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Abstract
Intra-archipelago waterways, including tidal strait networks, present a complex set of
barriers to, and conduits for sediment transport between marine basins. Tidal straits may also
be the least well understood tide-dominated sedimentary environment. To address these
issues, currents, sediment transport pathways, and seabed sedimentology & geomorphology
were studied in the central Salish Sea (Gulf and San Juan Islands region) of British Columbia,
Canada and Washington State, USA. A variety of data types were integrated: 3D & 2D tidal
models, multibeam bathymetry & backscatter, seabed video, grab samples, cores and seismic
reflection. This dissertation included the first regional sediment transport modelling study of
the central Salish Sea. Lagrangian particle dispersal simulations were driven by 2D tidal
hydrodynamics (~59-days). It was found that flood-tide dominance through narrow intraarchipelago connecting straits resulted in the transfer of sediment into the inland Strait of
Georgia, an apparent sediment sink. The formative/maintenance processes at a variety of
seabed landforms, including a banner bank with giant dunes, were explained with modelled
tides and sediment transport. Deglacial history and modern lateral sedimentological and
morphological transitions were also considered. Based on this modern environment,
adjustments to the tidal strait facies model were identified. In addition, erosion and deposition
patterns across the banner bank (dune complex) were monitored with 8-repeat multibeam
sonar surveys (~10 years). With these data, spatially variable bathymetric change detection
techniques were explored: A) a cell-by-cell probabilistic depth uncertainty-based threshold (ttest); and B) coherent clusters of change pixels identified with the local Moran's Ii spatial
autocorrelation statistic. Uncertainty about volumetric change is a considerable challenge in
seabed change research, compared to terrestrial studies. Consideration of volumetric change
confidence intervals tempers interpretations and communicates metadata. Techniques A & B
may both be used to restrict volumetric change calculations in area, to exclude low relative
bathymetric change signal areas.
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Chapter 1: Introduction
1.1 Motivation
1.1.1 Tidal strait sedimentology and geomorphology

Intra-archipelago waterways, including tidal strait networks, exist worldwide: the islands
of Denmark (at the Baltic Sea entrance), Greece, Philippines, Indonesia and many others. They
present a complex set of barriers to, and conduits for, sediment transport between marine
basins. Tidal straits (e.g., the Golden Gate, San Francisco, USA) and seaways (e.g., the
Cretaceous Western Interior Seaway, North America) are elongate passageways connecting
wider marine basins. In straits, tidal current dominance may result from the convergence and
amplification of flow due to channel geometry (e.g., Pugh, 1987; Anastas et al., 2006;
Dalrymple, 2010; Longhitano, 2013; Longhitano and Steel, 2016). Within the geologic record
(e.g., Anastas et al., 2006; Dalrymple, 2010; Longhitano, 2013; Martín et al., 2014), tidal straits
may be the least well understood of all tide-dominated sedimentary environments. Over
timescales of thousands to millions of years, changes in the configuration of tidal strait
networks can have profound oceanographic and climatic consequences – due to their role as
conduits for matter and energy transfer between marine basins (e.g., Martín et al., 2014; and
references within).
The recognition of tidal straits as a distinct tidal environment, worthy of facies-directed
syntheses, is surprisingly recent (Dalrymple, 2010). The two main attempts (Anastas et al.,
2006; Longhitano, 2013), which are built-upon in Chapter 3 of this dissertation, have mainly
come from the examination of ancient deposits now exposed on land. Based on interpretation
of the Waimai Limestone in New Zealand, a relationship between water depth and current
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speed was inferred (Anastas et al., 2006; Fig. 1.01 – description in figure caption). Subsequently,
the examination of tidal strait successions on the Italian peninsula (Longhitano, 2013) led to the
partitioning of an idealised “hour-glass” shaped (plan-view) tidal strait into depositional zones –
symmetrically distributed about a narrow strait-centre flow-constriction (description in Fig. 1.02
caption).
Better-calibrated tidal strait facies models necessitate the study of ancient sequences,
recent deposits and the modern seabed. Terrestrial exposure investigations (e.g., Anastas et al.,
2006; Longhitano, 2013) may: allow detailed sedimentary examination at a variety of spatial
scales, from small-scale structures, to large-scale stratigraphic features; and provide a record of
sedimentation variability over long timescales – such as those related to changes in sea level or
tectonics. However, ancient exposures may be incomplete and of limited spatial extent. They
are also detached from their formative marine environment.

3

Figure 1.01. Relationship between water depth and current speed in a seaway or tidal strait (Anastas et al., 2006). This conceptual model was inferred from
examination of New Zealand’s Waimai limestones. Wave-dominated conditions may occur, by default, when water depth is either very shallow (tidal currents
are reduced by friction) or relatively deep (tidal currents are not amplified by flow-constriction). At intermediate (“optimal”) water depths, current-dominated
conditions may prevail (believed to be ~40-60 m deep in the Waimai case). Fluctuations in the intensity of the oceanographic current forcing may lead to
deviations from these patterns. In this diagram, current domination only occurs when flow-generated sediment transport exceeds some minimum intensity. At
lower current-generated sediment transport levels, wave action dominates. “NT” refers to no current-generated sediment transport.
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Figure 1.02. Depositional model for tectonically controlled, narrow tidal straits (Longhitano, 2013). The system is divided into depositional zones that are
symmetrically distributed about the strait centre (a). Zones transition laterally from the proximal, to the intermediate, to the distal strait. The tidal current
strength distribution across the strait leads to sedimentary variations: bedforms, grain size and deposition rate. A strait-fill transgressive succession showing
lateral/vertical facies relationships is also shown (b).
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The rich variety of seabed data available in the central Salish Sea of Washington State
(WA), USA and British Columbia (BC), Canada make it an ideal candidate for the study of a
modern siliciclastic intra-archipelago tidal strait network (region of interest shown in Fig. 1.03.).
By predicting, describing and explaining this region’s seabed sediment transport,
geomorphology and sedimentology, this dissertation contributes to the database of modern
environment case studies needed to improve tidal strait facies models.
Furthermore, an understanding of regional seabed geomorphology and sediment
dynamics in the central Salish Sea will inform other areas of research. For example: i) coastal
and seabed construction is impacted by sediment transport pathways, ii) sediments can act as
contaminant sources and sinks, and iii) unravelling the interactions between marine organisms,
the seabed, and physical oceanography, is necessary in good ecological stewardship (i.e.,
habitat mapping and conservation planning).
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Figure 1.03. The central Salish Sea of British Columbia, Canada and Washington State, USA. The Strait of Juan de
Fuca (SJDF) and Johnstone Strait (JS, inset) connect the Salish Sea to the open Pacific Ocean. The primary inshore
basins are the Strait of Georgia (SOG) and Puget Sound (PS). The broad region of interest (Chapter 2 – sediment
transport pathways) is indicated by the box with a dashed outline. The main study area, the Boundary Passage
region (detailed in Chapter 3 – a modern tidal strait seabed), is shown by the non-dashed white box. The location
of the Boundary Passage Dune Complex (BPDC) is indicated by the star, on the Canada-USA border, within the
main study area – this landform is dealt with in Chapters 3 and 4. Inset map image from Google Earth.

1.1.2 Bathymetric change detection

Repeat hydrographic surveys have long been used as a change detection tool (e.g.,
Tizard, 1890). Applied motivations have included monitoring: navigational channels (e.g.,
Knaapen and Hulscher, 2002; Bale et al., 2007); dredge spoil dispersal (e.g., Wienberg et al.,
2004; Barnard et al., 2008, 2009; Du Four and Van Lancker, 2008; Stockmann et al., 2009; Hill,
2012); marine aggregate extraction and site recovery (e.g., Birchenough et al., 2010; Cooper et
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al., 2011); and bed stability for engineering considerations (e.g., Hayden and Puleo, 2011; Bolle
et al., 2012; Ying et al., 2012; Zirek and Sunar, 2014).
Scientists have also sought bottom process information with repeat bathymetric
surveys: lava flows (e.g., Fox et al., 1992; Chadwick et al., 1995; Le Friant et al., 2010; Caress et
al., 2012; Bosman et al., 2014), tectonic/fault displacement (e.g., Fujiwara et al., 2011),
landslides and turbidity currents (e.g., Smith et al., 2007; Marani et al., 2009; Casalbore et al.,
2012; Hughes Clarke, 2016; Lintern et al., 2016), delta channels (e.g., Mitchell, 2005; Hughes
Clarke et al., 2009; Hill, 2012), estuaries – including fjords (e.g., Tizard, 1890; van der Wal, 2003;
Bale et al., 2007; Conway et al., 2012; Ganju et al., 2017), canyons (e.g., Smith et al., 2005,
2007; Xu et al., 2008; Yoshikawa and Nemoto, 2010; Mazières et al., 2014), bedforms (e.g.,
Jones et al., 1965; Bokuniewicz et al., 1977; Duffy and Hughes Clarke, 2005; Barrie et al., 2009;
Barnard et al., 2011; Franzetti et al., 2013), wave and storm influenced areas (e.g., Barnard et
al., 2008, 2009; Trembanis et al., 2013; Schimel et al., 2015; Schwab et al., 2016), sediment
transport equations (e.g., van den Berg, 1987; Duffy and Hughes Clarke, 2012), and benthic
habitats (e.g., Daniell et al., 2008; Rattray et al., 2013; Tassetti et al., 2015).
A secondary objective of this dissertation is to demonstrate how areas of bathymetric
change, and corresponding volumetric change, can be rigorously detected and computed using
repeat multibeam sonar surveys. The techniques, demonstrated in Chapter 4, have broad
application – as is evident from the long list of citations above. This case study also advances
the understanding of tidal strait landforms by monitoring the dynamics of a submarine dune
complex (banner bank) with eight serial multibeam surveys over the span of about ten years.
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1.2 Dissertation outline
The core of this dissertation is in Chapters 2-4 (outlined below). The material in these
sections is in the process of being submitted for publication. Because the chapters are
formatted as papers, their individual introductions and conclusions provide some content that
is also offered in this dissertation’s overall introduction (this chapter) and conclusion (Chapter
5). However, there is additional material in the “suggestions for future research” portion of
Chapter 5 – including ideas about the possible role of extreme tsunami currents in the sediment
dynamics and geomorphology of tidal straits.
1.2.1 Chapter 2 – Tidally driven sediment transport pathways

Intra-archipelago waterways, including tidal strait networks, present a complex set of
barriers to, and conduits for sediment transport between marine basins. To address this
problem, sediment transport pathways in the central Salish Sea (“region of interest” box in Fig.
1.03) were simulated. Regional-scale sediment transport patterns have not been modelled here
previously.
By simulating the Lagrangian dispersal of particles (silt to fine gravel) from various
release lines along the seabed, due to 2D modelled tidal currents, insights were realised about
the partitioning of sediment between the Salish Sea’s two largest sub-basins: the Strait of Juan
de Fuca (SJDF), which is directly connected to the NE Pacific; and the inland Strait of Georgia
(SOG), where a large sediment flux is delivered by the Fraser River near Vancouver, BC
(locations identified in Fig. 1.03).
Oceanographic and sediment exchange between the SJDF and SOG is through a network
of narrow straits in the Vancouver Island (BC) and San Juan Islands (WA) region. Both 2D and 3D
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(bottom-layer) tidal model results (~59 days) showed strong current enhancement, to speeds
locally greater than 1.0-3.0 m s-1, where flow was bathymetrically redirected or constricted.
Particle dispersal results demonstrated: flood-dominated sediment transport
into/toward the SOG from release lines in the narrow connecting straits; very strong floodtrapping of sediment in the SOG; and even a noteworthy transfer of sediment from the eastern
SJDF into the SOG. Flood-dominance through the narrow connecting straits must provide an
effective barrier to ebb-related sediment transfer (sand and coarser) from the SOG to the SJDF.
Most mobile sand and gravel in the SJDF and narrow connecting straits has, therefore, been
derived from the coastal and seabed erosion of Pleistocene deposits. The confluence of floodrelated sediment transport pathways in the southern SOG is likely contributing to northward,
along-strait (SOG), asymmetric growth of the Fraser River’s delta.
Bed roughness had a substantial impact on sediment dispersal and was a major source
of uncertainty in this study. Future regional sediment transport models should incorporate 3D
hydrodynamics and test the sensitivity of sediment transport to a range of oceanographic
phenomena such as: deep saline inflow events, surface brackish water export, waves, storm
surges, and internal tides. It is uncertain how these processes affect sediment supply to, and
mobilisation within, the Salish Sea’s deep tidal transport pathways.
1.2.2 Chapter 3 – Modern tidal strait sedimentology and geomorphology

