of 2200 organisms belonging to 40 species were collected from the 64 

sampling stations (Fig. 4.2b, Table 4.4). Thirty-six percent of the animals recovered are 

polychaetes, 34% echinoderms, and 26% bivalves. The remaining 4% comprise other 

minor groups such as echiuroids, sipunculids, nemerteans, gastropods, and arthropods.  



 

85 

Table 4.4. Summary table of the sediment grab samples. 
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H`: Shannon diversity index, SDV: Surface disruption value, VDV: Volumetric disruption value 
a Shepard (1954) 

Polychaetes 

Polychaetes are the most abundant, diverse, and evenly distributed group in the 

Fraser delta (Fig. 4.7a). Seventeen different polychaete species were recovered (Table 

4.1). They occupy all types of substrates, but the majority (72%) of the population 

inhabits substrates containing more than 50% mud (Fig. 4.7h). Most polychaetes are 

burrowing, surface or subsurface deposit-feeders. The spatial distribution of this group 

shows a significant increase towards the river mouth (Fig. 4.7a), which is 

overwhelmingly dominated by: the capitellid threadworm, Heteromastus cf. filiformis (250 

individuals m-2; G11-15; Table 4.1); Goniada cf. brunnea (50 individuals m-2); and 

Ophelina acuminata (30 individuals m-2). Although there are local high-density zones of 
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individual polychaete species, all stations contained at least one species (e.g., G10-03; 

Table 4.1), and had a minimum individual density of 20 m-2 (G10-09; Table 4.1).  

 
Figure 4.7. A) Overall polychaete distribution map. Note that there is an increase at the river 
mouth, but each station is represented by at least one polychaete species. B-H) Distribution of 
different polychaete species that provide clues about their habitat preferences such as water 
depth or substrate type. All the distribution maps represent individual organisms/m2. I) Density 
population of polychaetes in each station relative to the substrate mud percent. 

Among the polychaetes, some species show local or regional concentrations that 

reflect their life habits. For instance, O. acuminata and Nephtys cf. punctata are 

concentrated in the centre of the NDF (Fig. 4.7b-c), whereas the highest densities of 

Travisia pupa, Pectinaria granulata and Brada cf. sachalina occur in the prodelta below 

150 m water depth (Fig. 4.7d-f), and Glycera americana mainly colonizes the SDF and 

NDF (Fig. 4.7g). The rest of the polychaete species either show a random distribution, or 

are observed in only a few stations.  

Echinoderms 

The second most abundant group encompasses the echinoderms, which are 

represented by spatangoid sea urchins (1 species), sea cucumbers (holothurians; 3 

species), and brittle stars (2 species). These animals show a variety of feeding 

behaviours, including subsurface deposit feeding, surface deposit feeding, and 
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suspension feeding. The spatial distribution of echinoderms shows an increase towards 

the prodelta and NDF (Fig. 4.8a), and the maximum population of echinoderms is 

observed in stations G11-02 and G11-12 (450 individuals m-2) located in the NDF and 

prodelta, respectively (Fig. 4.8a, Table 4.1). Both stations are dominated by the apodid 

sea cucumber Chiridota albatrossii (360 and 250 individuals m-2), Brisaster latifrons (50 

and 180 individuals m-2), and Molpadia intermedia (40 and 10 individuals m-2). The brittle 

star Amphidia periercta is also present in G11-12 (10 individuals m-2; Table 4.1). 

Echinoderms are rare or absent along the SC, as well as on the SDF (Fig. 4.8a). No 

echinoderm species were collected from the 3 stations that are situated in the upper SC 

and SDF (Fig. 4.8a; Table 4.1). 

 
Figure 4.8. A) Overall echinodermata group distribution map. They are mainly concentrated 
along the prodelta and lower SDF. B-E) Distribution of different echinodermata species that 
provide clues about their habitat preferences. All the distribution maps represent individual 
organisms/m2. F) Density population of echinodermata in each station relative to the substrate 
mud percent. 

The spatial distribution of holothurians (M. intermedia, C. albatrossii, and 

Pentamera pseudocalcigera), and spatangoid sea urchins (B. latifrons) provides clues 
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about their habitat preferences. Holothurians mainly occupy muddy sediments, either in 

shallow-tier or deep-tier burrows (Fig. 4.8b-d). Their distribution and living strategies in 

the Fraser River delta have been well documented in a previous study (Ayranci and 

Dashtgard 2013). Spatangoid sea urchins, on the other hand, inhabit muddy sediments 

and deep-water settings (Fig. 4.8e). The overall population of echinoderms significantly 

increases with increasing substrate mud content (Fig. 4.8f).  

Bivalves 

Eight subsurface and surface deposit-feeding bivalve species were recovered 

from the Fraser River delta (Table 4.1). The bivalve population is mainly concentrated in 

the NDF, in the lower SC, and at the southern end of the prodelta (Fig. 4.9a) where 

water depths are less than 160 m. The maximum bivalve population was encountered at 

the station G11-08, wherein 660 individuals m-2 of Macoma balthica were recovered (Fig. 

4.9a, Table 4.1). Bivalve populations in the prodelta and SDF are scarce, and in five 

stations no bivalves were recovered at all (Fig. 4.9a, Table 4.1). Among the eight bivalve 

species, only M. balthica and Megayoldia martyria show a clear preference for specific 

habitats; both bivalves occurring in less than 160 m water depth (Fig. 4.9b-c). Similar to 

polychaetes, bivalves inhabit both muddy and sandy substrates, and there is no 

significant correlation between the number of bivalves and mud content of the substrate 

(Fig. 4.9d). 
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Figure 4.9. A) Overall bivalve distribution map. B-C) Distribution of different bivalve species 
that provide clues about their habitat preferences. All the distribution maps represent individual 
organisms/m2. I) Density population of bivalves in each station relative to the substrate mud 
percent. They do not show a specific substrate preference. 

Minor Species 

Nine species belonging to minor groups were recovered in the Fraser River delta, 

and all of these species occurred in low densities (Table 4.1). The organisms are 

dominantly deposit-feeders (6 species), with lesser carnivores (2 species) and 

suspension-feeders (1 species). They display a random spatial distribution in the 

prodelta and NDF, and are scarce to absent in the SDF (Fig. 4.10a). Two gastropod and 

one crab species were also recovered in the SDF. Of the minor species, only the 

echiuorid worm, Echiurus echiurus (Fig. 4.10b) exhibits a discernible environmental 

preference. The population density of E. echiurus is concentrated in the northern 

prodelta in water depths below 250 m (Table 4.1) and in sediments with the highest clay 
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percent (12%; Fig. 4.6). Other minor groups inhabit both sandy and muddy substrates 

and do not show a strong preference for substrate type (Fig. 4.10c). 

 
Figure 4.10. A) Overall other minor group distribution map. B) Distribution of E. Echiurus 
species that provide clues about their habitat preferences. All the distribution maps represent 
individual organisms/m2. C) Density population of other groups in each station relative to the 
substrate mud percent. 

 Biodiversity 4.4.3.

The Shannon-Wiener biodiversity index (H`) varies from 0.89 to 2.28 in the 

Fraser River delta (Table 4.4). The lowest value (0.89) was recorded from station G11-

22, whereas the highest value was recorded from station G10-18 (Fig. 4.2b; Fig. 4.11a). 

In this study, H` values that are greater than 1.4 are considered as high biodiversity 

zones, whereas zones that show H` values of 1.4 or less are considered to be low 

biodiversity zones. Eighty-eight percent of stations show high biodiversity. The majority 

of low biodiversity stations are located in the SDF and in the SC above 200 m water 

depth (Fig. 4.11a). Additionally 88% of low diversity stations contain less than 52% mud 

in the substrate (Fig. 4.11b-c). The only station with low biodiversity not contained within 

the SDF or upper SC is situated at the northern end of the prodelta, and is in close 
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proximity to one of the designated dumping sites for sandy bedload material dredged 

from the Fraser River (Fig. 4.11a). The remainder of the prodelta and NDF are 

characterized by high H` values (Fig. 4.11a). Although the highest biodiversity value is 

associated with a sandy substrate, 78% of the high biodiversity values occur in 

substrates containing more than 50% mud (Table 4.4, Fig. 4.11c).  

 
Figure 4.11. A) Spatial distribution of biodiversity draped over a digital elevation model of the 
Fraser River delta. A plain view of the same distribution can be seen on top right corner. The area 
within the dashed black line represents low biodiversity zones (H` ≤1.4), whereas the rest 
represent high biodiversity indexes (H` >1.4). Grab sample locations are shown as black dots and 
plotted on top of the biodiversity layer. Depth contour lines are drawn in white, and the contour 
interval is 50 m. The thick yellow line at the end of the Main Channel shows the average low low-
tide sea level. B) Biodiversity index (H`) plotted against water depth. Low biodiversity locations 
are restricted to the upper 200 m water depth, whereas high biodiversity indexes show a more 
even distribution. C) Distribution of biodiversity index (H`) relative to the mud percent. Note that 
low biodiversity stations mostly contain less than 50% mud (silt + clay size particles). 
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 Sediment Disruption 4.4.4.