Modern environment case studies are needed to improve tidal strait facies models. This
chapter investigates the seabed sedimentology and geomorphology of the Boundary Passage
region (“main study area” box in Fig. 1.03), part of the narrow intra-archipelago corridor
connecting the SJDF and SOG. A variety of data types were integrated: a 3D tidal model,
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multibeam bathymetry/backscatter, Remotely Operated Vehicle (ROV) seabed video, grab
samples, cores and seismic reflection.
At last glaciation’s end, ice-retreat across the study area seems to have been spatially
variable, and the developing tidal strait network may have had a different configuration than at
present. Pleistocene channel-fill sediments were likely eroded and redistributed by tidal
currents, and in some locations, by waves.
Presently, shallow strait margin areas often contain mud or rippled muddy sand which,
towards the primary strait flow axis, transitions to sand and gravel. A lag pavement of gravelthrough boulder-sized material is found throughout the strait thalweg, not just at flow
constrictions and headlands. In some high-energy locations, a “scalloped” bedform texture
developed from the in-situ concentration of gravel, cobbles and boulders due to the erosion of
surrounding ice-proximal glacial marine sediment (or mud-rich diamict).
Dune-bedded deposits exist as isolated banner bank-type landforms where the primary
along-strait tidal flow is disturbed by channel irregularities (e.g., headlands). The morphology
and internal structure of one such deposit, where dunes reach up to 24 m height, was
investigated in detail. This landform is termed the Boundary Passage Dune Complex (BPDC,
location noted by the star in Fig. 1.03). Architectural elements of the BPDC were consistent with
sediment transport convergence in the centre of the field. Morphological evidence and
modelling both indicated bi-lateral opposition in the net bedform-normal sediment transport
direction about either side of the complex’s long axis.
In the wide southern SOG, flood currents from Boundary Passage appear to have
inhibited Fraser River mud accumulation during the Holocene. These flows are probably also
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driving the erosion of underlying sediments. Large counter-clockwise rotational eddies that
develop over the southern SOG’s seabed exert influence on morphodynamic patterns.
From the synthesis of this study, and others, slight modifications to the Longhitano
(2013) tidal strait facies classification scheme were proposed. Two previously overlooked
aspects of tidal strait networks are: 1) the most volumetrically substantial sand/gravel dunebedded deposits may be flow-obstruction associated banner bank-type landforms; and 2)
regional near-seabed sediment transport pathways may reflect increasing flood tide dominance
in the direction of the more inshore basin, and in deeper channel locations this pattern may be
enhanced by saline estuarine inflow.
1.2.3 Chapter 4 – Bathymetric change detection at a tidal strait dune-complex

MultiBeam EchoSounder (MBES) systems permit repeat bathymetric surveys of wide
swaths of seafloor. A simple procedure for seabed change detection is the raster subtraction of
a repeat pair of Digital Elevation Models (DEMs) to produce a DEM of Difference (DoD). The
prospect of accurately detecting seabed elevation change at a given location in a DoD increases
with an increase in the magnitude of real elevation change (geomorphic signal) relative to
degree of error/uncertainty there. In this regard, thresholding filters may be useful in
separating those DoD areas dominated by meaningful seabed change from those where change
cannot be separated from noise (e.g., the fluvial survey analyses of Wheaton, 2008). The
Chapter 4 study demonstrated the rigorous areal detection and volumetric computation of
bathymetric change using a collection of 8 repeat MBES surveys spanning ~10-years (20012011). The results were interpreted to describe the morphodynamic behaviour of the study
site, a banner bank containing giant dunes – the BPDC.
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Three Geomorphic Change Detection (GCD) techniques involving DoDs were explored:
1) the use of no vertical change detection threshold; 2) a probabilistic t-test (e.g., Brasington et
al., 2003; Lane et al., 2003; Wheaton, 2008; Schimel et al., 2015) at the 68% confidence limit
that takes into account the magnitude of elevation change at each cell and a spatially variable
estimate of uncertainty derived from the Combined Uncertainty and Bathymetric Estimator
algorithm (CUBE; Calder and Mayer, 2003; Schimel et al., 2015); and 3) the identification of
significant change clusters, erosion and deposition, using the local Moran’s Ii spatial
autocorrelation statistic (Eamer and Walker, 2013; Walker et al., 2013) with a 1st order queen’s
contiguity spatial weight. For each technique, volumetric change confidence intervals were
calculated using spatially variable propagated CUBE depth uncertainty surfaces.
Given the set-up of the techniques described within, the areas of detected
erosion/deposition, and corresponding change volumes/volumetric confidence intervals were
extremely large using technique 1, much less with technique 3, and usually least with technique
2. The use of a more stringent probabilistic threshold than the 68% confidence limit of
technique 2, such as the 95% limit advocated by Schimel et al. (2015), would have resulted in
detected change areas with very limited spatial extent due to the high relative uncertainty of
MBES measurements in the deep (~251-165 m) study setting. As configured, the probability
threshold (technique 2) produced conservative volumetric change results, but the local
Moran’s Ii test generally revealed more extensive areas of change (with greater relative
volumetric change uncertainties) where either deposition or erosion plausibly prevailed.
Researchers may wish to use the local Moran’s Ii statistic to detect clusters of seabed
change when: a) spatially variable t-tests are unfeasible because DEM uncertainty surfaces are
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unavailable to propagate and no estimate of uniform error can be derived from a static seabed
area, b) when propagated DEM uncertainties are too large for probabilistic thresholding to be
useful, and/or c) when reasonable spatial patterns of geomorphic change are of greater interest
than accurate estimates of volumetric change. Either technique 2, or 3, may be used to exclude
areas with a low geomorphic change signal-to-noise ratio, thereby reducing the size of resultant
confidence intervals (compared to calculations done without a bathymetric change detection
threshold, i.e., technique 1).
In the study area, the CUBE-derived DEM and propagated DoD uncertainty values were
extremely large: 0.7-3.1 m, and 1.1-3.4 m, respectively. This high degree of uncertainty,
contributed to extremely large volumetric confidence intervals that accompanied apparent
values of erosion and deposition computed with each technique. The problem of large
volumetric uncertainties was exacerbated by their addition in sum to produce net volumetric
change uncertainties that were too large to confidently define the BPDC’s sediment balance in
each circumstance. The consideration of volumetric confidence intervals can temper seabed
change interpretations and communicate valuable information about data accuracy (or lack
thereof).
Although bathymetric change detection is limited by the technological state of MBES
systems and hydrographic procedures, this study inferred long-term (~10 year) bedload
transport pathways around the BPDC based on the relationship between dune-form and paired
zones of detected erosion and deposition. Net bedload transport and resultant dune migration
were assumed to correspond to vectors qualitatively drawn from a zone of erosion to an
adjacent zone of deposition (i.e., stoss-erosional and lee-depositional dune migration). From

14
the comparison of these trends between the change-detected difference surfaces: i) there was
a clockwise-rotational sediment movement pattern around the outer regions of the complex;
and ii) in the interior of the bank, net sediment transport converged towards the largest dune
(central complex) from its SW (flood) and NE (ebb). This is consistent with the assertion in
Chapter 3 that, based on sediment mobility simulations and morphological evidence, there was
bi-lateral opposition in the net sediment transport direction about either side of the complex’s
long-axis (a coarse-grained residual mobility shear zone).
1.3 Physical setting of the central Salish Sea
1.3.1 Basin configuration and oceanography

The Salish Sea is an ~18,000 km2 estuarine body of water comprised of three principle
basins (Fig. 1.03): 1) the Strait of Juan de Fuca (~4,400 km2, maximum depth ≈ 250 m); 2) the
Strait of Georgia (~6,400 km2, max. depth ≈ 420 m); and 3) Puget Sound (~2,500 km2, max.
depth ≈ 280 m). The sea has an intricate ~7,500 km long coastline and contains hundreds of
islands. Most of the remaining surface area, ~4,700 km2, consists of a variety of smaller
connecting straits, intra-island passages, sounds and deep fjords that cut into the Coast
Mountains of British Columbia (Freelan, 2016; Thomson, 1981).
Shallow sills, such as a submerged ridge south of Victoria, and numerous channel-width
constrictions between the Gulf-San Juan Islands restrict oceanographic exchange between the
inland SOG and the Pacific-connected SJDF (Masson, 2002). The linked Haro Strait and
Boundary Passage corridor (Fig. 1.03) is the deepest and most substantial flow conduit between
the SOG and the open pacific connected SJDF. Rosario Strait, in the eastern San Juan Islands

15
(Fig. 1.03), is a SJDF-SOG water-mass exchange corridor of secondary importance (Thomson,
1981). Depths locally exceed 375 m in the Haro-Boundary corridor and 160 m in Rosario Strait.
San Juan Channel (alternatively known as Middle Channel), is a narrow passage through the
middle of the San Juan Islands – an indirect link between the SJDF and the SOG, via the
Boundary Passage region. The inland SOG is also connected to the Pacific, in the north, via
several passages that combine into the much narrower (2.5-5.0 km-wide) Johnstone Strait (“JS”
in Fig. 1.03, inset). Cross-sections of the channels leading into the SOG are illustrated in Fig.
1.04.
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Figure 1.04. Cross-sections of channels leading into the Strait of Georgia from the north (top) and south
(bottom). From Thomson (1981), after Waldichuk (1957).
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1.3.2 Tides

The tidal characteristics of a semi-enclosed marine basin depend on: the forcing nature
of offshore tides; the configuration of the bathymetry and coastline in the basin; and the
impact of friction on tidal waves (Sutherland and Garrett, 2005). On the shelf of the US Pacific
Northwest, the oceanic tides journey northward along-coast, entering the SJDF as a long
progressive wave. It takes ~1.5-3.5 h for incoming ocean tides to reach the eastern SJDF
(Thomson, 1981). The region’s two most important tidal constituents are the semidiurnal wave
component (M2, principal lunar with a period of 12.42 hours) and the diurnal wave component
(K1, lunisolar with a period of 23.93 hours). These two tides propagate at different rates: the M 2
wave takes ~3.5 h to travel from the western SJDF to the San Juan Islands east of Victoria, yet
the K1 component traverses this distance in ~1.5 h (Thomson, 1981). In only ~1 h, incoming tidal
flows meander through the inter-connected channel network of the Gulf-San Juan archipelago,
passing into the SOG (Thomson, 1981). Tides are mixed throughout the Salish Sea because the
dominant resonant period of the system is between the semidiurnal and diurnal frequencies
(Crean et al., 1988a,b).
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a)

b)
Figure 1.05. Lines of equal mean tidal range [m] in: a) the Strait of Juan de Fuca; and b) the Strait of Georgia
(Thomson, 1981; after Barker, 1974). There is a general increase in tidal height range in the inshore direction –
this trend is clearer in ‘b’ than ‘a’ due to a major semidiurnal amphidrome (amplitude minimum) off Victoria.
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At the interface of the Pacific shelf and the SJDF, the tide has a mean range of 2.45 m,
but this tapers eastwards towards a regional low of 1.85 m along the north side of the strait
near Victoria (Barker, 1974). However, a range of 2.45 m is once again achieved in the extreme
southeastern portion of the SJDF. At the boundary between the eastern SJDF and the channels
leading north to the SOG, the mean tidal range increases towards the east – from 2.0 m in
southerly Haro Strait, to 2.3 m in southerly Rosario Strait. Where Boundary Passage and Rosario
Strait merge with the southern SOG, north of the San Juan Islands, a range of 2.6 m is achieved.
The mean range continues to increase northwards through the SOG, reaching 2.9 m between
the Gulf Islands and Vancouver, and upwards of 3.35 m across a more northerly region of the
inshore basin (Barker, 1974). Lines of equal mean tidal range in the SJDF and SOG are shown in
Fig. 1.05 (a and b, respectively).
Fast local currents, up to 1-3 m s-1, result from tidal exchange through the flowconstricting straits of the Gulf-San Juan Islands (e.g., LeBlond et al., 1991; Dewey et al., 2014;
Chapter 2). About 80% of the total current kinetic energy in the SJDF and SOG is due to tidal
processes, but this value rises to nearly 100% in narrow channels (Crean et al., 1988a,b;
Stronach et al., 1993; Foreman et al., 1995). The spatial patterns of energy flux and dissipation
reflect the geometry of, and depth differences between, channels. These variables also regulate
the tidal volume transport through the region.
For half an M2 cycle in the eastern SJDF, it has been estimated that 51% of the volume
movement is through Haro Strait, 20% through Rosario Strait, 5% through San Juan (Middle)
Channel and 24% into Puget Sound via its principle entrance, Admiralty Inlet (Parker, 1977). The
volume of tidal flow through the SOG’s narrow northern connection to the Pacific, Johnstone
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Strait, is only about one-fifteenth of that through the SJDF (Sutherland and Garrett, 2005;
Thomson, 1981). However, the northern SOG-Pacific connection does have very strong currents
and is a promising region for hydrokinetic energy extraction by turbines (Sutherland et al.,
2007).
Some proportion of the energy dissipated by tidal waves as they propagate through the
Salish Sea must be converted into geomorphic work on the seabed by erosion and sediment
transport. Foreman et al. (1995) modelled the tidal power crossing several transects in the
SJDF-SOG. The average vertically-integrated per tidal-cycle power-flux through the central SJDF
during the 29-day simulation period was found to be 4.5 GW. A spring tide power flux through
the same transect may exceed 8.6 GW, and a neap tide may exceed 2.8 GW. Considering the
tidal power moving through the SJDF during the 29-day simulation, only 38% was transmitted
into the southern SOG and 8% passed into Puget Sound. Thirty-nine percent of the incoming
power through the SJDF entered Haro Strait and 36% of this was dissipated there before it had
an opportunity to depart Boundary Passage into the SOG. The remainder of the tidal energy
incoming through the SJDF was dissipated in the eastern SJDF and the Gulf-San Juan Island
channels other than Boundary Passage-Haro Strait. The dissipation of tidal energy in Haro Strait
and Boundary Passage was significant on a per-unit-area basis (1.4 x 105 W km-2). A subsequent
modelling study (Foreman et al., 2004) was undertaken to yield improved dissipation rates for
the principal lunar semi-diurnal (M2) constituent. Its results suggested that: substantial
momentum equation residuals occurred in regions where strong turbulent mixing and internal
tide generation were known to occur; and that the largest energy sinks were in the Gulf and
San Juan Islands, SJDF, and the channels off northeast Vancouver Island.
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The main study region of this dissertation, Boundary Passage, was identified as having
the 13th and 16th ranked locations with the highest tidal hydrokinetic energy-generation
potential in Canada (Tarbotton and Larson, 2006). However, both flow cross-sectional areas
straddle the international border. A prominent constriction (labelled “BP” in Fig. 1.06) between
Saturna/Tumbo Islands (BC) and Patos Island (WA), at the Strait of Georgia-Boundary Passage
interface, has the larger mean power potential (366 MW) and annual mean power density
(~0.50 kW m-2). Mean power potential refers to the average power over a diurnal tidal cycle.
The lesser potential area, “Turn Point,” is located between Moresby Island (BC) and Stuart
Island (WA): 265 MW mean power potential, and ~0.33 kW m-2 annual mean power density
(location indicated by “TP” in Fig. 1.06). It can be seen in the tidal power density map (Fig.
1.06), that there are sites with even greater potential for commercial tidal power generation in
the USA’s portion of the central Salish Sea.
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Figure 1.06. Mean depth-averaged tidal current power density [kW m -2] in the Central Salish Sea (Cornett, 2006).
Map from the Canadian Hydraulic Centre’s “Inventory of Canada’s marine renewable energy resources.” Two
promising Canadian sites for eventual commercial tidal energy extraction are in the main study area: Turn Point
(TP) and the Boundary Passage flow-constriction/headland (BP). In terms of power density, the renewable energy
potential is greatest in the United States, amongst the San Juan Islands (SJI) region. The location of an
experimental in-stream tidal turbine test-site (2006-2011) in Canadian waters near Victoria is indicated by “RR”
(Race Rocks) – see Fig. 1.11.
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1.3.3 Estuarine circulation and deep-water renewal