Surface Disruption 

In the Fraser River delta front and prodelta, surface disruption values (SDV) vary 

between 18.4 cm2 m-2 (0.18% of the sediment surface) and 2685.4 cm2 m-2 (26.9%). The 

lowest SDV was measured at G10-20, and the highest at G11-03 (Table 4.4; Fig. 4.12a). 

The SDV increases with increasing mud content (Fig. 4.12b). In this study, 800 cm2 m-2 

(8%) or lower SDVs are considered as sparsely disturbed zones whereas higher SDVs 

are considered as intensely disturbed zones. Overall, 53% of stations (34 out of 64) are 

sparsely disturbed, and 18 of these 34 stations (53%) contain more than 50% mud in the 

substrate. Within the sparsely disturbed zone, 88% of the stations are located above 200 

m water depth, and 50% are situated above 150 m. The sparsely disturbed zones are 

mainly located in the SDF and along the SC (Fig. 4.12a). Conversely, 47% of stations 

(30 out of 64) are intensely disturbed, but 29 of these 30 stations (97%) contain more 

than 50% mud. Intensely disturbed stations all occur below 150 m water depth, with 77% 

of them located below 200 m water depth. The intensely disturbed sample sites are 

mainly located on the northern delta and, to a lesser extent, on the southern portion of 

the prodelta (Fig. 4.12a). 
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Figure 4.12. A) Spatial distribution of surface disruption values (SDV) draped over a digital 
elevation model of the Fraser River delta. B) Distribution of SDVs relative to the mud percent in 
each station. C) Spatial distribution of volumetric disruption value (VDV). D) Distribution of VDVs 
relative to the mud percent in each station. 

Volumetric Disruption 

Volumetric disruption values (VDV) vary between 17 cm3 120 L-1 (0.17% of the 

grab sample volume) and 6697 cm3 120 L-1 (67%; Table 4.4). The maximum VDV was 

calculated from G11-04, and the minimum from G10-20 (Fig. 4.12b, Table 4.4). Similar 

to the SDV, mud content shows a significant correlation with the VDV, where an 

increase in one results in an increase in the other (Fig. 4.12d). The spatial distribution of 

VDVs is somewhat similar to SDVs; SDF and submarine channel are represented by low 

VDVs, whereas the north delta and south prodelta are represented by highest VDVs 

(Fig. 4.12c). 

The main reasons for calculating the VDV are to quantify the biological 

distribution of infauna, determine the intensity of bioturbation, and to develop a 

neoichnological dataset that can be compared to paleo-ichnological datasets. Biological 

data are used to estimate volumetric bioturbation intensity (VDV), and the VDVs then 

compared to BIs derived from delta front and prodelta sediment cores. To enable 

comparison of VDVs to historical datasets, we assumed that a single benthic organism 
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would, at the least, disturb a volume of sediment equivalent to its own volume. For 

example, when a sea cucumber completely buries itself in the substrate, a volume of 

sediment equivalent to the volume of the sea cucumber will be displaced, either by 

sediment ingestion or by its being pushed sideways towards the burrow walls. 

Consequently, minimum volumes of displaced sediment can be calculated provided 

endobenthic organism populations can be determined.  

Herein we propose a volumetric disruption index (VDI) by dividing VDVs into 6 

grades in a manner similar to the bioturbation index proposed by Reineck (1963) and 

revised by Taylor and Goldring (1993). The maximum calculated VDV of 6697 cm3 120 

L-1 is assumed to be the highest VDV achievable in the Fraser River Delta. The 6 VDI 

categories represented are: 0-5% (VDI 0–1); 6-30% (VDI 2), 31-60% (VDI 3), 61-90% 

(VDI 4), 90-99% (VDI 5), and 100% (VDI 6) of the maximum VDV of 6697 cm3 120 L-1 

(Fig. 4.13). The VDIs of the delta front and prodelta of the Fraser River Delta were then 

mapped to show where the VDIs are highest. In the Fraser delta, 5% of the stations 

exhibit VDI 1, 19% show VDI 2, 38% display VDI 3, 20% correspond to VDI 4, 17% to 

VDI 5, and only 1% reached VDI 6 (Fig. 4.13). The highest VDIs are concentrated in the 

northern delta as well as the south prodelta (Fig. 4.13). 
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Figure 4.13. A) Spatial distribution of volumetric disruption index (VDI) derived from the VDV 
data. VDI grades (VDI 0-6) show where to expect high or low bioturbation indexes. 

4.5. Discussion 

 Sedimentological and Neoichnological Trends 4.5.1.

The main depositional processes operating in the NT and CT are suspension 

settling and advection of previously deposited muds (Johannessen et al. 2005; Hill et al. 

2008). Slight variations in grain size (silt versus sandy silt) likely reflect fluctuations in 

river discharge and/or seasonal variations in tidal currents. During elevated fluvial 

discharge, the river transports mainly silty material to the delta front and prodelta, and 

that material is subsequently transported northward by tidal currents (Johannessen et al. 

2005). Soft-sediment deformation is increasingly prevalent towards the top of the delta 

front, and is attributed to over-steepening and localized slope failures. Thin sand beds 

and normally graded silty mud beds are interpreted to be high-density flow deposits 

formed by turbidity currents, or alternatively by tide-supported gravity flow deposits 

(Ayranci et al. 2012). The progressive landward increase in suspension-feeding 

behaviour from the prodelta to the delta front is consistent with a transition from the 

distal to proximal expression of the Cruziana Ichnofacies.  
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The lower prodelta of the ST is an area where suspension settling of fine-grained 

sediment is an important depositional process (Johannessen et al. 2005). River-derived 

sediments are deposited mainly in the southern prodelta and then are transported to the 

north by deep-water currents (Johannessen et al. 2005). The delta front on the SDF is 

an area of erosion and/or non-deposition (Hart et al. 1998; Luternauer et al. 1998; 

Kostaschuk et al. 1995). Thick sand beds are interpreted to be paleo-distributary 

channel and/or slope failure deposits (Luternauer et al. 1998). Alternatively, net 

northward sand transport occurs on the SDF at water depths above 150 m (the delta 

front). Silts observed in cores collected from the delta front to prodelta transition likely 

result from the accumulation of muds delivered by the Fraser River and deposited via 

suspension sediment settling. The overall bioturbation intensity decreases significantly 

from the lower prodelta to the delta front and likely reflects the obvious grain-size 

controls on infaunal distributions and behaviour. This interpretation is consistent with the 

findings from intertidal deposits of the Bay of Fundy (Dashtgard et al. 2008), and from 

northeast tidal flats of the Boundary Bay where sand passes into mud (Dashtgard 

2011a).   

The neoichnological characteristics of the Fraser delta closely track grain size 

trends, in that bioturbation intensity and the diversity of trace assemblages increase 

significantly from the sand-dominated SDF to the mud-dominated NDF. In the SDF, 

trace suites are of low diversity, and trace suites are attributable to the Skolithos 

Ichnofacies, consistent with a high-energy depositional environment. By contrast, the 

NDF and the prodelta are characterized by trace suites comparable to the Cruziana 

Ichnofacies, suggesting that more favourable conditions for trace-makers persist in these 

locales (Fig. 4.3-4.5). Up-dip changes in feeding behaviour (e.g., deposit-feeders versus 

suspension-feeders) of organisms from the NDF prodelta to NDF delta front are 

indicative of increases in the turbidity of the water column along the delta front, resulting 

from stronger tidal currents. 

 Environmental Stresses and Their Effects on Infauna and the 4.5.2.
Neoichnology of the Delta Front and Prodelta 

The spatial distribution of infaunal groups and species, biodiversity, SDVs, and 

VDVs derived from the biological dataset are used to determine the main physical and 
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chemical (physico-chemical) environmental stresses affecting infaunal colonization, and 

aid in understanding the neoichnology of the system. Our results suggest that there are 

three main zones where there is discernible impact on infauna imparted by physical or 

chemical stresses: 1) the SDF; 2) the upper SC; and 3) the Point Grey and Sand Heads 

dredge piles (anthropogenic influence). In the SDF (Figs. 4.11-4.13), low biogenic 

activity and sporadically distributed infauna are attributed to the prevalence of sand and 

lack of nutrient content as described above (Fig. 4.6). The upper region of the SC (Fig. 

4.11-4.13) slope failures, extremely high sedimentation rates, unconfined sediment 

gravity flows, anthropogenic dumping of dredged sandy bed-material load (Fig. 4.1a), 

and fluctuations in salinity and temperature all play a role in severely reducing the 

density and diversity of infauna. The last major zone of environmental stress identified is 

the Point Grey dredge material dump-site (Fig. 4.11-4.13). There is markedly low 

biogenic activity in this location, which can be explained by the anthropogenically 

induced high sedimentation rates associated with dumping dredged material. Most 

infauna are unable to tolerate such conditions, and therefore, larval recruitment in this 

area is exceedingly low. However, the deep burrowing and robust M. intermedia is 

tolerant of these high sedimentation rates and tends to occur in high numbers in this 

area (Thompson and Paton 1980; Ayranci and Dashtgard 2013). Consequently, the 

Point Grey dump-site exhibits a low biodiversity but relatively high bioturbation intensities 

(VDI, Fig. 4.13). 

Surface disruption measurements are useful for estimating BIs and comparing 

the bioturbation intensities of different modern environments. When the SDVs of the 

Fraser River delta front and prodelta are compared to those of the Fraser River tidal 

flats, it is clear that active (Dashtgard 2011c) and abandoned (Dashtgard 2011a) tidal 

flats are significantly less bioturbated than the delta front and prodelta environments. 

The tidal flats typically exhibit SDVs of 1-3% versus typical SDVs of 8 to 27% in the delta 

front and prodelta. As hypothesized, the marked reduction in burrowing on the tidal flats 

is a function of the additional stresses experienced in that environment – high substrate 

mobility rates, precipitation, subaerial exposure, desiccation, severe salinity fluctuations, 

etc. (Dashtgard 2011c, a). 

The volumetric disruption index (VDI) provides a unique opportunity for 

estimating bioturbation intensity in modern settings where sediment cores are not 
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available. In the Fraser delta, the lowest VDIs were encountered in the SDF. 

Bioturbation intensities identified from sediment cores collected from the SDF are 

concordant with these low VDI values. Similarly, the highest VDIs were derived from the 

whole north delta and the south prodelta where the sediment cores display the highest 

bioturbation intensities. Given that the VDI incorporates infauna already present in the 

substrates, the volume of disruption will never be less than the volume they occupy. 

Therefore, it is likely that the spatial variation in VDI values along the delta will be 

preserved when the sediments are lithified. However, VDI analysis is designed to 

estimate and quantify the minimum bioturbation intensities in the modern settings, and 

we cannot rule out the possibility that these numbers may show slight variations with 

time averaging. It is expected that the overall bioturbation intensity will increase with time 

until the bioturbated layers get sufficiently buried to reach the so-called “historical layer” 

(Wheatcroft 1990). As a consequence, the VDI provides a general sense of the 

distribution of bioturbation in ancient sedimentary successions. 

4.6. Implications for the Rock Record  

The neoichnological characteristics of the Fraser River delta front and prodelta 

provide insights into tidally influenced deltaic systems in the rock record. This is the first 

modern study that considers the subaqueous portion of a tidally influenced delta. The 

characteristics reported herein are broadly consistent with other deltaic systems reported 

in the literature, particularly with tidally influenced deltas (e.g., Tonkin 2012; McIlroy 

2004; Carmona et al. 2009). Our results suggest that substrate characteristics can a play 

a significant role in controlling observed spatial variations identified from the ancient 

record. In the Fraser River delta, trace diversity and bioturbation intensity in sandy 

substrates are low and comprise suites best assigned to the Skolithos Ichnofacies. 

Muddy substrates, on the other hand, show significantly higher bioturbation intensities 

and trace diversities and that are best assigned to the Cruziana Ichnofacies. Moreover, 

muddy delta front and muddy prodelta areas show high trace diversity and bioturbation 

intensities, whereas sandy delta front and muddy prodelta areas show various trace 

diversities and bioturbation intensities; sandy delta front areas show lower trace 

diversities and bioturbation intensities then to those of the muddy prodelta areas.  
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Understanding the distribution and character of bioturbation is important for 

understanding facies distributions, particularly in deltaic systems and others where 

sediment distributions are asymmetric (e.g., Hansen and MacEachern 2007). Several 

examples of asymmetric deltas have been studied in modern settings (Bhattacharya and 

Giosan 2003), but their ancient counterparts remain undocumented (see Hansen 2007; 

Hansen and MacEachern 2007 for exceptions; Fielding 2010). In ancient deltaic 

systems, it can be challenging to recognize asymmetry. Ichnological characteristics, 

however, differ significantly on opposing sides of the main distributary channel (Hansen 

2007; Hansen and MacEachern 2007) and can be used to assist in the mapping of the 

resulting facies successions. Therefore, distribution of bioturbation differs from that 

expected in a typical symmetric delta (MacEachern et al. 2005). Where distributary 

channel deposits separating asymmetric deltas into updrift and downdrift components 

are not recognized, the problem of identifying the system as asymmetric is compounded 

further. Consequently, it is crucial to understand the neoichnological characteristics of 

asymmetric modern deltas in order to build models for their ancient counterparts.  

Based on the results presented herein, the neoichnological characteristics of the 

Fraser River delta front display distinctive asymmetry that runs counter to the model 

proposed by Bhattacharya and Giosan (2003) for mixed river- and wave-influenced 

asymmetric deltas. Asymmetry on the Fraser delta front is controlled mainly by grain-

size related stresses, wherein the sandy SDF is characterized by low-diversity trace 

suites and the muddy NDF by high-diversity suites.  

Stress factors other than grain-size have only local effects on the infauna and do 

not significantly affect the overall neoichnological character of the delta. For example, 

salinity and temperature fluctuations impart stresses on the upper submarine channel, 

reducing the biodiversity. Anthropogenic factors, such as the Point Grey dumping site, 

reduce the local biodiversity as well. The effect of these stresses on the neoichnological 

character of the entire delta is minor compared to the more widespread grain-size 

related stresses such as energy conditions, sedimentation rate, and variations in the 

grain size. 

One of the most important outcomes of this study is the proposal of a simple new 

technique to quantify the minimum volume of sediment displaced by organisms – the 
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Volume Disruption Value (VDV), which is broadly equivalent to the minimum bioturbation 

intensity. This technique allows ichnologists to determine the minimum bioturbation 

index in a modern setting without the need to collect and analyze sediment cores. The 

technique is regarded to be applicable to the rock record, based on the close agreement 

between the general trends in bioturbation intensity predicted from volumetric sediment 

disruption and those recorded in the Fraser River delta cores.  
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Chapter 5.  
A Model for Tidally Asymmetric Deltas 

5.1. Introduction 

Asymmetric deltas are those that exhibit different sedimentological and 

ichnological characteristics on opposing (updrift versus downdrift) sides of their 

distributary channels. The concept of delta asymmetry was quantitatively demonstrated 

by Ming-de (1987), but it was Bhattacharya and Giosan (2003) who developed the 

model for asymmetric mixed river- and wave-influenced (MRW) deltas, based on 

examination of modern systems such as the Danube and Brazos deltas (Bhattacharya 

and Giosan 2003). Since then, asymmetric deltas have been increasingly recognized 

along modern coastlines (Nanson et al. 2013; Longhitano and Colella 2007) and in 

sedimentary strata (Hansen 2007; Hansen and MacEachern 2007; Li et al. 2011a; Li et 

al. 2011b; Buatois et al. 2008; Fielding 2010). A major limit on the development of 

asymmetric deltas is effective wave base and channel depth; asymmetry is largely a 

result of oblique-to-shore wave approach. The effects of tides on the formation of 

asymmetric deltas have not been described, yet tides can control sediment transport to 

significantly greater depths than can waves (Hill et al. 2008; Kostaschuk et al. 1995; 

Luternauer and Finn 1983). Herein, we propose a model for tidally asymmetric deltas 

based upon the Fraser River Delta, Canada. The sedimentologic, ichnologic and 

hydraulic characteristics of the Fraser delta are described. These characteristics are 

then used as an analog to propose a general model for tidally asymmetric deltas. 

 MRW Asymmetric Deltas 5.1.1.

MRW asymmetric deltas are impacted by waves that approach the shoreline 

obliquely and produce a sustained longshore current in the shallow subaqueous portion 

of the delta front (above fair-weather wave base: upper 5-15 m). The longshore current 

is typically sufficiently strong to deflect the bulk of the river flow downdrift from the 
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distributary mouth. In turn, the river discharge interrupts the longshore current, 

essentially acting as a groyne to the alongshore transport of sediment. Sedimentation on 

the updrift delta front (UDF) is therefore dominated by wave processes, and the 

downdrift delta front (DDF) by both wave and river processes (Bhattacharya and Giosan 

2003).  

The sedimentological characteristics of the successions from the UDF and DDF 

differ significantly from one another (e.g., Li et al. 2011b; Li et al. 2011a; Bhattacharya 

and Giosan 2003; Hansen 2007; Hansen and MacEachern 2007; Fielding 2010). The 

UDF is characterised by stacked sand beds and bedsets, whereas the downstream side 

is characterised by heterolithic successions consisting of alternating sand and mud 

packages (Bhattacharya and Giosan 2003). On the UDF, longshore currents transport 

non-deltaic sandy sediment to the delta, which are then deposited effectively as a 

strandplain shoreface. On the DDF, river-derived sand forms mouth bars. The mouth 

bars are subsequently modified by waves and sediment is deflected downdrift to form 

barrier islands or spits. The sand bodies protect the downdrift side of the delta from 

wave attack, resulting in river-dominated deposition behind the barriers (Bhattacharya 

and Giosan 2003). Downdrift depositional environments that form behind the barrier 

islands include bay head deltas, lagoons, and lakes.  