The Salish Sea also experiences tidally modulated estuarine circulation due to the
seasonal forcing of fresh (fluvial) and saline (deep oceanic) water input (e.g., Masson, 2002;
Dewey et al., 2014; Soontiens and Allen, 2017). This circulation is driven mainly by discharge
from the Fraser River, which accounts for ~73% of the ~158 × 109 m3 mean annual freshwater
discharge into the SOG (Masson, 2002; Johannessen et al., 2003). The Fraser discharge peaks
around June with a value of ~7,000-10,000 m3 s-1 and a minimum of around ~1,000 m3 s-1
(Sutherland et al., 2011; Johannessen et al., 2003). This freshet results from snowmelt in its
~233,100 km2 drainage basin in the mountainous interior of British Columbia. Other important
Salish Sea rivers include Washington’s Skagit and Snohomish in Puget Sound, which together
have a maximum discharge of ~7,000 m3 s-1 and a mean of ~1,000 m3 s-1 (Sutherland et al.,
2011).
Flow acceleration in the narrow Haro-Boundary corridor and other intra-archipelago
channels leads to vigorous mixing of the water column and reduced stratification (e.g., LeBlond,
1983; Thomson, 1994; Masson and Cummins, 2004; Johannessen et al., 2006). Robust
turbulence and super-critical flows have been noted in the area (e.g., Pawlowicz, 2001; Farmer
et al., 2002; Johannessen et al., 2006) and the numerous submarine ridges and headlands
generate internal waves and eddies that act as a drag on the tidal flow and provide energy to
mixing processes (e.g., Sutherland et al., 2011). Spring-neap tidal cycles regulate mixing
intensity and resultant changes in the salinity structure of the Haro-Boundary corridor and the
SOG (e.g., Griffin and LeBlond, 1990; Masson and Cummins, 2000; Li et al., 1999; Masson and
Cummins, 2004).
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This mixing results in an export volume amplification (“entrainment”) of 10-20 times
between the SOG and the Pacific, via the upper water column of the SJDF (Dewey et al., 2014).
Due to the shallow entrances in the SJDF near Victoria and in eastern Boundary Passage, water
flows into the SOG at mid-depth throughout the year, but deeper inflow is somewhat
restricted. However, there are rapid and episodic deep oceanic intrusions into the SOG that
originate in the SJDF and must first pass through the intense mixing region of the HaroBoundary corridor.
In most years, during every second neap tide at the end of spring (April-May) and again
at the end of summer (August-September), relatively dense water flows over the Boundary
Passage sill, replacing the SOG bottom water (Masson, 2002; Johannessen et al., 2014). The
timing of these two Deep Water Renewal (DWR) seasons relates to the overlap of Pacific shelf
coastal upwelling and the Fraser River freshet. In the spring, cold and nutrient depleted water
with a high-dissolved oxygen content penetrates the deep SOG basin. During the fall, deep
intrusions carry-in warmer and more saline water with a low-dissolved oxygen and high
nutrient content (Masson, 2002). Climatic phenomenon such as the El Niño Southern Oscillation
may affect these DWR processes (Masson, 2002).
As was noted, specific inflow events during the DWR seasons are tied to the fortnightly
tidal cycle; each event occurring monthly after every other neap tide. This repeat interval is due
to the time needed for density values near the base of the eastern Boundary Passage sill to
rebuild to a critical value after the clearing of dense water by the preceding DWR event. During
weaker neap tides, mixing in the SJDF-SOG connecting channels is reduced, allowing denser,
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more saline, water to spill over the sill into the SOG as pulses associated with successive flood
tides (Masson, 2002). These pulses spread-out in a northwesterly direction along the SOG
thalweg, passing a permanent seabed instrumented observatory station, located about 42 km
from Boundary Passage, 36 hours later with a mean speed of 0.32 m s-1 (Dewey et al., 2014).
1.3.4 Waves and storm surges

Compared to the exposed Pacific coast along the western edge of Washington State and
Vancouver Island, the central Salish Sea is a low-energy wave-regime; limited foremost by
fetch, but also by the strength and duration of winds. Coastal geometry and obstructive islands
prevent waves from propagating and growing along the full length of the basins (Thomson,
1981). Although most of the area is protected from Pacific Ocean swell, a portion of the eastern
SJDF south of the San Juan Islands has a small angular range of direct exposure to the Pacific to
the WNW. However, even the largest Pacific swell, with the longest wavelengths, entering the
SJDF is converted to low groundswell by the eastern strait due to dispersion, refraction and
dissipation (Thomson, 1981). In the eastern SJDF, waves can have heights up to ~2 m, with
periods of around 6 s, and wavelengths of 55 m (Thomson, 1981; Mosher and Hewitt, 2004).
Mosher and Hewitt (2004) calculated that these waves are capable of mobilising coarse sand
(~2 mm diameter) at ~25 m depth.
Within the southern SOG, two wave buoys deployed for 26 months at banks west of the
Fraser River had a northwest fetch of up to ~120 km. The most extreme conditions they
recorded have been considered indicative of those possible at other exposed areas in the SOG
(Thomson, 1981). From one of the buoys (Sturgeon Bank, 139 m depth), it was found that
significant wave heights never exceeded 2.7 m and the maximum observed height was <4.0 m.
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At the other buoy (Roberts Bank, 110 m depth), significant wave heights never exceeded 2.1 m
and the maximum height was <3.3 m. At both buoys, wave heights only surpassed an average
height of 0.8 m and a maximum height of 1.2 m 10% of the time. On the banks, calm conditions
prevailed about 30% of the time and maximum waves exceeded 0.3 m 60% of the time. Within
semi-protected southern SOG inlets (e.g., Vancouver’s Burrard Inlet), waves very rarely exceed
2.0 m in height (Thomson, 1981).
Simulations by Hill and Davidson (2002) showed that the storm wave base along the
Fraser Delta is typically <20 m deep (based upon a 1.3 m wave height and 5 s period). These
results indicate that under moderate storm conditions, the combined influence of waves and
currents leads to sediment dispersal along the uppermost delta-front. Geographically
extrapolating their findings, it is realistic to expect that waves have the most geomorphic
consequence in fetch-exposed and shallow areas of the southern SOG.
The SOG and surrounding waters are most susceptible to the flooding and erosive
power of storm surges between November and February (Forseth, 2012). Surges develop from
a combination of strong storm wind, elevated sea level due to low atmospheric pressure, high
tide, and possibly even a small contribution from a large-scale positive sea surface height
anomaly (i.e., El Niño) (Soontiens et al., 2016; Abeysirigunawardena et al., 2011). Within the
study area, surges primarily result from the combined work of storms and a higher sea level
induced by southeasterly winds and geostrophic adjustment (Danard, et al., 2003). The most
severe coastal inundation by a surge is likely to occur during a high spring tide
(Abeysirigunawarden et al., 2011). Also, extreme water level events have been associated with
warm El Niño periods (Abeysirigunawardena et al., 2011). During the less active summer
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season, wind is typically northwesterly and there is a lower mean sea level (Soontiens et al.,
2016).
Soontiens et al., (2016) conducted 3D modeling of storm surges (hindcasts) in the
central Salish Sea using a regional NEMO (Nucleus for European Modelling of the Ocean)
oceanographic model. Their most relevant findings were: 1) local wind is not the most
important factor in setting up storm surges over their domain; 2) sea surface height anomalies
entering the SJDF from the Pacific are the most important contributors to surge amplitude in
the region (confirming Murty et al., 1995); and 3) surge amplitudes in the SOG are generally
higher than those in the SJDF, despite the indirect Pacific access of the former. The unusual
characteristic of higher storm-surge amplitudes in the isolated SOG may result from partial
surge reflection off the mainland coast and from non-linear effects of tide-surge interaction
that are more significant north of the Gulf-San Juan Islands (Soontiens et al., 2016). Despite the
contribution of Pacific sea surface height anomalies to surge amplitude in the central Salish Sea,
it is known that the combination of local wind patterns and coastline complexity contribute to
high spatial variability in coastal inundation (Soontiens et al., 2016).
1.3.5 Geology
1.3.5.1 Tectonics and tsunamis

The Salish Sea is a marine-inundated component of the forearc region of the Cascadia
Subduction Zone (CSZ). Vancouver Island and the Salish Sea are situated in the arc-trench gap
between an offshore trench obscured by continental sediment fill (<250 km WSW of the study
region) and the mainland Cascade Volcanic Arc/Coast Mountains that run along the east side of
the basin. The subducting Juan de Fuca and Explorer oceanic plates, legacies of the ancient
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Farallon plate, are still being generated at an offshore spreading ridge which is as close as ~420
km west of the study area. At present, the North American plate is overriding the Juan de Fuca
plate at ~4 cm yr-1, with subduction being directed towards the ENE (e.g., Riddihough and
Hyndman, 1991). Due to the proximity of the spreading ridge, the Juan de Fuca plate is young,
6-9 Ma at the offshore trench (e.g., Wilson, 1993), and the shallow mantle beneath the
subduction zone has a low viscosity (e.g., James et al., 2000; James et al., 2005).
The San Juan Islands are underlain by the San Juan Islands–northwest Cascades thrust
system, which is composed of nappes thrust onto the North American margin during the midCretaceous (e.g., Misch, 1966; Brown, 1987; Brandon et al., 1988). These rocks have Paleozoic
to Cretaceous arc and oceanic origins – expressing various degrees of high-pressure/lowtemperature metamorphism (e.g., Brown et al., 2007). It is likely that their final emplacement is
the result of post-accretionary fragmentation and dispersal (Brown et al., 2007). The nascent
margin onto which these nappes were thrust was composed of accreted terranes with a
volcanic arc overprint. The largest of these accreted terranes, Wrangellia, is thought to underlie
the San Juan Islands (Johnson et al., 1986). Wrangellia, the core of Vancouver Island, is a
fragment of Proterozoic to Mesozoic juvenile continental crust developed from the eruption of
an oceanic plateau (large igneous province) into an extinct island arc (e.g., Monger et al., 1982;
Greene et al., 2005).
Broadly speaking, the Boundary Passage study area can be divided into two distinct
bedrock zones. Most of the area is part of a northern sedimentary bedrock zone. South of the
Haro Fault, a curved southeast-dipping thrust fault running parallel to Boundary Passage across
the northernmost San Juan Islands, is a variably metamorphosed nappe pile. The susceptibility
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of the sedimentary bedrock zone to greater erosion may provide a partial explanation for the
position of the deep channel defining Boundary Passage. Structural weakness may also have
played a role in the origin of Boundary Passage. North of the Haro Fault, significant Eocene
crustal shortening (folding and thrusting) of the sedimentary Nanaimo Group (Johnston and
Acton, 2003) shows greater severity towards the group’s southern section (i.e. near Boundary
Passage). This may relate to counter-clockwise oroclinal bending and rotation of Southern
Vancouver Island due to a seaboard terrane accretion event (Johnston and Acton, 2003).
The last great earthquake along the CSZ, Mw = 8.7-9.2, struck on January 26, 1700 (e.g.,
Atwater et al., 1995, Satake et al., 1996, Yamaguchi et al., 1997). It is estimated that the CSZ has
a 10-14% chance of a similar event occurring during the next half-century (Petersen et al.,
2002). At least seven of these major earthquakes have occurred in the last 3,500 years, as
indicated from the study of tsunami deposits, coastal subsidence and tree rings. Various studies
suggest a CSZ Mw 9.0 recurrence of 300-700 years and an average return period of 500 years
(Brady et al., 2013).
Recent simulations (Gica, et al., 2013; Brady et al., 2013) of hypothetical CSZ Mw 9.0
earthquakes and their resultant tsunami waves provided insight into the coastal currents and
inundation likely to impact the central Salish Sea. These models used high-tide water levels, as a
factor for public safety, but did not include tidal dynamics. The interaction of a tsunami with
tides can result in intensification or damping of impacts, but it is not standard practice to model
the behaviour of the phenomena together for the purposes of general hazard assessments
(e.g., Kowalik and Proshutinsky, 2010; Shimoyama and Lee, 2014). Non-linear tide-tsunami
interaction may be negligible in the SJDF (Brady et al., 2013), but this should be investigated.
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Due to the decrease in tsunami propagation rate with decreasing depth, as it moves
from the open Pacific through the SJDF, it could take >1.25 h post-earthquake before the wave
front reaches the southern San Juan Islands (Gica et al., 2013). The front will then be steered
around the archipelago through Haro and Rosario Straits, while also entering the intra-island
passages and spilling into the various bays and inlets. Just prior to the tsunami wave’s arrival at
the San Juan Islands, there will be a water drawdown with currents directed generally south
towards the eastern SJDF (Gica et al., 2013). As is also the case for tidal currents, headlands and
channel flow-constrictions will be the sites of the greatest tsunami flow speeds (Gica et al.,
2013; Brady et al., 2013). The straits, inlets and embayments of the central Salish Sea are prone
to various complexities resulting from resonance during a tsunami, including high-spatial
variability in peak amplitude arrival times between different sub-basins (Brady et al., 2013).
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Figure 1.07. Simulated maximum tsunami wave current distribution in the San Juan Islands region (modified
from Gica et al., 2013). Flow acceleration is pronounced in channel flow-constrictions and around obstacles such
as headlands. Underlined locations are candidate sites for the potential stratigraphic preservation of offshore
tsunami records (low energy with respect to tidal currents, but high energy during a tsunami – Chapter 5). Codes
for locations referenced: Anacortes (city) = AN; Boundary Passage = BP; Decatur Island = DEC; Discovery Island,
Canada = DIS; Eastsound (town) = ET; East Sound = ES; Haro Strait = HS; Lopez Island = LI; Lopez Sound = LS; Mud
Bay = MB; Obstruction Passage = OB; Orcas Island = ORC; Plumper Sound, Canada = PL; Rosario Strait = RS; Saturna
Island, Canada = SAT; Thatcher Passage = THA; Upright Channel = UP; and Wasp Passage = WAS.
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Locations referred to below are labelled on Fig. 1.07 (maximum simulated flow speed
during a major tsunami; Gica et al., 2013). At the north-end of the ~10 km-long inlet dividing
horseshoe-shaped Orcas Island, the community of East Sound (population ~3,500) could
experience offshore current speeds of ~0.4 m s-1 and a wave amplitude approaching 5.0 m – the
greatest height simulated in the region (Gica et al., 2013). A maximum wave height nearly as
large was simulated at southern Mud Bay (Lopez Island) and across a large swath of southern
Rosario Strait between Lopez Island and mainland Washington southwest of Anacortes.
Inundation can be expected at various locations on the islands, especially some low-lying
coastal zones on Decatur Island, Lopez Island and Orcas Island, where overland flow-depths
may be as high as ~3.0 m (Gica et al., 2013).
In northern Haro Strait and across Boundary Passage, maximum amplitude values were
simulated to be generally <2.0-3.0 m. Western Haro Strait was outside the reported study area
of Gica et al., (2013), but Brady et al. (2013) showed that a reasonably high maximum tsunami
wave up to ~2.5 m could occur along the shallow margin of Vancouver Island, north of Victoria.
Brady et al. (2013) also predicted low amplitude values (less than ~1.5 m) throughout the
remainder of Haro strait and Boundary Passage. Maximum simulated wave heights greater than
those in Boundary Passage were achieved in some of the adjoining Gulf Island embayments to
its north (Brady et al., 2013).
Extremely swift tsunami currents can be expected at many constricted passages
between the San Juan Islands (Fig. 1.07). Gica et al. (2013) simulated very fast streams of water
travelling the length of various channels, with the passage of water in both directions. From the
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mouths of these channels, jets may extend several kilometres into adjacent, less-constricted
basins. These jet trails will become increasingly sinuous and spiralled with decreasing current
speed during their progression into more open water. The increasing complexity of these
patterns with distance from a constriction is reflective of the migration of large horizontal
turbulent flow structures (Gica et al., 2013).
Channels of note for their impressive tsunami currents (Fig. 1.07) include: Thatcher
Passage (~11.0-12.0 m s-1 in the constriction and ~4.0-8.0 m s-1 in the adjoining basins; 0.7-1.6
m s-1 maximum tidal flow in the pass); Upright Channel (~6.0-12.0 m s-1 in the main flow
constriction and ~14.0 m s-1 at the headland-constriction; maximum tidal = 0.09-0.8 m s-1);
Wasp Passage (~5.5-9.0 m s-1; max. tidal = 0.2-0.9 m s-1); and Obstruction Passage (~10.0-11.0 m
s-1; max. tidal = 0.25-1.4 m s-1) (Gica et al., 2013). Similar streams and jets will also be generated
by coastal headlands – such as at Discovery Island (~4.5-6.0 m s-1) adjacent to Victoria (Gica et
al., 2013). These simulated current magnitudes are like some of the faster tsunami survivor
estimates (8-10 m s-1) from near the open ocean in Banda Aceh, Indonesia, on December 26,
2004 (Lavigne et al., 2009). The tidal speeds provided here are from the 2D hydrodynamic
model presented in Chapter 2.
1.3.5.2 Latest Pleistocene and Holocene

The Salish Sea contains structural depressions that were deepened by Tertiary fluvial
erosion and repeated Quaternary glaciations (e.g., Barrie et al., 2005; Barrie et al., 2014). Deep
seismic profiles from the SOG show evidence of repeated glacial depositional cycles: 2-3
vertically stacked couplets thought to represent periods of glacial advance (well-stratified
glacial marine turbidites) and retreat (diamictites and coarse sands) (Hamilton, 1990).
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The most recent large-scale ice-advance, known as the Fraser Glaciation in the Pacific
Cordillera, began ~25,000-30,000 years ago. Thick and well-sorted sand deposits were laid
down in advance of ice moving south-eastwards through the SOG (e.g., Clague 1976, 1977,
1994). The large SE-progressing SOG ice mass must have coalesced with another flow exiting
the Fraser Valley (Vancouver region) from the east. After moving over the Gulf-San Juan Islands
study area, the ice split into two tongues: one flowing southwards into Puget Sound; and the
other making a sharp turn near Victoria and continuing through the SJDF towards the open
Pacific Ocean. Both tongues achieved their maximum reach ~14,000 radiocarbon years ago (BP)
– in the southern Puget Lowland of Washington State (Puget Lobe Ice Sheet) and the western
SJDF (Juan de Fuca Lobe) (e.g., Porter and Swanson, 1998; Waitt and Thorson, 1983; Hewitt and
Mosher, 2001; Mosher and Hewitt, 2004).
At last glaciation’s end, ice-decay and retreat was rapid in the Salish Sea region. The
SJDF was ice-free by ~13,600 BP (e.g., Mosher and Hewitt, 2004), and the SOG was deglaciated
before ~12,000 BP (e.g., Barrie and Conway, 2002; Hewitt and Mosher, 2001; Hetherington and
Barrie, 2004). Throughout the basin, ice-stagnation and down-wasting resulted in diamicton
deposits (often ~30-60 m thick), covered by ice-proximal and ice-distal glaciomarine sediments
(Clague, 1981; Guilbault et al., 2003; Barrie and Conway, 2002).
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Figure 1.08. Paleogeographic reconstructions of sea-level in the Victoria region of the central Salish Sea at
selected times since the last glaciation (James et al., 2009). The time-slices provide insight into the deglacial and
postglacial landscape. At the time of the sea-level low stand (11,200 cal BP), coastal plains were larger and marine
passages narrower. Submarine banks in the eastern Strait of Juan de Fuca (SJDF) were emergent.
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As ice-retreated from the Victoria-San Juan Islands region, the lithosphere was
isostatically depressed (Fig. 1.08, top left frame). There was a rapid fall in sea level from a +75
m high stand before 14,000 cal BP (12,000 radiocarbon years BP) to lower than today’s
shoreline by 13,200 cal BP (11 400 radiocarbon years BP) (James et al., 2009). The definitive
post-glacial sea-level low stand in the broad study region was about −30 ± 5 m at approximately
11,200 cal BP (9,800 BP) (James et al., 2009). Paleogeographic reconstructions of sea-level in
the Victoria region (James et al., 2009), including the Haro Strait- Boundary Passage corridor,
are shown in Fig. 1.08.

Pt. Roberts, USA
Figure 1.09. The delta of the Fraser River and a plume of sediment extending across the Strait of Georgia. The
land outlined in red developed by delta progradation into the Strait of Georgia during the Holocene. Point Roberts
was an island during the early Holocene. NASA image, Landsat 5 – Thematic Mapper (7 Sep. 2011), modified from a
version by Earle (2015).

In the southern SOG near Vancouver, the Fraser River (Fig. 1.09) delivers sediment from
a rugged drainage basin. Paleogeographic reconstructions of the Fraser Delta’s progradation
into the SOG during the last 10,000 years (e.g., Clague et al., 1983; Clague et al., 1991; Clague,
1998) indicate that the strait’s effective width, between the mainland delta front and the Gulf
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Islands, was reduced from ~40-50 km to ~24-36 km. Early in the Holocene, the Point Roberts
area was an island separated from the mainland by a >12 km-width channel, but delta
progradation nearly enveloped it by ~2,300 years ago (Murty and Roberts, 1989). Today, Point
Roberts, USA is a peninsula affixed to Metro Vancouver, Canada. It is located ~20 km north of
the eastern Boundary Passage flow constriction dealt with throughout this dissertation.
1.4 Human and ecological setting of the central Salish Sea

In honour of the region’s Salish language speaking indigenous people, various levels and
departments of government within the USA and Canada formally assigned the collective name
“Salish Sea” to the SOG, Puget Sound and the SJDF (between 2009-2012; Allen, 2017). However,
at least some Salish groups in present Washington State traditionally refer to these waters as
the “Whulge,” which could be translated as “the water we know,” or simply “salt water” (e.g.,
Scigliano and Thompson, 2003; Bates et al., 1994).
In the Salish Sea, ecotourists and local recreationalists share the waters with ferries,
supertankers, freighters, barges, fishing vessels, aircraft carries and ballistic missile submarines
(Allen, 2017). The area around these waters, core of the Cascadia Megaregion (e.g., Ross,
2009), is home to >7 million people (Seattle, Tacoma, Vancouver, Victoria etc.) and its
population may rise by another ~2 million during the next decade (Environment Canada and the
United States Environmental Protection Agency, 2013). This growth will drive increased human
interaction with the marine environment – probably at the expense of ecosystem health.
The shipping lanes connecting Port Metro Vancouver to the Pacific are through this
dissertation’s primary study area, the Boundary Passage region. Vancouver’s port now transfers
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~$200 billion Canadian (>$155 billion US) of diverse cargo annually (Port Metro Vancouver,
2017) and is the third largest by tonnage in the Americas (American Association of Port
Authorities, 2014).

Boundary
Pass.

Figure 1.10. Steelhead LNG is working with Williams (Northwest Pipeline LLC) to determine the feasibility of
building and operating an ~75 km seabed natural gas pipeline from mainland Washington to the proposed
Malahat Liquified Natural Gas (LNG) facility on Vancouver Island. The Malahat LNG Project would be located at
Malahat First Nation owned industrial lands. The floating liquefaction production facilities would be permanently
moored to jetties and supported by some land-based infrastructure. Map modified from Island Gas Connector
(IslandGas, 2017).

Boundary Passage has also been proposed as a corridor for a natural gas pipeline between
Vancouver Island and Washington State (Barrie et al., 2009). In the early 2000s, a plan to bring
natural gas from the mainland to Vancouver Island for power generation would have involved
the installation of a pipeline across the bottom of the southern SOG and the length of Boundary
Passage (Georgia Strait Crossing Pipeline Limited). During seabed route surveys, a field of very
large dunes (the BPDC) were encountered (Barrie et al., 2005). This demanded a significant
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modification to the proposed path. Although the Georgia Strait Crossing Pipeline did not come
to fruition, a distinct proposal along nearly the same route was put-forth in 2015 (Island Gas
Connector; Fig. 1.10) to supply a proposed Liquefied Natural Gas (LNG) plant north of Victoria
(Malahat LNG).
On the renewable energy front, there is high potential for tidal energy extraction at flow
constrictions and headlands throughout the Salish Sea (Fig. 1.06). Clean Current Power Systems
Incorporated and the EnCana Corporation, with funding from the Canadian government (~$1.58
million Canadian), field-tested a prototype free-stream tidal power project – a 65 kW tidal
turbine generator (~$4.80 million Canadian total project value; Sustainable Development
Technology Canada, 2017). The device was deployed at the Race Rocks Ecological Reserve (Fig.
1.11) southwest of Victoria (location indicated by “RR” in Fig. 1.06) for periods during 20062011.
The sustainability of the Salish Sea ecosystem is critical to continued human use and
enjoyment of this place (e.g., Environment Canada and the United States Environmental
Protection Agency, 2013; Fisheries and Oceans Canada, Rockfish Conservation Areas, 2006;
Puget Sound Ambient Monitoring Program, 2002). The relationships between current-energy,
geological substrate and habitat-type in the Salish Sea, is the subject of ongoing research (e.g.,
Greene, 2011; Pacunski and Palsson, 2001; Hobson, 1986; Robards et al., 1999; Bynum, 2014;
Conway et al., 2007).
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Figure 1.11. The Race Rocks Marine Protected Area near Victoria was the site of an experimental tidal power
turbine project (2006-2011). The location of the high-energy Race Rocks island headland is indicated by “RR” in
Fig. 1.06. The Race Rocks lighthouse and wildlife (a) - photo by Jeff Lorton. Clean Current’s tidal turbine generator
prior to initial installation (b) at a depth of ~20 m. The 65-kW device is a bi-directional ducted horizontal axis
turbine with a direct drive variable speed permanent magnet generator. During extraction, after three years of
operation, the machine was covered in fouling organisms [(c) and (d) – images and organism identification credit to
Garry Fletcher, Race Rocks Ecological Reserve warden, http://www.racerocks.ca/]. The predominant macroalgae
covering the device was Laminaria groenlandica. Several species of red algae were also present. Other organisms
included yellow sponge (probably Mycale toparoki) and very large barnacles. The generator was cleaned, and
analysed for structural details/ocean exposure, before it was transferred to the Canada Science and Technology
Museum (Ottawa) for display.
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Chapter 2: Tidally driven sediment transport pathways in the central Salish Sea
— Lagrangian particle simulation results
2.1 Introduction