Variations in hydrodynamic processes and sediment characteristics strongly 

affect the ichnological characteristics of the UDF and DDF of MRW asymmetric deltas. 

The UDF is generally considered to be a “fully marine” environment that is more 

favourable for colonization by a diverse suite of infauna. Fluctuations in river- and wave- 

processes in the DDF exert stresses on infauna that lead to reduction in, by contrast, the 

diversity and / or density of infauna (e.g., Hansen 2007; Hansen and MacEachern 2007). 

Sediments on the DDF show very low bioturbation intensities (BI 0-2) and low diversity 

trace-fossil assemblages (e.g., Gyrolithes, Palaeophycus, Planolites, Teichichnus, 

Thalassinoides) (Hansen 2007; Hansen and MacEachern 2007; Li et al. 2011a). In 

contrast, the UDF is more thoroughly bioturbated (BI 3-6) and exhibits a higher diversity 

of generally more marine and robust trace fossils, including Cylindrichnus, 

Palaeophycus, Phycosiphon, Planolites, Rosselia, Scolicia, Teichichnus, and 

Thalassinoides (Li et al. 2011a; Hansen 2007; Hansen and MacEachern 2007; Buatois 

et al. 2012). 
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Although the MRW asymmetric delta model is generally accepted in the 

literature, recent studies indicate that hydrodynamic processes and resulting sediment 

distributions may show variations from one asymmetric delta to another. For example, 

Fielding (2010) reports that Ferron Sandstones (Notom delta) in the western Henry 

Mountains, USA and its modern analog – the Burdekin Delta, Australia – also form 

asymmetric deltas, particularly in their planform expressions. The mechanisms that 

produce their asymmetry differ, however, from MRW asymmetric delta model presented 

by Bhattacharya and Giosan (2003). In the Notom delta deposits and the Burdekin Delta, 

unidirectional net sediment transport caused by longshore drift does occur, similar to the 

MRW model. The role of this longshore drift differs, however, from that of the model. In 

the Notom delta and modern Burdekin delta, longshore drift directs sediment-laden river 

plumes downdrift to form deflected delta fronts, in contrast to the MRW model in which 

longshore drift modifies the mouth bar deposits to form deflected barrier islands 

(Bhattacharya and Giosan 2003; Fielding 2010).  

The Fielding (2010) model demonstrates that asymmetry formed under these 

conditions does not require an external updrift sand source (e.g., an older delta lobe), 

nor strong river discharge to generate a groyne that prevents updrift sandy material from 

moving downdrift. Further, it is clear that delta asymmetry can form under different 

mechanisms and that these models are currently in their infancy. 

 Study Area 5.1.2.

The Fraser River Delta is located in southwestern British Columbia, Canada, and 

extends into the Strait of Georgia (SoG; Fig. 5.1). This study focuses on the delta front 

and prodelta of the Fraser River Delta, and specifically on sediments deposited below 

storm wave base (> 20 m). The delta front has an average slope gradient of 2–3°, 

extending from approximately the low tide limit of the tidal flats on the lower delta plain to 

150 m water depth (Fig. 5.1c). The prodelta has a more gentle slope gradient (< 1°) and 

extends from approximately 150 m water depth to the base of the SoG (~350 m water 

depth; Fig. 5.1c). The delta front and proximal prodelta are dissected by a wide 

(maximum 1.5 km) submarine channel (SC) that deeply (maximum 21 m) incises the 

delta front (Fig. 5.1c and 5.2). Sedimentological and neoichnological characteristics of 

the delta front and upper prodelta display major differences between the southern and 
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northern side of the SC. The UDF and updrift prodelta (UPD) lie south of the SC and the 

DDF and the downdrift prodelta (DPD) are situated north of the SC. 

 
Figure 5.1. Location map of the Fraser River Delta front and prodelta. The inset map shows 
its location in Canada. Grey-scale image is a multibeam image provided by Geological Survey of 
Canada, Pacific division. A) Piston cores and transects locations. Note that one transect (ST) is 
located south of the Main Channel, while the others (CT and NT) are located north of the Main 
Channel. NT = northern transect, CT = central transect, ST = southern transect. B) Grab sample 
locations. Green boxes show samples collected in 2010, whereas black triangles show samples 
from 2011. Both A and B images show water depths with yellow contour lines (contour interval = 
50 m). C) 3D image of the Fraser River Delta produced using ArcGIS software. Boundary 
between the delta front and prodelta roughly corresponds to 150 m contour line. Vertical 
exaggeration is 20 times. 
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Figure 5.2. 3D close-up view of the submarine channel (SC), supplemented with cross-
sectional profiles showing the widths and depths at different positions along the SC. See Fig. 5.1 
for the location. Vertical exaggeration is 25 times. 

 Methods 5.1.3.

Two main data sets were utilized in this study: piston cores and grab samples. 

Fifteen piston cores (coded P; Fig. 5.1a) were collected to determine sedimentological 

and ichnological characteristics. These cores were obtained from three transects (coded 

NT, CT, and ST; Fig. 5.1a), in which two transects (NT, and CT; Fig. 5.1a) intersect the 

updrift delta whereas one (ST) intersects the downdrift delta. Piston cores were logged, 

photographed, and X-radiographed. To determine surface grain-size parameters, 64 

grab samples were collected; 38 were collected in June 2010 (Fig. 5.1b), and 26 in 

August 2010 (Fig. 5.1b). Grab samples were collected using a Van Veen grab sampler, 

and grain size was determined using a Mastersizer® particle-size analyzer. 
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5.2. Hydrodynamic Conditions on the Fraser Delta Front 
and Prodelta 

 River Processes 5.2.1.

The Fraser River is the primary sediment source in the SoG (Johannessen et al. 

2003). Every year, approximately 17 million tonnes of sediment (about 35% sand and 

65% mud) are supplied from the river mouth. The river has an average discharge of 

3400 m3 s-1 and a maximum discharge of 15 200 m3 s-1. Most of the sand is transported 

during freshet (May to August; Milliman 1980; Kostaschuk et al. 1989) and deposited at 

the river mouth or on the tidal flats. From there, sands are redistributed offshore via 

sediment gravity flows, waves, and/or tides (Ayranci et al. 2012; Kostaschuk et al. 1992; 

Hill et al. 2008; Houser and Hill 2010). A large proportion of mud remains in suspension 

and bypasses the river mouth. In the SoG, mud is retained in a 5 to 10 m thick 

hypopycnal plume, from which it settles out of suspension across the delta front and 

prodelta (Mulder and Syvitski 1995; Hill et al. 2008). 

 Wave Processes 5.2.2.

The Fraser delta does not experience large fair-weather or storm waves. This is 

the result of limited fetch, which restricts wave height and the depth of effective wave 

base in the SoG. The strongest (> 40 km hr-1) winds predominantly arrive from northwest 

(Fig. 5.3). Significant wave heights range up to 2.7 m, but only 10% of waves exceed 1.2 

m in amplitude (Thomson 1981). The majority of wave periods are between 2-4 seconds 

(Thomson 1981). Computer models have shown that moderate storm wave base is 

generally shallower than 20 m (under 1.3 m wave heights and 5 s wave periods; Hill and 

Davidson, 2002), indicating that only a small portion of the upper delta front, lying 

approximately 0.1 km seaward of the low tide level, is affected by wave agitation. 
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Figure 5.3. Rose diagram showing the direction of strong wind speeds that exceeded 40 
km/h (between 2003 and 2013). Source: Environment Canada. 

Although waves have a limited effect on the seafloor, they do play a critical role 

in the dispersal of hypopycnal river plumes. For example, Johannesen et al. (2005) show 

that the river plume is deflected mainly to the southeast by the dominant wind direction 

from the NW. Correspondingly, river-derived sediments preferentially settle out of 

suspension on the southern side of the delta front and prodelta (Johannessen et al. 

2005). 

 Tidal Processes 5.2.3.

Tides play a major role in sediment dispersal along and across the delta front 

and prodelta. The Fraser River Delta occurs in a mesotidal settings (average tidal range 

approximately 3.2 m), with mixed semi-diurnal and diurnal tidal cycles (Thomson 1981). 

Along the delta front, northward-flowing flood tidal currents are significantly stronger than 

the southward-directed ebb currents. The net northward directed tidal flow results in net 

northward sediment transport (Kostaschuk et al. 1995; Hill et al. 2008; Hart et al. 1992) 

particularly below effective storm-wave base. On the UDF and up to 100 m water depth, 

tidal current velocities exceed the critical threshold values required to erode previously 

deposited sediments (Kostaschuk et al. 1995; Hill et al. 2008; Luternauer and Finn 

1983). Consequently, the UDF is an area of erosion and high turbidity. In the prodelta, 
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river-derived sediments are transported northward from the UPD to the DPD after they 

have settled from suspension (Johannessen et al. 2005). 