Intra-archipelago channel networks create a complex configuration of sediment transport
conduits and barriers. Fortunately, as is demonstrated in this study, numerical modelling can be
used to predict the potential current-driven sediment partitioning between marine basins with
complicated linkages. Intra-archipelago channel networks exist worldwide: the islands of
Denmark (at the Baltic Sea entrance), Greece, Philippines, Indonesia and many others. If the
narrow cross-sectional area of marine basin-linking channels results in the convergence and
significant amplification of tidal currents, they are referred to as tidal straits (e.g., Pugh, 1987;
Anastas et al., 2006; Dalrymple, 2010; Longhitano, 2013; Longhitano and Steel, 2016). It has
been argued that tidal straits are the least well understood of all tide-dominated depositional
environments (Dalrymple, 2010; Longhitano, 2013), although various examples are now being
recognised in the geologic record (e.g., Anastas et al., 2006; Dalrymple, 2010; Longhitano, 2013;
Martín et al., 2014). For instance, oceanographically and climatically significant intraarchipelago tidal strait network configurations developed, due to tectonic processes, at the
Mediterranean-Atlantic interface during the Miocene (e.g., Martín et al., 2014). During the
Quaternary, the physiography and sedimentation of many modern tidal strait systems were
heavily influenced by glaciation: e.g., South America’s Strait of Magellan region, the Canadian
Arctic Archipelago, and the Salish Sea (Fig. 2.01) in western North America.
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Figure 2.01. The Salish Sea finite element model (Fisheries and Oceans Canada, building upon the work of
Foreman et al., 1995). This mesh was used to simulate tidal hydrodynamics and sediment transport. The
bathymetry raster was gridded from the depth value at each of the 16,947 nodes. Horizontal node spacing varied
from ~80 m in parts of the connecting straits between the Straits of Juan de Fuca (SJDF) and Georgia (SOG), to
~2,000 m in the western SJDF, to ~ 3,000 m in the central SOG.

The Salish Sea is in Washington State (WA), United States of America and British Columbia
(BC), Canada. Its surrounding area, core of the Cascadia Megaregion, is home to >7 million
people (Seattle, Tacoma, Vancouver, Victoria etc.). This population may rise to over 9.4 million
by ~2025, leading to increased human interaction with the marine environment and ecological
stress (Ross, 2009; Environment Canada/United States Environmental Protection Agency,
2013). An understanding of regional seabed geomorphology and sediment dynamics in the
Salish Sea’s US-Canada border area, and in other modern tidal strait networks globally, can aid
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several applied research matters: coastal and seabed constructions (e.g., pipelines, cables, and
in-stream tidal turbines) are impacted by sediment transport pathways (and sometimes, vice
versa); sediments can act as sources and sinks of many contaminants; and unravelling the
interaction between marine biota and seabed sedimentary processes is vital to ecological
stewardship.
This paper presents the first modelling study of regional tidally driven sediment transport
pathways in the central Salish Sea (Fig. 2.01). Its objectives are to: 1) model 2D and 3D tidal
hydrodynamics within and between the Salish Sea’s two largest sub-basins (Fig. 2.02) – the
Strait of Juan de Fuca (SJDF), which is directly linked to the northeast Pacific Ocean, and the
more isolated Strait of Georgia (SOG); and 2) to simulate tidally-controlled sediment
partitioning, for a range of grain sizes, between these sub-basins through the intra-archipelago
strait network which separates them. The complex corridors for SJDF-SOG oceanographic
exchange are due to the presence of Vancouver Island and the Gulf/San Juan Islands (Figs. 2.01
and 2.02). A Lagrangian modelling approach, a reference frame that moves with the flow, was
used to keep track of individual particle positions; thereby predicting sediment transport
pathways.
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Figure 2.02. Spatial bins used to track sediment partitioning between the Strait of Georgia (SOG) and Strait of
Juan de Fuca (SJDF). The CENTRAL bin consists of the narrow waterways (straits, passages, channels, bays, inlets
and sounds) in the Gulf-San Juan Islands region. Codes for locations referred to in the text: HS = Haro Strait; B.
Pass. = Boundary Passage; SJC = San Juan Channel; RS = Rosario Strait; SAT = Saturna Island, BC; MOR = Moresby
Island, BC; STU = Stuart Island, WA; WAL = Waldron Island, WA; SJI = San Juan Island, WA; SHW = Shaw Island, WA;
BLA = Blakely Island, WA; CYP = Cypress Island, WA; PR = Point Roberts, WA. Water column current measurement
locations (Foreman et al., 1995) in southern Haro Strait (Stn1) and the southern Strait of Georgia (Stn2) are also
shown.

2.2 Regional setting
2.2.1 Oceanography

The Salish Sea is a large estuarine water body along the Pacific margin of North America.
This ~18,000 km2 semi-enclosed body is composed of three principle sub-basins: 1) the SJDF, 2)
the SOG, and 3) Puget Sound. The 18-40 km-wide SJDF gradually shallows eastward along its
~200 km-length from ~300 m depth at the offshore shelf, to ~180 m at ~70 km inshore from the
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strait entrance. Continuing shoreward, where a strait-crossing ridge is passed south of Victoria,
the depth dramatically decreases to ~55-100 m. East of this sill, channels cut through several
shallow sediment banks. The deepest channels attach to Haro Strait (“HS” in Fig. 2.02), between
south-eastern Vancouver Island (Canada) and the western San Juan Islands (USA), and lesspronounced conduits lead to marine passages entirely within the USA including those of the
San Juan Islands and Puget Sound regions.
The inland SOG, the largest Salish Sea basin, is ~20-40 km-wide. Its ~200 km-long axis is
aligned NW-SE. The SOG has an average depth of ~155 m, and only ~5% of its area is >360 m
depth (Thomson, 1981). It is connected to the northeast Pacific via the SJDF in the south and
several passages that merge into Johnstone Strait (2.5-5.0 km-wide) in the north. Shallow sills,
such as the ridge south of Victoria, and numerous channel-width constrictions serve to restrict
water-mass exchange between the SOG and the SJDF (e.g., Masson, 2002).
Haro Strait and Boundary Passage (“B. Pass.” in Fig. 2.02) comprise a linked strait that
the USA-Canada border was drawn lengthwise along (e.g., Coleman, 2013; Vouri, 2013). It is the
deepest and most significant flow conduit between the SOG and SJDF. Rosario Strait (“RS” in
Fig. 2.02), in the eastern San Juan Islands (USA), is a SJDF-SOG connection of secondary
oceanographic importance. Depths locally exceed 375 m in the Haro-Boundary corridor and 160
m in Rosario Strait. San Juan (Middle) Channel (“SJC” in Fig. 2.02), a narrow passage through the
San Juan Islands, indirectly links the SJDF to the SOG via the Boundary Passage region.
Physical oceanographic variability in the Salish Sea exists across a variety of spatial and
temporal scales: seasonal forcing due to fresh (fluvial) and saline (deep oceanic) water input
related to large-scale tidally-modulated estuarine circulation (e.g., Masson, 2002); biweekly,
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spring-neap, tidal variations; daily internal hydraulics driven by gravitational adjustments; and
tidally-induced turbulent flows, across a large size spectrum, operating at temporal scales from
seconds to hours (e.g., Dewey et al., 2014). Tidal processes account for ~80% of the total kinetic
energy of the currents in the SJDF and SOG (e.g., Crean et al., 1988a,b; Stronach et al., 1993;
Foreman et al., 1995). This value ranges from approximately 50% in the northern SOG to almost
100% in narrow straits (Crean et al., 1988a,b; Stronach et al., 1993). Tidally driven exchange
through the flow-constricting connecting corridors of the central Salish Sea results in brisk local
current speeds of up to 1-3 m s-1 (LeBlond et al., 1991; Dewey et al., 2014).
Regional patterns of tidal energy flux and dissipation reflect the geometry of, and depth
differences between channels. These variables also regulate the tidal volume transport through
the region. For half an M2 (principal lunar semidiurnal constituent) tidal cycle in the eastern
SJDF, it has been estimated that 51% of the volume movement is through Haro Strait, 20%
through Rosario Strait, 5% through San Juan Channel and 24% into Puget Sound via Admiralty
Inlet (Parker, 1977). The volume of tidal flow through the SOG’s narrow northern connection to
the Pacific, Johnstone Strait, is only about one-fifteenth of that through the SJDF (Sutherland
and Garrett, 2005; Thomson, 1981).
Due to the presence of shallow sills near Victoria and in Boundary Passage, denser
(more saline) water flows into the SOG at mid-depth throughout the year, but deeper inflow is
more restricted. However, there are rapid and episodic deep oceanic intrusions into the SOG
that originate in the SJDF and pass through the intense mixing region of the Haro-Boundary
corridor (e.g., Masson, 2002). Mixing in the intra-archipelago straits is most intense during
spring tides and, although the degree of stratification varies, the water column can be quite

47
homogenised (e.g., Griffin and LeBlond, 1990; LeBlond et al., 1991; Masson, 2000; Masson,
2002). The timing of SOG deep-water renewal seasons (April-May and August-September) is
related to the temporal overlap of Pacific shelf coastal upwelling and the Fraser River’s (located
near Vancouver in Fig. 2.01) freshet (e.g., Masson, 2002; Johannessen et al., 2005, 2014;
Soontiens and Allen, 2017).
2.2.2 Geology

The Salish Sea contains a series of marine-inundated basins in the Cascadia Subduction
Zone’s northern forearc (e.g., Kelsey et al., 2012; Hyndman, 2003). Vancouver Island and the
Salish Sea are situated in the arc-trench gap between an offshore trench obscured by
continental sediment fill (<250 km WSW of the study area) and the mainland Cascade Volcanic
Arc/Coast Mountains that run along the east side of the Salish Sea. At present, the North
American plate is overriding the Juan de Fuca oceanic plate at ~4 cm yr-1, with subduction being
directed towards the ENE (e.g., Riddihough and Hyndman, 1991). The structural depressions
comprising the Salish Sea have been further deepened by Tertiary fluvial erosion and repeated
Quaternary glaciations (e.g., Barrie et al., 2005; Barrie et al., 2014). The SOG has even been
referred to as a “mega-fjord,” with elongate deeps (Hamilton, 1990), that developed from the
erosive power of high-gradient valley glaciers flowing into the tectonic depressions.
The most recent large-scale ice-advance, the Fraser Glaciation, began ~25,000-30,000
years ago. Thick, well-sorted sand deposits were laid down in front of, and possibly along, ice
that progressed south-eastward through the SOG basin (Clague 1976, 1977, 1994). These
deposits were ploughed and reworked by the advancing ice. Glacial tongues reached their
maximum extent at roughly the same time in the southern Puget Lowland of Washington and
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the western SJDF, ~14,000 radiocarbon years ago (BP) (Porter and Swanson, 1998; Waitt and
Thorson, 1983; Hewitt and Mosher, 2001; Mosher, 2001; Mosher and Hewitt, 2004). Following
this, ice retreat through the Salish Sea basin was rapid, with the SJDF being deglaciated by
13,600 BP (Mosher and Hewitt, 2004), and the SOG ice-free before 12,000 BP (Barrie and
Conway, 2002; Hewitt and Mosher, 2001; Hetherington and Barrie, 2004). Deglaciation resulted
in till deposition, overlain by glaciomarine sedimentation (Clague, 1981; Guilbault et al., 2003;
Barrie and Conway, 2002).
At present, much of the SJDF-SOG system is sediment starved: the SJDF lacks direct
input from any large rivers; and deep fjords, along the SOG’s mainland coast, trap sediment
derived from mountainous catchments. The major exception to the pattern of starvation is the
southern SOG near Vancouver, where the Fraser River delivers ~19 x 109 kg y-1 of sediment
from a rugged >233,000 km2 drainage basin laden with glacial deposits (Thomas and BendellYoung, 1999). This represents ~80% of the terrigenous sediment supply to the SOG (Thomas
and Bendell-Young, 1999). About a third of the Fraser’s suspended sediment particles are
deposited on the delta and the remainder are dispersed by the turbid surface plume
(Johannessen et al., 2003, 2005). Holocene sediments derived from the Fraser now cover most
of the seafloor between the shore of the Fraser Delta in the east and the basin-axis aligned Gulf
Islands in the west (e.g., Chapter 3; Hill et al., 2008; Hart et al., 1998).
It has been argued that most of the post-glacial seabed sediment in the eastern SJDF has
not been derived from the Fraser River, but from the erosion/reworking of glacial outwash,
shallow morainal banks and drumlin-like banks (Hewitt and Mosher, 2001). In this conceptual
model, the narrow tidal straits through the San Juan Islands region, connecting the SJDF and
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SOG, must provide an effective barrier to ebb-dominated (SOG to SJDF) sediment transport.
There is a high perennial load of suspended particles, especially near the seabed, in the
energetic Haro-Boundary corridor (Johannessen et al., 2006). It has been suggested that this
high turbidity must be sustained by the local erosion of Pleistocene deposits and by seasonally
down-mixed particles from the Fraser River plume (Johannessen et al., 2006).
2.3 Data and methods
2.3.1 Tidal models