The direction and strength of tidal currents differ significantly within the SC 

relative to the rest of the delta front and prodelta. In particular, tides flow perpendicular 

or oblique to the shoreline (Shepard and Milliman 1978). On the prodelta (at 200 m 

water depth), flood tides are stronger and flow down-slope, whereas ebb tides flow up-

slope. On the delta front at 85 m water depth, ebb tides are stronger and flow down-

slope, whereas flood tides flow up-slope (Shepard and Milliman 1978). 

5.3. Results 

 Updrift Delta Front (UDF) and Prodelta (UPD) 5.3.1.

UDF 

The UDF is characterised by sparsely bioturbated sand beds and bedsets (P7 

and P9; Fig. 5.4). Twenty-seven percent of the surface sediment on the UDF is 

composed of sand (> 50% sand), and this trend extends into the submarine channel 

(Fig. 5.5). The remaining 73% comprises mud or mud-dominated sediment (> 50% mud 

content). The upper UDF (P9) consists of thick sand and silty sand beds showing 

parallel to low-angle lamination as well as soft-sediment deformation (Fig. 5.6). The 

lower UDF (P7) consists of sand and mud interbeds showing low- and high-angle, 

parallel lamination, soft-sediment deformation, and fluid-escape structures (Fig. 5.6). 

Macerated plant material such as comminuted plant debris is also common. Mud beds 

are locally present, but are not laterally continuous throughout the UDF (Figs. 5.4 and 

5.5). The UDF exhibits low bioturbation intensities (Bioturbation Index (BI) 0-2; Taylor 

and Goldring, 1993), and a low-diversity suite of simple vertical and horizontal traces, 

such as Conichnus, Cylindrichnus, Palaeophycus, Planolites, Skolithos, and 

Thalassinoides (Fig. 5.6). 
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Figure 5.4. Strip logs of the updrift delta cores. Locations and thicknesses of the cores are 
shown on a multibeam-derived bathymetric profile image. Cores P7 and P9 represent UDF cores, 
whereas P6 and P11 represent UPD cores. See Figure 5.1A for the transect location. 
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Figure 5.5. Spatial sand percentage distribution plotted on a 3D block diagram. Note that 
sand is dominant only on the UDF and along the SC, whereas mud dominates the majority of the 
delta. Vertical exaggeration is 25 times. 

UPD 

The sedimentology and neoichnology of the upper and lower UPD differ 

sufficiently to warrant separate descriptions (Fig. 5.4). The upper UDP (P6) is dominated 

by sporadically bioturbated sand beds, with local occurrences of heterolithic sand and 

mud composite bedsets (Evoy et al. 1997; Evoy et al. 1994). The surface grain size of 

the upper UPD is dominated by sandy silt, typically with > 30% sand (Fig. 5.5). 

Bioturbation in the upper UPD is characterized by low bioturbation intensities (BI 0-2) 

with a low diversity of traces, including Planolites, Skolithos, and Thalassinoides. The 

lower UPD (P11) is characterised by intensely bioturbated (BI 5-6), thick sandy silt beds 

and bedsets (Fig. 5.4). Surface sediments of the lower UPD are generally muddy with < 

30% sand (Fig. 5.5). Bioturbation is intense (BI 5-6), and a highly diverse suite of traces 

that includes Artichnus, Gyrolithes, Palaeophycus, Phycosiphon, Planolites, Scolicia, 

Skolithos and Thalassinoides (Fig. 5.7) is preserved. 



 

117 

 
Figure 5.6. Photographs and X-radiographs of sediment cores P9 and P7 from UDF. See 
Figs. 5.1 and 4 for core locations. Pa = Palaeophycus, ll = low-angle lamination, ssd = soft-
sediment deformation, pl = parallel lamination. 
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Figure 5.7. Photographs and X-radiographs of sediment core P11 from UPD. See Figs. 5.1 
and 4 for core locations. Art = Artichnus, Th = Thalassinoides. Please note that the two vertical 
structures on top of the X-ray image are drill holes (dh). 

 Downdrift Delta Front (DDF) and Prodelta (DPD) 5.3.2.

DDF 

DDF cores (P3, P4, P5, P18, P19, and P20; Fig. 5.1) consist of intensely 

bioturbated, thick silt and sandy silt beds and bedsets (Fig. 5.8). Muddy surface 

sediments contain greater than 30% sand at the upper DDF, and sand contents 

progressively decrease to approximately 20% at the lower DDF (Fig. 5.5). Cores that are 
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located on the southern end of DDF (CT; Figs. 5.1 and 5.8b) show rare, thin sand 

interbeds and graded beds (Fig. 5.9). Both the upper and lower DDF are thoroughly 

bioturbated (BI 4-6). The upper DDF contains Artichnus, Planolites, Palaeophycus, 

Rosselia and Thalassinoides. The lower DDF shows a higher diversity of traces that 

includes Arenicolites, Artichnus, Asterosoma, Conichnus, Cylindrichnus, Palaeophycus, 

Phycosiphon, Planolites, Polykladichnus, Rosselia, Scolicia, Skolithos, Teichichnus and 

Thalassinoides (Fig. 5.9). 
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Figure 5.8. Strip logs of the downdrift delta. Locations and thicknesses of the cores are 
shown on a seismic profile image. Cores P3, P4, P5, P18, P19, and P20 represent DDF, whereas 
P1, P2, P12, P16, and P17 represent DPD cores. See Figure 5.1A for the transect location. 



 

121 

DPD 

Cores from the DPD (P1, P2, P12, P16, and P17) comprise thick and intensely 

bioturbated (BI 5-6) silt beds and bedsets (Fig. 5.8). Sedimentological and 

neoichnological characteristics are similar between the upper and lower DPD, as well as 

between the southern and northern transects (Figs. 5.8a and 5.8b). Surface sediments 

are less sandy on the lower DPD compared to the upper DPD (Fig. 5.5). The 

neoichnological characteristics of the DPD show intense bioturbation (BI 4-6) and a high 

diversity suite of traces that includes Arenicolites, Artichnus, Conichnus, Cylindrichnus, 

Gyrolithes, Palaeophycus, Phycosiphon, Planolites, Scolicia, Skolithos, Thalassinoides 

and U-shaped bio-deformation structures (Fig. 5.10). 

 
Figure 5.9. Photographs and X-radiographs of sediment cores P3 and P19 from DDF. See 
Figs. 5.1 and 5.8 for core locations. Py = Polykladichnus, Ro = Rosselia, Th = Thalassinoides, 
ssd = soft-sediment deformation, pl = parallel lamination. 
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Figure 5.10. Photographs of sediment cores P1 and P16 from UPD. See Figs. 5.1 and 5.8 for 
core locations. Pa = Palaeophycus, Pl = Planolites, Sc = Scolicia, Te = Teichichnus, r-Te = 
retrusive Teichichnus, Th = Thalassinoides. 

5.4. Discussion 

 Sedimentological and Neoichnological Trends on the Fraser 5.4.1.
River Delta 

The Fraser River Delta exhibits distinctive sedimentological and neoichnological 

trends in both the depositional strike and depositional dip directions. From the updrift to 

the downdrift delta front (along depositional strike), there is a significant decrease in 

sand content (Fig. 5.5) and an increase in bioturbation intensity and trace diversity (cf. 
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Figs. 5.4 and 5.8). The trace assemblages in the UDF are consistent with the Skolithos 

Ichnofacies (mainly vertical traces of suspension-feeders), whereas the DDF contains 

assemblages that are more typical of the Cruziana Ichnofacies (horizontal and vertical 

traces constructed mainly by deposit-feeding organisms) (e.g., Pemberton et al., 2001; 

MacEachern et al., 2007). From the UDF to the UPD (down depositional dip on the 

updrift delta front), sand contents decrease significantly whereas bioturbation intensity 

and trace diversity increase (cf. Figs. 5.6 and 5.7). Trace assemblages on the updrift 

side of the Main Channel gradually change from being more typical of the Skolithos 

Ichnofacies in the delta front and upper prodelta to more typical of the Cruziana 

Ichnofacies in the lower prodelta. Unlike in updrift delta sediments, the DDF and DPD 

show similar sedimentological and neoichnological characteristics with discernable 

trends clearly defined.  

The asymmetry in the distribution of sediments and burrows is attributed to 

asymmetry in the direction and strength of tidal currents acting in the Strait of Georgia 

(net northward flow), especially in positions lying below the storm wave base (~20 m). 

The submarine channel (Figs. 5.1 and 5.2) constitutes a clear boundary between updrift 

sandy substrates and downdrift muddy substrates (Fig. 5.5). Sandy bedload material 

transported northward by tidal currents (Hill et al. 2008; Kostaschuk et al. 1995; 

Luternauer and Finn 1983) enters the submarine channel and is transported to the 

prodelta via tidal currents (Shepard and Milliman 1978) or sediment gravity flows. The 

sandy material is prevented, therefore, from reaching the downdrift delta. By contrast, 

muddy sediment is carried dominantly in suspension in a 5-10 m thick hypopycnal 

plume. Flocculation and suspension settling of mud from the plume can occur anywhere 

the plume is present, and the resulting muddy sediments are commonly re-suspended 

and transported northwards via tidal currents (Hill et al. 2008; Johannessen et al. 2005). 