An understanding of tidal currents in the SJDF-SOG region was achieved with the River
and Coastal Ocean Model (RiCOM), a 2D/3D semi-implicit and semi-Lagrangian time-stepping
hydrodynamic model (Walters et al., 2010, 2005). Standard finite element techniques were
used to solve the fluid continuity and momentum equations. The Fisheries and Oceans Canada
Salish Sea tidal model mesh, shown in Fig. 2.01, (Foreman et al., 1995) was modified using
TriGrid meshing software (Henry and Walters, 1993). The horizontal dimension of the domain
was discretised into 28,884 triangular elements and 16,947 nodes. The best available Canadian
Hydrographic Service bathymetry was used. Domain boundaries were in the western SJDF (~45
km ESE of the open Pacific), the central SOG, and at the principle entrance to Puget Sound. The
horizontal node spacing varied from as dense as ~80 m in parts of the CENTRAL connecting
straits (location indicated in Fig. 2.02), towards much greater distances in outer reaches of the
domain: some deep sections of the SOG (~3,000 m); and the western SJDF (~2,000 m) in the
direction of the open Pacific Ocean boundary.
The same horizontal element structure was used for two different simulations of tidal
flow during the same summer 2011 time-period: one where the entire water column was
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vertically integrated to obtain a sea surface elevation and one horizontal current value (with u
and v components) at each node for each time-step (2D); and another with 11 discrete, equallyspaced, vertical layers containing different horizontal current values down the water column at
each node and time-step (3D). The latter employed a sigma, terrain following, coordinate
system for predicting the vertical variation of horizontal currents. The time-varying water levels
were derived from the amplitude and phase of the study region’s eight largest tidal
constituents: M2, K1 (lunar diurnal), S2 (principal solar semidiurnal), O1 (lunar diurnal), N2 (larger
lunar elliptic semidiurnal), P1 (solar diurnal), K2 (lunisolar semidiurnal), and Q1 (larger lunar
elliptic diurnal). The bottom friction coefficient was used as a primary tuning parameter.
Reliable current and sea level amplitude results were achieved using the same bottom friction
coefficient value (2.5 x 10-3) everywhere in the model domain. In the 3D model, the bottom
friction was assumed to vary quadratically, proportionally to the square of the bottom layer
velocity. In the 2D model, the bottom friction varied quadratically with the vertically integrated
velocity instead. Absent from the models were tidal changes due to stratification and the
currents resulting from fluvial discharges and atmospheric forcing. The useable portions of both
the 2D and 3D simulations begin on July 1, 2011 and were saved as 1,415 hourly frames. This
temporal coverage skips a model spin-up period of 144-hours prior to July 1st. The results from
the final 1,415-hour (~59 day) segments of the two simulations can be considered
representative of the range of tidal conditions during a full year.
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2.3.2 Sediment transport simulations

Tidal model output files containing velocity and sea surface elevation values were
combined with node coordinate information to create Telemac SELAFIN files (Laboratoire
National d’Hydraulique et Environnement, Electricité de France; Hervouet, 2007) for use with
the hydraulic analysis and mesh-building software BlueKenue (Canadian Hydraulics Centre,
National Research Council; Serrer, 2011) and PSed (Davies, 2006), a sediment transport
modelling system which is now integrated with BlueKenue. PSed, a Lagrangian particle tracking
model, computes the joint bedload and suspended-load dispersal of non-cohesive sediments
(fine silt to gravel diameter). Its basic finite element node inputs are bathymetry, time-varying
water depth and time-varying 2D (depth-integrated) velocity. For steady or unsteady flows,
PSed simulates the resultant shear stress based mobility, entrainment, hydrodynamic
advection, random walk dispersion and fall-velocity settling of sediments.
In PSed, each particle in a simulation is assigned key properties: grain size, specific
gravity and initial position. Although these particles behave like grains, each one represents a
specified mass of sediment (a parcel) with a grain-size assigned by a Gaussian random number
generator (0 mean and variance 1, in this study). Many particles must be modelled to generate
a realistic variety of dispersal patterns. For each grain size batch (e.g., 10,000 parcels of fine
sand), injected along each line, the following simulation parameters were set: run duration =
1,415 hours (~59 days); time-step (dt) = 08 s (interpolated from hourly hydrodynamic inputs);
parcel mass = 1.0 kg; flux duration = 14.0 days; flux rate = 8.268 x 10-3 Kg s-1; water temp. = 8.7
°C; and water salinity = 31.0 ‰. To ensure that the dispersal patterns reflected fortnightly tidal
cycle current variability, particles were released from each line at a constant flux rate spanning
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the first two-weeks of the hydrodynamic simulation. The following sediment properties were
used: density = 2,650 kg m-3; silt particle diameter = 6.0 x 10-6 m; fine sand diameter = 8.0 x 10-5
m; medium sand diameter = 3.0 x 10-4 m; coarse sand diameter = 9.0 x 10-4 m; and fine gravel
diameter = 3.0 x 10-3 m. The selected time-step (08 s) was found to be sufficiently small, based
on the qualitative comparison of dispersal patterns in trial simulations with time-steps between
01-60 s across the range of grain sizes. See MacDonald et al. (2006) for information on timestep selection in hydrodynamic sediment particle tracking models.
The Mobility (M) of PSed particles is calculated at each time step as the ratio between
the bed shear stress at a particle’s location and the critical shear stress at which sediment
transport will take place for a given grain size. A particle only moves when M > 1. Instantaneous
particle entrainment is assumed if the critical shear stress is exceeded. A particle’s horizontal
advection rate is computed from the estimated bed load and suspended load concentration
profiles (potential rates). Because the input flow-field is 2D depth-averaged, PSed approximates
the vertical flow structure at each node as a logarithmic velocity decay towards the seabed. The
model does not directly simulate vertical particle advection and settling. A particle’s elevation is
adjusted per the estimated height of the sediment particle distribution centroid due to
hydrodynamics at each time-step. If the particle is active and M > 1, the parcel elevation moves
toward the centroid height at a rate equal to the fall velocity multiplied by the time step (dt). If
the particle is active and M < 1, it falls toward the bed at a speed proportional to the fall
velocity and the mobility. If the parcel mass reaches zero, the particle is deposited. Deposited
sediment is reactivated if its critical shear stress is exceeded.
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This study predicts the tidally driven sediment partitioning between the SJDF, CENTRAL
connecting straits and SOG regions (Fig. 2.02). As such, particles were released along lines
instead of at point sources. Release lines in the SJDF and SOG spatially bracketed the CENTRAL
region, being located just south and north, respectively, of the main San Juan Islands. Particles
were also released along lines in high-energy areas of the narrow connecting straits. In
principle, these can be areas of sediment transport divergence (i.e., regional or local bedload
parting zones).
The SJDF and SOG lines were used to assess the role of spatially uniform bed roughness
values in the dispersal of two different grain sizes: fine sand and coarse sand. The bed
roughness values selected, dimensionless Chézy (C’) coefficients, were C’ = 10, 20 and 30
(roughest to smoothest). Although a variety of flow depth and bed-type combinations yield
these values, C’ = 10 could represent bedrock in water less than 20 m deep, and C’ = 30 could
be a clay bottom at 200 m depth; the relevant equations are in Davies (2006). These values
were chosen based on the range of Strickler’s bed roughness coefficients that have been
successfully used to calibrate tidal models of the Bay of Fundy, a region with very similar
seafloor geomorphology to the Salish Sea (Cousineau, 2012).
The influence of two turbulent diffusion coefficient (KEt) values on the final dispersal
patterns of silt and coarse sand was established using the SJDF release line. These values, which
represented a reasonable range, were KEt = 0.15, a standard value in fluvial/coastal Lagrangian
particle simulations (Davies, 2006), and KEt = 0.60, a high natural value (Fischer et al., 1979).
Following this assessment, particles of a range of grain sizes (silt to fine gravel) were injected at
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the narrow connecting strait lines under the standard KEt value condition with a spatially
uniform intermediate bed roughness (C’ = 20).
2.4 Results
2.4.1 Tidal hydrodynamics

The maximum tidal currents obtained during the ~59-day simulations are mapped for
the 2D depth-integrated model in Figure 2.03a and the bottom layer of the 3D model in Figure
2.03b. Compared to the maximum depth-integrated speeds, maximum seabed speeds were
typically lower in the bottom layer of the 3D model due to the frictional influence of the
seabed. Local reversals in this trend were due to near-seabed current steering, which was not
substantially “felt” throughout the water column. Clear examples of this can be seen in Figure
2.03b, but not 2.03a, where near-seabed flow was faster over two large and shallow diamict
banks in the eastern SJDF, south of the San Juan Islands.
Both the 2D and 3D bottom-layer results showed strong current enhancement, to
speeds locally greater than 1.0-3.0 m s-1, where flow was bathymetrically redirected or
constricted. It is interesting to note that two of the most prominent regions of flow acceleration
in the central Salish Sea, Race Rocks and Oak Bay Islands (“RR” and “OBI,” respectively, in Fig.
2.03a), are not flow constrictions within the narrow connecting straits through the Gulf-San
Juan archipelago. These high-energy locations on the north side of the wide Strait of Juan de
Fuca, near Victoria, are due to ebb and flood flow perturbation by coastal headlands. Residual
velocity vectors included in Figures 2.03a and 2.03b show major residual eddies in the lee of
these and other coastal promontories.
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A long corridor of high maximum near-seabed currents, mostly in the range 0.75-1.75 m
s-1, developed throughout the entire thalweg of Haro Strait and Boundary Passage. In Haro
Strait, this deep channel is offset to the eastern side, abutting the western San Juan Islands.
Flow was also accelerated in the San Juan Islands region at obstacles and channel constrictions
in Rosario Strait and San Juan Channel. Residual velocity vectors within these narrow
connecting straits were oriented along their respective strait axis, except where secondary flow
patterns arose from bathymetric obstructions. In contrast, flow was inhibited (maximum
currents typically <0.5-0.75 m s-1) in relatively shallow areas in the eastern SJDF and western
Haro Strait, against Vancouver Island. There are also numerous sheltered bays, inlets and
sounds that were quiescent throughout the simulation.
This paper’s 2D and 3D RiCOM tidal model results compare favourably with previous 3D
barotropic tidal modelling of the central Salish Sea (Foreman et al., 1995). In fact, the tidal
elevation accuracy of our new 3D model is slightly better than that of the 1995 study’s 3D
model. From comparison of the new model results to data from the same 38 basin-wide tide
gauge locations used by Foreman et al. (1995), the overall average root mean square
differences between observed and simulated sea level amplitudes and phase degrees were
respectively found to be 1.6 cm and 2.7° for M2, and 1.1 cm and 1.2° for K1. In Foreman et al.
(1995), differences between observed and simulated sea level amplitudes were 2.0 cm and 2.7°
for M2, and 1.3 cm and 1.3° for K1. For the new 2D tidal simulation results used to drive
Lagrangian particle transport in this study, the RMS differences between the M 2 observed and
modelled sea level amplitudes and phases were 1.6 cm and 2.5°. For K1 they were 1.1 cm and
1.2°.
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The new 3D tidal model results were also compared to modelled and observed velocity
measurements, presented in Foreman et al. (1995), at the location of two moored stations
which had instruments at a variety of depths in the water column: southern Haro Strait (Stn1),
and the southern Strait of Georgia (Stn2). The location of these stations is indicated in Fig. 2.02.
Descriptors of the observed and modelled tidal ellipses at various depths/model layers are
presented in Tables 2.01 (Stn1) and 2.02 (Stn2). Overall, the new 3D tidal model replicated the
observed current ellipse parameters in a comparably accurate fashion to the 1995 3D model.
Differences in current characteristics between the 3D models may be relatable to: i) the much
higher density of nodes in the Boundary Passage area of the new model; and ii) differences in
how the continuity and momentum equations were approximated and solved. Neither 3D
model included wind- and buoyancy-driven currents, thus their contributions to the total
current field and associated bed forcing were excluded. Nevertheless, the observed tidal
ellipses from the two moored stations did not exhibit significant vertical variations and did not
differ significantly from those estimated with either 3D model.
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Figure 2.03. Maximum speed in the central Salish Sea achieved during an approximately 59-day simulation with tidal hydrodynamic models: a) vertically-integrated (2D)
model values, and b) 3D bottom layer results. Residual velocity vectors illustrate time-averaged (~59-day) flow patterns. Obstruction of the primary along-strait tidal flows by
coastal and bathymetric irregularities created residual eddies (e.g., near Race Rocks, ‘RR’ and Oak Bay Islands, ‘OBI’; labelled in ‘a’). Both the 2D vertically-integrated and 3D
bottom-layer results show strong current enhancement, to speeds locally greater than 3.0 m s-1, where flow was bathymetrically redirected or constricted. Due to the frictional
influence of the seabed, maximum speeds in the 3D bottom layer were generally lower than those of the 2D results. Exceptions to this trend may exist where bathymetric
steering is important, such as the flow over sediment banks in the eastern Strait of Juan de Fuca.
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Table 2.01. A comparison of modelled (this study and Foreman et al., 1995) and observed tidal ellipses at different model layers/measurement depths at a location in
southern Haro Strait. The approximate location is indicated by the label ‘Stn1’ in Figure 2.02. Overall, the new model results compared favourably with current meter data.
Compared to the 1995 model, the new model predicted ellipse descriptors with a similar (slightly worse to slightly better) level of accuracy.
Haro Strait – Finite element node #8276.
Parentheses contain the corresponding values from the Foreman et al. (1995) 3D tidal model.
Constituent
M2

K1

Current meter station 183

Layer
number
1
2
3
4
5
6

Layer depth
range [m]
0-21.8
21.8-43.5
43.5-65.3
65.3-87.1
87.1-108.9
108.9-130.6

Major semi-axis of
the ellipse [m s-1]
0.534 (0.615)
0.534 (0.611)
0.533 (0.598)
0.531 (0.578)
0.528 (0.554)
0.524 (0.526)

Minor semiaxis [m s-1]
0.099
0.110
0.123
0.136
0.152
0.168

Inclination angle of the ellipse
(degrees counter-clockwise from east)
124
125
126
126
127
128

Phase of the ellipse
(degrees, UTC)
334 (327)
334 (327)
334 (327)
334 (327)
333 (327)
333 (327)