 A Model for Tidally Asymmetric Deltas 5.4.2.

Utilizing the Fraser River Delta as an analogue, a tidally asymmetric delta model 

is proposed (Fig. 5.11). Tidally asymmetric deltas are characterized by the following: 

1.  Net sediment transport is controlled by tidal currents, if the current 
velocities are sufficient to remobilize sand and mud. In a tidally 
asymmetric delta, the updrift delta front should be an area of 
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preferential erosion or an area that receives sediment from an 
allocthonous source. River-derived sediments in surface plumes may 
be transported to the updrift delta front, but they will either be eroded 
or transported by the dominant tidal currents to downdrift position. The 
downdrift delta front should be an area of net deposition and will 
receive river-derived sediment. Consequently, the updrift delta front 
should be either sand-dominated or heterolithic, and the downdrift 
delta front will be finer grained (heterolithic or mud-dominated). The 
grain size distribution for tidally asymmetric deltas is similar to that 
developed on MRW asymmetric deltas (Bhattacharya and Giosan 
2003). 

2. A trapping mechanism is necessary to prevent updrift sandy material 
from reaching the downdrift delta. In shallow water (< 30 m), this 
mechanism can be by river discharge that is sufficient to block 
downdrift sand transportation (e.g., Bhattacharya and Giosan 2003). 
In deeper water, an alternate mechanism is required. For deltaic 
systems, this commonly takes the form of an incised submarine 
channel that traps sandy bedload material and funnels it down to the 
prodelta (Kostaschuk et al. 1992; Hart et al. 1992; Prior and Coleman 
1982). 

3.  Ichnologically, the updrift delta front should contain a lower diversity 
and density of traces, and these traces should be mainly vertical 
forms attributable to the Skolithos Ichnofacies (e.g., MacEachern et al. 
2007). In contrast, the downdrift delta front should display a higher 
density and diversity of burrowing, consisting of traces that include 
both vertical and horizontal forms common to the Cruziana 
Ichnofacies. The trace fossil character of tidally asymmetric deltas is 
opposite to that described for MRW asymmetric deltas (Hansen 2007; 
Hansen and MacEachern 2007; Li et al. 2011b). 
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Figure 5.11. Schematic representation of the proposed tidally asymmetric delta showing 
sedimentological and neoichnological trends along and across the updrift and downdrift sides of 
the delta. 

Tidally asymmetric deltas are developed in environments with strong tidal 

currents and where flow exhibits net unidirectional transport along the coastline. The 

development of tidally asymmetric deltas is not restricted by bathymetry and hence can 

occur in all water depths. Wave processes do appear to overprint tidal processes above 

storm wave base, as is the case for the Fraser delta (Houser and Hill 2010; Dashtgard 

2011c), suggesting that tidally asymmetry will be restricted to parts of the delta lying 
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below storm-wave base. In fact, it is theoretically possible for a delta to be both tidally 

asymmetric at depth and wave asymmetric in shallow water. Such a delta would exhibit 

similar grain size profiles in both shallow and deep water; however, the trace fossil suite 

would show significantly higher diversity and density at depth on the down drift side of 

the delta, running counter to what would be expected in MRW scenario (Fig. 5.11). 

Tidally asymmetric deltas should occur along coastlines that experience strong 

alongshore tidal flow (e.g., Bay of Fundy, Indian Ocean), and should occur alongstrike of 

tide-dominated deltas and estuaries. The majority of modern tide-dominated deltas occur 

at the head of embayments where tidal currents are confined and tidal flow is shore-

normal (e.g., Fly River Delta, Brahmaputra Delta and Changjiang Delta; Tänavsuu-

Milkeviciene and Plink-Björklund, 2009; and Dalrymple et al., 2003). On coastlines or on 

the margins of embayments tidal currents commonly flow parallel to the shoreline, and 

flood and ebb flows are preferentially concentrated on opposing sides of the embayed 

coastline (Amos et al., 1991; Murty and Roberts, 1989).Tidally asymmetric deltas have 

greater potential to be produced on coastlines that experience preferential, shore-

parallel tidal flow. 

5.5. Conclusions 

1) Asymmetric deltas can form from tidal processes where sediment 
transport is mainly controlled by asymmetric tidal currents.  

2) Tidally asymmetric deltas are not restricted by bathymetry; they can 
form in a range of depths from shallow to deep water settings, as long 
as tidal flow velocity is sufficient to remobilize sand and mud. 

3) Updrift sides of tidally asymmetric deltas are dominated by sand or 
heterolithic sand and mud deposits, whereas downdrift sides are 
dominated by muddy sediments. 

4) From an ichnological perspective, updrift sides of tidally asymmetric 
deltas are characterised by low densities of traces and low diversity 
suites that are attributable to the Skolithos Ichnofacies. Downdrift 
sides are characterised by more diverse and robust, fully marine 
suites of traces showing significantly higher bioturbation intensities. 
Such assemblages are typical of the Cruziana Ichnofacies. 

5) Finally, deeply incised submarine channels can influence the formation 
of tidally asymmetric deltas by trapping updrift sandy bedload from 
being transported to the downdrift side of these deltas. 
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Chapter 6.  Conclusions 

The results of this research provide insights into the sedimentology and 

ichnology of deltas, and particularly for tide-influenced deltas showing asymmetric 

sediment and burrow distributions between opposing sides of their distributary channels 

(i.e., tidally asymmetric deltas). Four main goals are achieved. (1) In Chapter 2, a new 

style of sediment gravity flow is described. (2) In Chapter 3, the distribution and 

morphology of holothurian-generated traces are presented. (3) In Chapter 4, the 

ichnological and biological characteristics of the tidally influenced Fraser delta are 

documented and trace and infaunal distributions are compared to physical and chemical 

stresses in the environment. (4) Finally in Chapter 5, a tidally asymmetric delta model is 

proposed. The tidally asymmetric delta model satisfies the main objective of the thesis 

research. 

6.1. Tide-Supported Gravity Flows 

On the Fraser River Delta, river-derived sands are deposited in the lower delta 

plain and near the river mouth, and then subsequently transport offshore by sediment 

gravity flows and slope failures (Hill et al. 2008). One of the mechanisms for transporting 

sand into deeper water is sediment gravity flows. In Chapter 2, the mechanism for 

generating tide-supported gravity flows is described. These gravity flows are triggered 

near the onset of the spring flood tide and during periods of elevated river discharge with 

high suspended-sediment concentrations (Ayranci et al. 2012). Suspended load in the 

river settles on the bed during ebb tides and forms a high water-content bed. During 

slack tides, bottom concentrations reach levels of excess density and offshore-directed 

sediment gravity flows are initiated. The residual effects of these flows can last for up to 

10 hours in the Fraser River Delta and are confined to the upper (< 100 m) delta front 

(Ayranci et al. 2012). Such gravity flows are important because they can initiate slope 

failures and can impart significant environmental stresses on infauna. Moreover, the 
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flows have the potential to transport coarse-grained material to the delta front and 

prodelta.  

6.2. Holothurian-Generated Traces 

The morphology, distribution, and ethology of three actively burrowing 

holothurian species collected from the Fraser River Delta provide evidence that connect 

several infaunal traces to their holothurian trace makers. Based on the results presented 

in Chapter 3, it is concluded that Artichnus and U-shaped bio-deformation structures are 

distinctive of holothurian burrowing behaviour (Ayranci and Dashtgard 2013; Zhang et al. 

2008). Some Thalassinoides can also attributed to holothurian burrowing, although this 

trace is commonly produced by other invertebrates and is not unique to holothurians 

(e.g., Swinbanks and Luternauer 1987; Pemberton et al. 1976). In addition, holothurian 

distributions are compared to physical and chemical environmental stresses affecting 

marine infauna. Through this comparison, it is concluded that holothurians are restricted 

to fully marine conditions, and clearly prefer nutrient-rich muddy substrates over sandy 

substrates. The correct identification of holothurian-generated traces is important for 

determining paleoecological diversity and in establishing paleoenvironmental conditions. 

6.3. Ichnology of Deltas 

Chapter 4 presents the neoichnology of a deep (> 300 m water depth), tidally 

influenced, river-dominated delta. Our results indicate that substrate characteristics play 

an overriding role in determining bioturbation intensities and trace densities. In the 

Fraser River Delta, sandy substrates show low bioturbation intensities and low diversity 

suites. Trace suites are dominated by elements of the Skolithos Ichnofacies and include 

Conichnus, Cylindrichnus, Planolites, Skolithos, and Thalassinoides. Conversely, muddy 

substrates are intensely bioturbated and show remarkably high trace diversities. The 

trace suites in muddy substrates are attributable to the Cruziana Ichnofacies, and 

include Arenicolites, Artichnus, Asterosoma, Conichnus, Cylindrichnus, Gyrolithes, 

Palaeophycus, Phycosiphon, Planolites, Polykladichnus, Rosselia, Scolicia, Skolithos, 

Teichichnus, and Thalassinoides.  
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Sand-dominated portions of the Fraser River Delta constitute higher energy 

environments, and infauna preferentially construct more vertical burrows, presumably for 

suspension feeding. Conversely, muddy substrates are clearly more favorable for 

colonization by deposit feeders, wherein infauna exploit food resources contained within 

the sediment. In the Fraser River Delta, sandy substrates are concentrated in the updrift 

delta front and upper prodelta, whereas the rest of the delta is dominated by muddy 

substrates. This contrast in sediment distribution, combined with burrow distribution 

provides valuable information allowing the identification of tidally asymmetric deltas, 

which is the main focus of Chapter 5. 