Depth, major semi-axis of the ellipse,
phase of the ellipse
40 m, 0.589 m s-1, 346° UTC

7
8
9
10
11
1
2
3

130.6-152.4
152.4-174.2
174.2-195.9
195.9-217.7
217.7-239.5
0-21.8
21.8-43.5
43.5-65.3

0.518 (0.498)
0.509 (0.470)
0.494 (0.445)
0.464 (0.414)
0.351 (0.330)
0.497 (0.451)
0.500 (0.449)
0.502 (0.442)

0.186
0.203
0.219
0.228
0.192
-0.119
-0.112
-0.104

129
130
131
133
136
145
146
146

332 (327)
330 (327)
329 (327)
326 (327)
323 (325)
228 (216)
227 (216)
226 (216)

175 m, 0.457 m s-1, 300° UTC

4
5
6
7
8
9
10
11

65.3-87.1
87.1-108.9
108.9-130.6
130.6-152.4
152.4-174.2
174.2-195.9
195.9-217.7
217.7-239.5

0.503 (0.431)
0.503 (0.418)
0.502 (0.404)
0.498 (0.389)
0.491 (0.373)
0.478 (0.357)
0.450 (0.335)
0.337 (0.268)

-0.094
-0.081
-0.064
-0.044
-0.021
0.005
0.032
0.051

147
148
149
151
152
153
155
158

224 (216)
222 (217)
221 (217)
219 (218)
217 (218)
215 (219)
213 (219)
211 (219)

100 m, 0.362 m s-1, 214° UTC

100 m, 0.520 m s-1, 325° UTC

40 m, 0.497 m s-1, 226° UTC

175 m, 0.290 m s-1, 222° UTC
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Table 2.02. A comparison of modelled (this study and Foreman et al., 1995) and observed tidal ellipses at different model layers/measurement depths at a location in the
southern Strait of Georgia. The approximate location is indicated by the label ‘Stn2’ in Figure 2.02. Overall, the new model results compared favourably with current meter data.
Compared to the 1995 model, the new model predicted ellipse descriptors with a reasonably similar accuracy.
Strait of Georgia - Finite element node #7401.
Parentheses contain the corresponding values from the Foreman et al. (1995) 3D tidal model.
Constituent
M2

K1

Layer
number
1
2
3
4
5
6
7
8
9
10
11
1
2
3
4
5
6
7
8
9
10
11

Layer depth
range [m]
0-11.2
11.2-22.4
22.4-33.6
33.6-44.8
44.8-56.0
56.0-67.1
67.1-78.3
78.3-89.5
89.5-100.7
100.7-111.9
111.9-123.1
0-11.2
11.2-22.4
22.4-33.6
33.6-44.8
44.8-56.0
56.0-67.1
67.1-78.3
78.3-89.5
89.5-100.7
100.7-111.9
111.9-123.1

Major semi-axis of
the ellipse [m s-1]
0.352 (0.360)
0.351 (0.360)
0.349 (0.358)
0.347 (0.355)
0.345 (0.351)
0.343 (0.345)
0.339 (0.337)
0.334 (0.328)
0.324 (0.315)
0.307 (0.294)
0.233 (0.232)
0.240 (0.244)
0.239 (0.243)
0.238 (0.242)
0.237 (0.244)
0.235 (0.236)
0.233 (0.231)
0.230 (0.225)
0.225 (0.217)
0.217 (0.208)
0.202 (0.193)
0.150 (0.151)

Minor semi-axis
[m s-1]
-0.014
-0.011
-0.009
-0.007
-0.004
0.000
0.004
0.009
0.015
0.023
0.029
-0.024
-0.022
-0.020
-0.018
-0.016
-0.013
-0.010
-0.007
-0.003
0.002
0.006

Inclination angle of the ellipse
(degrees counter-clockwise from east)
148
148
148
148
147
147
147
147
147
147
148
146
147
147
148
148
149
149
150
151
153
156

Current meter station
L064
Phase of the ellipse (degrees, UTC)
321 (322)
321 (322)
321 (322)
320 (322)
320 (321)
320 (321)
319 (320)
318 (319)
317 (318)
315 (317)
310 (315)
214 (213)
214 (213)
214 (213)
214 (212)
214 (212)
214 (211)
214 (210)
213 (210)
213 (209)
212 (208)
210 (206)

Depth, major semi-axis of the
ellipse, phase of the ellipse
20 m, 0.329 m s-1, 301° UTC

50 m, 0.379 m s-1, 311° UTC

100 m, 0.347 m s-1, 325° UTC

20 m, 0.160 m s-1, 215° UTC

50 m, 0.238 m s-1, 205° UTC

100 m, 0.226 m s-1, 209° UTC
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2.4.2 Sediment partitioning and pathways

Sediment dispersal results are provided in Tables 2.03-2.05. Rougher seabed conditions
facilitated greater and more rapid sediment dispersal (Table 2.03). Figure 2.04a relays the final
position of fine sand particles (after ~59 days), due to three spatially uniform seabed roughness
conditions (C’ = 10, orange symbols; C’ = 20, yellow; and C’ = 30, blue), released from a line
across the SJDF, south of the San Juan Islands. Circles (with dark outlines) were deposited
particle positions in the final temporal frame, whereas crosses (no outlines) were still in
transport at simulation’s end. Figure 2.04b shows the same, but for coarse sand released from
the SJDF line. Also under the same conditions, Figures 2.05a (fine sand) and 2.05b (coarse sand)
map the final positions of particles released from a line across the southern Strait of Georgia,
north of the San Juan Islands. Taken together, Figures 2.04 and 2.05 illustrate a geographic and
bed-roughness bracketing of sand dispersal through the narrow connecting straits of the
central Salish Sea.
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Table 2.03. Sediment partitioning between spatial bins in seabed roughness sensitivity tests of sand dispersal from lines in the Strait of Juan de Fuca (SJDF) and the Strait of
Georgia (SOG). Rougher seabed conditions facilitated greater and more rapid sediment dispersal.
Mapped in figure

Release line

Grain size

2.04a

SJDF

Fine sand

Dimensionless
Chézy coefficient
10

20

30

2.04b

Coarse sand

10

20

30

2.05a

SOG

Fine sand

10

20

30

2.05b

Coarse sand

10

20

30

Spatial bin
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF

Total [%]
22.56
55.72
21.72
15.76
40.20
44.04
3.57
25.82
70.61
24.97
41.30
33.73
5.75
18.12
76.13
0.04
12.87
87.09
86.24
13.72
0.04
90.05
9.95
0
97.87
2.13
0
89.19
10.80
0.01
98.28
1.72
0
99.87
0.13
0

Active [%]

Deposited [%]
13.74
4.40
7.12
11.44
16.38
30.75
2.79
12.02
34.93
16.15
7.43
16.44
3.78
5.57
28.44
0.01
0.67
10.80
32.87
1.95
0.01
62.10
3.63
0
19.80
0.93
0
54.22
2.31
0.01
21.29
0.47
0
15.35
0.03
0

7.14
0.38
0.70
4.25
9.92
9.98
0.78
11.37
35.43
8.20
3.30
7.84
1.97
11.24
47.28
0.03
12.20
76.29
48.02
0.22
0.01
27.54
2.20
0
78.00
1.02
0
33.70
1.03
0
76.98
0.89
0
84.52
0.10
0

Lost: closed bndry. [%]
1.68
50.94
9.87
0.07
13.90
3.01
0
2.43
0.25
0.62
30.57
6.48
0
1.31
0.40
0
0
0
5.35
11.55
0.01
0.41
4.12
0
0.07
0.18
0
1.27
7.46
0
0.01
0.36
0
0
0
0

Lost: open bndry. [%]
0
N/A
4.03
0
N/A
0.30
0
N/A
0
0
N/A
2.97
0
N/A
0.01
0
N/A
0
0
N/A
0.01
0
N/A
0
0
N/A
0
0
N/A
0
0
N/A
0
0
N/A
0
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Table 2.04. Sediment partitioning between spatial bins, from release along a line in the Strait of Juan de Fuca (SJDF), under two turbulent diffusion coefficient conditions (KEt
= 0.15, the PSed default value; and KEt = 0.60, a high natural value). An intermediate bed roughness of C’ = 20 was used for each simulation. SOG = Strait of Georgia. The
turbulent diffusion coefficient value had little influence on the final overall distribution of particles.
Mapped in
figure
2.06a

Release line

KEt

Grain size

Spatial bin

SJDF

0.15

Silt

SOG

15.34

14.22

0.68

0.44

CENTRAL

58.71

15.02

0.28

43.41

N/A

SJDF

25.95

17.76

0.10

7.27

0.82

SOG

5.75

3.78

1.97

0

0

Coarse sand

2.06b

0.60

Silt

Coarse sand

Total [%]

Active [%]

Deposited [%]

Lost: closed bndry. [%]

Lost: open bndry. [%]
0

CENTRAL

18.12

5.57

11.24

1.31

N/A

SJDF

76.13

28.44

47.28

0.40

0.01

SOG

13.99

12.93

0.68

0.38

0

CENTRAL

59.43

13.45

0.36

45.62

N/A

SJDF

26.58

17.78

0.15

7.76

0.89

SOG

5.94

3.52

2.42

0

0

CENTRAL

18.02

4.74

10.91

2.37

N/A

SJDF

76.04

27.30

48.32

0.39

0.03
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Table 2.05. Deposited particles, after ~59 simulated days, from a variety of release-lines in the CENTRAL connecting straits region. For each simulation, C’ = 20 (Chézy coeff.)
and KEt = 0.15 (turb. diff. coeff.). TP = Turn Point, BP = Boundary Passage, FH = Friday Harbor, RS = Rosario Strait, SOG = Strait of Georgia, and SJDF = Strait of Juan de Fuca.
Mapped in figure
2.07a

Release line
TP

Grain size
Silt

Fine sand

Medium sand

Coarse sand

Fine gravel

2.07b

BP

Silt

Fine sand

Medium sand

Coarse sand

Fine gravel

2.08a

FH

Silt

Fine sand

Medium sand

Coarse sand

Fine gravel

Spatial bin
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF

Total [%]
54.92
44.91
0.17
64.43
35.52
0.05
69.19
30.75
0.06
72.80
27.16
0.04
9.10
90.90
0
76.22
23.78
0
80.17
19.83
0
83.02
16.98
0
90.82
9.18
0
82.78
17.22
0
8.25
91.72
0.03
18.86
78.45
2.69
13.86
81.77
4.37
1.59
94.50
3.91
0
100.00
0

Active [%]
47.90
11.07
0.11
43.73
9.85
0.03
31.85
8.12
0.04
31.61
6.52
0.02
2.74
1.03
0
61.36
6.31
0
53.91
6.76
0
37.86
4.95
0
24.00
1.67
0
12.96
0.31
0
7.03
3.50
0.01
13.13
14.91
1.90
7.87
23.86
1.51
1.05
3.11
0.32
0
0
0

Deposited [%]
4.30
0.78
0.01
19.93
14.02
0.01
37.05
15.55
0.02
41.14
18.64
0.01
6.36
89.84
0
9.14
0.32
0
25.13
3.14
0
44.69
5.07
0
66.64
5.52
0
69.80
16.91
0
0.82
0.07
0
5.56
6.30
0.67
5.88
19.73
2.84
0.54
78.21
3.59
0
99.75
0

Lost: closed bndry. [%]

Lost: open bndry. [%]
2.72
33.06
0.05
0.77
11.65
0.01
0.29
7.08
0
0.05
2.00
0.01
0
0.03
0
5.72
17.15
0
1.13
9.93
0
0.47
6.96
0
0.18
1.99
0
0.02
0
0
0.40
88.15
0.02
0.17
57.24
0.12
0.11
38.18
0.02
0
13.18
0
0
0.25
0

0
N/A
0
0
N/A
0
0
N/A
0
0
N/A
0
0
N/A
0
0
N/A
0
0
N/A
0
0
N/A
0
0
N/A
0
0
N/A
0
0
N/A
0
0
N/A
0
0
N/A
0
0
N/A
0
0
N/A
0
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Table 2.05. Continued.
Mapped in figure
2.08b

Release line
RS

Grain size
Silt

Fine sand

Medium sand

Coarse sand

Fine gravel

Spatial bin
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF
SOG
CENTRAL
SJDF

Total [%]
29.26
68.95
1.79
30.00
57.30
12.70
31.36
52.76
15.88
31.33
52.06
16.61
3.36
96.14
0.50

Active [%]
11.11
4.36
1.11
21.36
6.11
10.21
13.50
5.94
11.73
7.15
2.28
11.66
0
0.01
0

Deposited [%]
17.71
0.93
0.02
8.54
2.96
2.02
17.84
3.33
4.15
24.18
22.02
4.95
3.36
94.31
0.50

Lost: closed bndry. [%]

Lost: open bndry. [%]
0.44
63.66
0.66
0.10
48.23
0.47
0.02
43.49
0
0
27.76
0
0
1.82
0