6.4. Tidally Asymmetric Delta Model 

The updrift and downdrift portions of the Fraser River delta front and upper 

prodelta display asymmetric sediment and burrow distributions. The updrift side of the 

delta front and upper prodelta is characterized by sparsely bioturbated sand or 

heterolithic (sand and mud) beds, whereas the downdrift delta front and upper prodelta 

is characterised by homogeneous, intensely bioturbated mud beds. The asymmetry of 

the Fraser River Delta is mainly controlled by strong northward-directed tidal currents. 

Muddy sediments are first transported in suspension and deposited on the updrift delta 

and then they are transported on the downdrift delta, whereas sandy sediments are 

mainly transported as bed-load that is largely trapped within the submarine channel, 

preventing sandy sediment from reaching the downdrift side of the delta. 

From a sedimentological perspective, the asymmetric nature of the Fraser River 

Delta is similar to the mixed river- and wave-influenced asymmetric delta model 

(Bhattacharya and Giosan 2003); however, from a neoichnological perspective, the delta 

shows distinctive differences that are in marked contrast with that observed in the more 

wave-influenced asymmetric deltas (Hansen 2007; Hansen and MacEachern 2007). 

Tidally asymmetric deltas can be distinguished from their more wave-influenced 

counterparts by their ichnological characteristics. Perhaps most importantly, tide-

influenced deltas are not bathymetrically controlled. Wave-influenced asymmetric deltas 

must occur above storm-wave base, whereas tidally asymmetric deltas have no 

theoretical depth limit. As a consequence, tidally asymmetric deltas are potentially more 
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common in deep-water settings and have a better preservation potential in the rock 

record. 
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Appendix A.  
 
Grain Size Results 

Grain-size data for subsamples extracted from grab samples. Mean diameter, and 
sorting were calculated using a program called ‘Gradistat’. Sediment classes were 
determined based on Shepard’s sediment classification (Shepard, 1954). 
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Station 
Water depth 

(m) 
Sand 
(%) 

Mud 
(%) 

Silt 
(%) 

Clay 
(%) 

Mean diameter 
(µ) Sorting 

Sediment 
classa 

G10-01 70 38.5 61.5 57.3 4.1 31.8 4.6 Sandy silt 
G10-02 159 11.1 88.9 79.1 9.8 12.2 5.3 Silt 
G10-03 198 11.3 88.7 78.5 10.1 11.9 5.3 Silt 
G10-04 248 23.5 76.5 68.0 8.5 20.4 7.1 Sandy silt 
G10-05 262 11.1 88.9 76.9 12.0 9.9 5.6 Silt 
G10-06 309 10.5 89.5 77.6 11.9 9.9 5.5 Silt 
G10-07 316 11.8 88.2 77.9 10.3 12.1 5.4 Silt 
G10-08 315 12.2 87.8 76.9 10.9 11.7 5.6 Silt 
G10-09 260 12.7 87.3 78.0 9.3 13.2 4.9 Silt 
G10-10 192 12.5 87.5 79.3 8.3 14.0 4.0 Silt 
G10-12 42 79.2 20.8 19.5 1.2 146.3 3.7 Sand 
G10-13 99 80.3 19.7 18.7 0.9 116.4 2.7 Sand 
G10-14 225 26.8 73.2 67.0 6.2 21.6 4.4 Sandy silt 
G10-15 248 20.1 79.9 73.0 6.8 18.4 4.0 Sandy silt 
G10-16 288 18.2 81.8 74.7 7.0 17.6 4.0 Sandy silt 
G10-17 203 28.0 72.0 67.1 4.9 23.7 3.7 Sandy silt 
G10-18 184 89.5 10.5 10.1 0.5 193.1 2.3 Sand 
G10-19 161 37.0 63.0 58.7 4.3 29.9 3.8 Sandy silt 
G10-20 116 96.6 3.4 3.4 0.0 277.7 1.5 Sand 
G10-21 34 54.4 45.6 43.2 2.4 52.6 3.9 Silty sand 
G10-22 156 51.5 48.5 45.6 3.0 43.3 4.0 Silty sand 
G10-23 220 87.1 12.9 12.4 0.5 269.1 3.0 Sand 
G10-24 283 18.9 81.1 72.8 8.3 15.7 4.5 Sandy silt 
G10-25 304 17.9 82.1 74.3 7.7 16.0 4.2 Sandy silt 
G10-26 247 17.3 82.7 76.4 6.3 17.3 3.8 Silt 
G10-27 173 27.2 72.8 66.8 6.0 21.5 4.3 Sandy silt 
G10-28 106 27.1 72.9 68.0 5.0 23.3 4.1 Sandy silt 
G10-29 84 40.4 59.6 56.1 3.5 33.9 3.8 Sandy silt 
G10-30 330 14.7 85.3 76.3 9.0 13.8 4.4 Silt 
G10-31 309 13.2 86.8 78.5 8.2 14.2 3.9 Silt 
G10-32 207 31.2 68.8 64.4 4.4 25.9 3.7 Sandy silt 
G10-33 195 30.4 69.6 64.6 5.0 24.2 3.9 Sandy silt 
G10-34 121 84.5 15.5 14.7 0.8 194.7 3.1 Sand 
G10-35 127 70.3 29.7 28.1 1.6 71.3 2.8 Silty sand 
G10-36 129 67.9 32.1 30.0 2.1 61.8 3.4 Silty sand 
G10-37 138 72.0 28.0 26.2 1.8 68.7 3.1 Silty sand 
G10-38 142 63.4 36.6 34.3 2.3 56.0 3.5 Silty sand 
G10-39 153 66.2 33.8 31.5 2.2 59.2 3.3 Silty sand 
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Station 
-1 to 0 
phi (%) 

0 to 1 
phi (%) 

1 to 2 
phi (%) 

2 to 3 
phi (%) 

3 to 4 
phi (%) 

4 to 5 
phi (%) 

5 to 6 
phi (%) 

6 to 7 
phi (%) 

7 to 8 
phi (%) 

8 to 9 
phi (%) 

< 9 phi 
(%) 

G10-01 1.17 2.74 2.46 8.63 23.53 16.70 14.12 10.85 10.89 4.76 4.15 
G10-02 3.02 2.58 0.43 0.34 4.72 11.37 18.21 18.44 21.25 9.80 9.85 
G10-03 2.85 2.64 0.47 0.62 4.74 10.78 17.69 18.38 21.64 10.05 10.14 
G10-04 3.23 5.54 4.74 3.93 6.02 8.77 14.52 16.10 19.71 8.94 8.51 
G10-05 3.49 3.08 0.51 0.49 3.52 8.29 15.47 18.10 23.55 11.49 12.01 
G10-06 3.37 3.00 0.49 0.18 3.43 8.93 15.84 17.83 23.54 11.49 11.91 
G10-07 2.80 2.58 0.44 0.26 5.73 12.10 16.90 17.03 21.59 10.31 10.27 
G10-08 3.08 2.66 0.45 0.44 5.58 10.95 16.10 17.04 22.19 10.63 10.89 
G10-09 2.47 2.26 0.44 0.62 6.90 13.33 17.92 17.02 20.26 9.47 9.32 
G10-10 2.20 2.06 0.30 0.58 7.34 14.39 19.11 17.36 19.63 8.75 8.27 
G10-12 0.00 6.47 35.84 27.97 8.98 5.25 4.44 3.86 4.23 1.73 1.25 
G10-13 0.00 0.00 13.29 39.82 27.24 6.46 4.55 3.00 3.34 1.35 0.94 
G10-14 1.59 1.36 0.68 5.25 17.93 16.29 15.35 13.17 15.23 6.92 6.23 
G10-15 1.66 1.52 0.26 1.58 15.10 18.18 16.57 14.19 16.59 7.51 6.85 
G10-16 1.85 1.56 0.34 1.24 13.24 18.12 17.34 14.58 17.02 7.68 7.02 
G10-17 0.51 0.86 0.22 3.40 23.06 20.89 15.37 12.09 13.11 5.63 4.87 
G10-18 0.00 2.85 31.73 41.22 13.65 3.31 2.24 1.63 2.09 0.81 0.46 
G10-19 0.20 0.91 0.12 5.92 29.89 19.83 12.46 10.10 11.34 4.98 4.25 
G10-20 0.00 3.69 53.31 38.70 0.90 1.80 0.50 0.42 0.62 0.07 0.00 
G10-21 1.02 0.56 4.61 20.12 28.12 14.12 10.52 7.64 7.82 3.07 2.41 
G10-22 0.71 0.58 2.15 16.93 31.10 14.17 10.38 8.33 8.99 3.70 2.96 
G10-23 0.23 21.93 42.36 17.13 5.50 3.68 2.94 2.44 2.43 0.90 0.48 
G10-24 2.12 2.01 0.39 2.28 12.06 14.35 15.96 15.14 18.68 8.68 8.34 
G10-25 1.89 1.85 0.28 1.89 12.03 15.02 16.80 15.64 18.58 8.28 7.75 
G10-26 1.44 1.65 0.32 1.73 12.11 17.05 18.72 15.89 17.48 7.31 6.30 
G10-27 1.21 1.42 0.27 5.05 19.29 15.69 15.02 13.66 15.60 6.78 6.00 
G10-28 1.07 1.12 0.66 5.68 18.55 18.38 17.10 13.15 13.65 5.68 4.96 
G10-29 0.34 0.74 0.91 10.15 28.21 18.74 13.78 9.76 9.75 4.10 3.52 
G10-30 2.24 2.28 0.43 0.90 8.87 13.48 16.58 16.36 20.50 9.36 8.99 
G10-31 1.09 1.56 0.38 0.89 9.32 15.10 17.89 16.69 19.97 8.88 8.22 
G10-32 0.04 0.75 0.15 4.38 25.91 20.96 14.56 11.35 12.27 5.23 4.42 
G10-33 0.45 0.92 0.21 4.41 24.45 19.39 14.41 11.86 13.17 5.75 4.97 
G10-34 0.00 8.70 42.22 27.05 6.52 4.52 3.21 2.75 2.98 1.22 0.82 
G10-35 0.00 0.00 1.06 24.76 44.47 10.93 5.89 4.39 4.78 2.10 1.61 
G10-36 0.00 0.00 1.85 27.02 39.05 8.79 6.90 5.42 6.16 2.68 2.12 
G10-37 0.00 0.00 1.88 28.96 41.11 7.48 5.93 4.86 5.59 2.37 1.80 
G10-38 0.00 0.00 1.37 23.47 38.55 10.36 7.65 6.27 7.03 2.97 2.32 
G10-39 1.03 0.37 1.11 22.63 41.11 10.52 6.60 5.45 6.20 2.78 2.21 
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Station Water depth 
(m) 

Sand 
(%) 

Mud 
(%) 

Silt 
(%) 

Clay 
(%) 

Mean diameter 
(µ) 

Sorting Sediment classa 

G11-01 94 16.5 83.5 76.3 7.2 16.1 4.1 Silt 
G11-02 176 16.1 83.9 76.6 7.3 15.3 4.2 Silt 
G11-03 237 12.5 87.5 80.1 7.4 14.0 3.8 Silt 
G11-04 238 15.3 84.7 77.4 7.3 15.2 3.9 Silt 
G11-05 272 13.5 86.5 78.5 8.0 13.8 3.9 Silt 
G11-06 194 30.4 69.6 64.2 5.5 23.0 4.3 Sandy silt 
G11-07 152 30.2 69.8 65.0 4.8 24.1 4.1 Sandy silt 
G11-08 76 48.8 51.2 48.4 2.8 42.0 3.8 Silty sand 
G11-09 133 36.9 63.1 59.2 3.9 29.6 4.0 Sandy silt 
G11-10 180 29.8 70.2 64.6 5.6 22.6 4.5 Sandy silt 
G11-11 234 20.6 79.4 73.3 6.1 17.3 4.2 Sandy silt 
G11-12 282 18.7 81.3 74.2 7.1 16.1 4.4 Sandy silt 
G11-13 192 37.3 62.7 58.2 4.6 27.0 4.5 Sandy silt 
G11-14 180 73.8 26.2 25.3 0.9 92.3 3.2 Silty sand 
G11-15 91 49.9 50.1 47.5 2.5 44.5 4.0 Silty sand 
G11-16 168 46.5 53.5 50.2 3.3 38.4 4.6 Sandy silt 
G11-17 217 34.6 65.4 60.5 4.9 27.3 5.2 Sandy silt 
G11-18 265 18.5 81.5 75.2 6.3 16.9 4.1 Silt 
G11-19 282 12.7 87.3 78.4 9.0 12.9 4.1 Silt 
G11-20 199 48.3 51.7 48.8 2.9 49.5 5.9 Sandy silt 
G11-21 165 53.5 46.5 43.1 3.4 46.9 5.0 Silty sand 
G11-22 90 86.8 13.2 12.7 0.5 193.1 2.4 Sand 
G11-32 157 56.8 43.2 40.9 2.4 53.2 4.7 Silty sand 
G11-33 196 41.6 58.4 54.4 4.0 33.2 4.8 Sandy silt 
G11-34 217 22.9 77.1 72.0 5.0 20.1 4.0 Sandy silt 
G11-35 232 22.0 78.0 71.9 6.1 18.1 4.3 Sandy silt 
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Station -1 to 0 
phi 
(%) 

0 to 1 
phi 
(%) 

1 to 2 
phi 
(%) 

2 to 3 
phi 
(%) 

3 to 4 
phi 
(%) 

4 to 5 
phi 
(%) 

5 to 6 
phi 
(%) 

6 to 7 
phi 
(%) 

7 to 8 
phi 
(%) 

8 to 9 
phi 
(%) 

< 9 
phi 
(%) 

G11-01 2.03 1.58 0.38 1.84 10.71 16.00 18.18 15.87 18.26 7.96 7.17 
G11-02 2.39 1.79 0.43 1.65 9.81 14.42 17.04 16.63 20.26 8.30 7.29 
G11-03 1.60 1.35 0.30 0.99 8.24 13.58 17.53 17.91 22.23 8.83 7.43 
G11-04 1.53 1.41 0.49 1.67 10.20 14.44 17.22 17.16 20.58 7.97 7.33 
G11-05 1.50 1.38 0.32 1.26 9.01 13.34 16.69 17.35 22.01 9.10 8.03 
G11-06 1.29 1.37 0.29 6.48 20.92 15.07 14.28 13.22 15.10 6.48 5.48 
G11-07 1.24 1.16 0.44 6.45 20.92 17.27 15.02 12.62 14.21 5.92 4.76 
G11-08 0.00 0.00 2.13 15.85 30.79 16.62 11.39 8.20 8.68 3.54 2.81 
G11-09 0.28 0.68 0.79 9.97 25.18 17.21 13.82 11.09 12.10 4.93 3.94 
G11-10 2.13 1.50 0.47 6.70 19.01 13.92 14.01 13.58 16.34 6.76 5.59 
G11-11 1.38 1.44 0.44 3.74 13.58 14.14 15.90 15.97 19.64 7.65 6.12 
G11-12 2.32 1.74 0.52 2.98 11.15 13.30 16.14 16.40 20.03 8.31 7.11 
G11-13 0.89 0.98 1.58 11.70 22.11 12.88 12.90 12.13 14.42 5.84 4.58 
G11-14 0.60 1.40 12.16 30.72 28.91 9.18 6.15 4.27 4.17 1.52 0.93 
G11-15 0.04 0.38 3.54 17.49 28.50 14.85 11.37 8.83 9.04 3.42 2.55 
G11-16 0.21 0.37 4.83 18.45 22.61 10.82 11.24 10.98 12.64 4.51 3.32 
G11-17 0.75 0.50 5.04 13.73 14.59 10.78 12.89 13.53 16.96 6.34 4.88 
G11-18 1.27 1.18 0.86 3.23 12.00 14.83 17.24 16.62 19.09 7.44 6.25 
G11-19 1.93 1.62 0.33 0.93 7.86 12.49 16.19 17.36 22.78 9.54 8.98 
G11-20 0.13 5.05 16.05 15.38 11.71 9.09 10.95 11.73 12.94 4.10 2.86 
G11-21 1.39 0.44 7.31 24.93 19.46 8.20 10.06 9.47 11.00 4.37 3.37 
G11-22 0.00 1.62 33.59 42.44 9.15 3.70 2.99 2.42 2.70 0.92 0.47 
G11-32 0.00 0.04 11.18 28.19 17.36 7.61 9.26 9.57 10.95 3.48 2.36 
G11-33 0.81 0.82 3.69 14.66 21.62 11.94 11.71 11.49 13.96 5.34 3.95 
G11-34 0.78 1.21 1.46 3.42 16.08 16.51 15.95 15.77 17.59 6.19 5.04 
G11-35 1.31 1.63 1.41 3.28 14.39 14.88 15.02 15.77 19.00 7.24 6.09 
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Appendix B.  
 
Piston Core Logs 

Strip log data for the piston cores collected from northern transect (pages 141 to 146), 
central transect (pages 147 to 151), and southern transect (pages 152 to 155). These 
logs were generated with Applecore® and redrawn in Corel Draw®. 
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