0
N/A
0
0
N/A
0
0
N/A
0
0
N/A
0
0
N/A
0
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The escape of fine sand particles from the Strait of Juan de Fuca varied greatly with bed
roughness (Fig. 2.04a). At low (C’ = 30) and intermediate (C’ = 20) roughness values, a large
proportion of fine sand did not escape the Strait of Juan de Fuca: 70.6 and 44.0%, respectively.
More fine sand was present in the CENTRAL region under the intermediate roughness condition
(40.2 %) than the low one (25.8%). When the bed roughness was low, very little fine sand made
its ways into the SOG (3.6%), but this amount was greater under intermediate (15.8%) and high
(22.6%) seabed roughness. Under the high roughness condition (C’ = 10), only 21.7% of the fine
sand remained in the SJDF, with 78.3% being transferred into the CENTRAL and SOG regions.
Under high bed roughness, 50.9% of fine sand particles were lost at closed (coastal) boundaries
in the CENTRAL region — preventing further dispersal. This is an extremely large proportion
lost. Under C’ =10 in the CENTRAL region, only 4.8% of the total fine sand released from the
SJDF line was active or deposited after ~59 days.
Coarse sand released from the SJDF line under high bed roughness levels (C’ = 10; Fig.
2.04b) resulted in considerable coarse sand transfer into the CENTRAL region (41.3%) and the
Strait of Georgia (25.0%). A large amount of the sediment in the CENTRAL connecting straits
was lost at closed coastal boundaries (30.6%), ceasing its dispersal. Under the high roughness
condition, only 33.7% of the sediment remained in the Strait of Juan de Fuca. Smoother bed
conditions led to substantial coarse sand retention in the Strait of Juan de Fuca: 76.1% (C’ = 20),
and 87.1% (C’=30). Bed roughness had a sizeable impact on the amount of coarse sand particles
remaining at the SJDF release line at the end of the simulations: 0.07% (C’ = 10), 14.2% (C’ = 20),
and 45.3% (C’ = 30).
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Figure 2.04. The simulated role of seabed roughness, the dimensionless Chézy coefficient (C’), in the dispersal of sediment released from a Strait of Juan de Fuca (SJDF) line:
a) fine sand, and b) coarse sand. The results of high (C’ =10, orange), intermediate (C’ = 20, yellow) and low (C’ = 30, blue) bed roughness scenarios are shown. Particles that
were still free (active) at the end of their ~59-day simulation are indicated by the cross symbols lacking a dark outline. Particles that were deposited are shown as circles with
dark outlines. A turbulent diffusion coefficient (KEt) of 0.15 (the PSed default) was used for each simulation. Rougher seabed conditions facilitated greater and more rapid
sediment dispersal. When bed roughness was low, less sand was transferred towards/into the Strait of Georgia.
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For fine sand released from the line crossing the southern Strait of Georgia (Fig. 2.05a),
retention within the SOG was dramatic across all roughness circumstances after ~59 days, but
greatest when the seabed was smoothest: 86.2% (C’ = 10), 90.1% (C’ = 20), and 97.9% (C’ = 30).
The presence of fine sand within the CENTRAL connecting straits was greater under higher
roughness conditions: 2.1% (C’ = 30), 10.0% (C’ = 20), and 13.7% (C’ = 10). Fine sand was only
transferred into the Strait of Juan de Fuca when seabed conditions were roughest (C’ =10) and
even then, the amount (0.04%) was diminutive.
The confinement of coarse sand released from the SOG line to the SOG region (Fig.
2.05b) was even more marked: 89.2% (C’ = 10), 98.3% (C’ = 20), and 99.9% (C’ = 30). Relatively
little coarse sand from the SOG line found its way into the CENTRAL connecting strait region:
10.8% (C’ = 10), 1.7% (C’ = 20), and 0.1% (C’ = 30). After ~59 days, coarse sand from the
southern SOG had not entered the SJDF under the low and intermediate roughness scenarios,
but a tiny amount (0.01%) did infiltrate the SJDF under the high roughness condition. Bed
roughness greatly affected the amount of coarse sand particles still found at the SOG release
line at simulation’s end: 0.02% (C’ = 10), 3.0% (C’ = 20), and 42.2% (C’ = 30).
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Figure 2.05. The simulated role of seabed roughness, the dimensionless Chézy coefficient (C’), in the dispersal of sediment released from a Strait of Georgia (SOG) line: a) fine
sand, and b) coarse sand. The results of high (C’ =10, orange), intermediate (C’ = 20, yellow) and low (C’ = 30, blue) bed roughness scenarios are shown. Particles that were still
active (free) at the end of their ~59-day simulation are indicated by cross symbols lacking a dark outline. Deposited particles are indicated by circles with dark outlines. A
turbulent diffusion coefficient (KEt) of 0.15 (the PSed default) was used for each simulation. A rougher seabed increased sediment mobility. Sand was strongly trapped in the
Strait of Georgia by a flood-tide current asymmetry.
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The impact of the turbulent diffusion coefficient (KEt) on the ~59-day dispersal of both
silt and coarse sand from the SJDF release line was assessed (Table 2.04; Fig. 2.06). The
simulations used a spatially homogenous intermediate bed roughness of C’ = 20. A qualitative
examination of the final particle positions in Figures 2.06a (a standard turbulent diffusion
coefficient value, KEt = 0.15) and 6b (a high natural value, KEt =0.6; Fischer et al., 1979)
revealed very little difference. Upon close examination, the reader may notice areas under the
high KEt where particles of both grain sizes ventured slightly further into lower energy locales.
Overall, sediment apportioning between the SJDF, CENTRAL region and the SOG was similar
under both turbulent conditions. The retention of silt particles within the SJDF was similar
under the low turbulent diffusion scenario (26.0%) and the high one (26.6%). The amount of
coarse sand in the SJDF region was nearly the same under the low turbulent diffusion case
(76.1%) and the high case (76.0%).
Under the high turbulent diffusion scenario, the CENTRAL region contained slightly more
silt (59.4%) derived from the SJDF line than under the low turbulent diffusion simulation
(58.7%). More silt was also lost to the closed boundaries in the CENTRAL area under KEt = 0.60
(45.6%) than under KEt = 0.15 (43.4%). Under the high turbulent diffusion scenario, the
CENTRAL region contained nearly the same amount of coarse sand (18.0%) as under the low
turbulent diffusion simulation (18.1%). However, more coarse sand was driven into lower
energy channel margins and lost to closed boundaries in the CENTRAL region under KEt = 0.60
(2.4%) than under KEt = 0.15 (1.3%). At the end of the simulations, more silt from the SJDF line
was found in the SOG (15.3%) under the low turbulent diffusion condition than under the high
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condition (14.0%). However, slightly more coarse sand was in the SOG region under the high
KEt scenario (5.9%) than under the low one (5.8%).
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Figure 2.06. The simulated role of the turbulent diffusion coefficient (KEt) in the dispersal of sediment (silt and coarse sand) released from a Strait of Juan de Fuca (SJDF) line:
a) KEt = 0.15 (the PSed modelling default), and b) KEt = 0.60 (a high natural value). An intermediate bed roughness value (C’ = 20) was used for all cases. The final (~59-day)
positions of coarse sand particles are indicated by green symbols. Silt particles are gold in colour. Particles that were active (free) at the end of their simulation are indicated by
cross symbols lacking a dark outline. Deposited particles are designated by circles with dark outlines. The turbulent diffusion coefficient had little qualitative influence on the
final distribution of particles.
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A spatially uniform intermediate bed roughness (C’ = 20) and a “default” turbulent
diffusion coefficient (KEt = 0.15) were used in the remainder of the simulations (Table 2.05).
The final sediment deposition patterns, for a variety of grain sizes, released from two high
energy locations in the Boundary Passage-Haro Strait corridor are shown in Fig. 2.07. The Turn
Point (TP) release line (Fig. 2.07a) was situated between Moresby Island, BC and Stuart Island,
WA (labelled as “MOR” and “STU,” respectively, in Fig. 2.02). This is the transition zone
between Haro Strait to the south and Boundary Passage to the east. The Boundary Passage (BP)
release line (Fig. 2.07b) spanned the channel between Saturna Island, BC (“SAT” in Fig. 2.02) in
the west and tiny Patos Island, WA in the east. This flow constriction and a major bedrock
headland extending from Saturna Island, lie at the interface between Boundary Passage and the
SOG. The final deposition patterns of particles released from two additional swift current areas
are shown in Fig. 2.08: a) a location in the interior waterways of the main San Juan archipelago
near the town of Friday Harbor (FH; Fig. 2.08a); and b) in Rosario Strait (RS; Fig. 2.08b).
Although Figures 2.07 and 2.08 only show deposited particles, active particles at the end of the
simulation period are also considered below.
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Figure 2.07. The particle deposition of a range of grain sizes, after ~59-days, from release lines at: a) Turn Point (TP), the interface of Haro Strait and western Boundary
Passage; and b) Boundary Passage (BP), the border of eastern Boundary Passage and the southern Strait of Georgia. An intermediate bed roughness value (C’ = 20) and the
PSed default turbulent diffusion coefficient (KEt = 0.15) were used in each simulation. The final spatial distribution of particles released from BP were much like those released
from TP, but with even greater sediment partitioning into the Strait of Georgia from the former, a more inshore starting location. Also, in contrast to the TP release, very few
particles from the BP release made it into Haro Strait.

74

Figure 2.08. The particle deposition of a range of grain sizes, after ~59-days, from release lines: a) near Friday Harbor (FH), in San Juan Channel; and b) in Rosario Strait (RS).
An intermediate bed roughness value (C’ = 20) and the PSed default turbulent diffusion coefficient (KEt = 0.15) were used in each simulation. For sediment released from FH,
there was a high degree of particle retention in the CENTRAL straits region. There was also, for finer particles, a large amount of coastal boundary loss in the CENTRAL region.
Sediment released from the RS line was more readily transferred into the Strait of Georgia. In b, deposition in the Strait of Georgia is densely concentrated along a northwarddirected sediment transport pathway that traces the mainland coast.
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Most of the fine gravel released from the Turn Point line (90.9%) remained in the
CENTRAL connecting strait region, with only 9.1% falling within the SOG at the end of the
simulation. Fine gravel deposition was clustered within the main channel thalweg of Boundary
Passage and northern Haro Strait. In contrast to fine gravel, the overwhelming majority of
coarse sand released from Turn Point was flushed into the SOG (72.8%). A major cluster of
coarse sand deposition was in the southern SOG between Saturna Island and the mainland.
Below coarse sand size, the proportion of sediment flushed into the SOG region decreased with
decreasing particle diameter: medium sand (69.2%), fine sand (64.4%), and silt (54.9%). For all
grain sizes, very few particles were transferred south of the CENTRAL region into the SJDF: silt
(<0.2%), fine sand (<0.1%), medium sand (<0.1%), coarse sand (<0.05%), and fine gravel (0.0%).
The final patterns of sediment dispersal from the Boundary Passage release line (Fig.
2.07b) were much like those from the Turn Point release line (Fig. 2.07a), but with even
stronger sediment partitioning into the SOG: silt (76.2%), fine sand (80.2%), medium sand
(83.0%), coarse sand (90.8%), and fine gravel (82.8%). As was the case for particles released
from TP, the maximum proportion of BP line sediment transferred into the SOG region occurred
at the coarse sand diameter. Preferential coarse sand movement into the SOG was related to a
flood-dominated transport inequality (finer particles were easily mobilised by both ebb and
flood tides) and the fact that the critical shear stress threshold for fine gravel motion is simply
higher than that of coarse sand. Unlike sediment released from TP, no particles released from
the BP line found their way into the SJDF at any grain size.
For the release from San Juan Channel (Fig. 2.08a), between the town of Friday Harbor
(FH) on San Juan Island (“SJI” in Fig. 2.02) and smaller Shaw Island (“SHW” in Fig. 2.02),
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sediment retention within the CENTRAL straits region was dramatic across all grain sizes: silt
(91.7%), fine sand (78.5%), medium sand (81.8%), coarse sand (94.5%), and fine gravel
(100.0%). However, the large amount of fine particle loss at closed coastal boundaries in the
CENTRAL region was conspicuous: silt (88.2%), fine sand (57.2%), medium sand (38.2%), coarse
sand (13.2%), and fine gravel (0.25%).
Sediment deposited after release from a line in central Rosario Strait (RS) between
Blakely Island and Cypress Island (“BLA” and “CYP,” respectively, in Fig. 2.02) is shown in Fig.
2.08b. The RS line’s release resulted in a large degree of sediment retention and coastal
boundary loss (silt to coarse sand) in the CENTRAL strait region. Although, there was still much
more sediment escape into the SOG from this Rosario Strait release than from the Friday
Harbor release (Fig. 2.08a).
By viewing particle dispersal results as animations, observations and generalisations
about transport patterns and pathways were made. Sediment can be far-travelled in a relatively
short amount of time. For instance, medium sand (C’ = 20) released from the eastern SJDF,
south of Haro Strait, began to enter the SOG, via the Haro Strait-Boundary Passage corridor, in
less than 16 days (~56 km). The leading edge of medium sand particles released from the same
location approached the edge of the model domain in the western SJDF in about 40 days (~80
km). However, there were many areas where the dispersal of released sediment was inhibited
by less strong currents: interior regions among the San Juan Islands, the eastern SJDF south of
the San Juan Islands, and deeper sections of the SOG.
Sediment transport was focused along several prominent pathways. The deep channel
running the length of Haro Strait’s eastern side, along the western edge of the San Juan Islands,
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was a concentrated flood-dominated/northward route for particle movement. From Haro
Strait, sediment was transferred more diffusely through Boundary Passage and on into the
southern SOG. Another, more concentrated, flood-pathway was from central Rosario Strait into
the southern SOG and then northwards as a stream of sediment just offshore of the mainland
Washington coast. South of Point Roberts, WA (“PR” in Fig. 2.02), there was a confluence of the
flood-dominated Haro-Boundary and Rosario-coast pathways. This convergence led to a
prominent northward stream of particle motion, ~2-5 km wide, along the upper Fraser delta
front (parallel to the coast). Along this pathway, sediment was deposited in the offshore areas
west of metro Vancouver and south of the eastern entrance to Howe Sound (locations labelled
in Fig. 2.01).
Complex secondary sediment circulation patterns arose due to perturbance of the
primary tidal flow by coastal headlands and other bathymetric obstructions. These flow
structures included major transient ebb and flood horizontal eddies that developed off the
Victoria area, Turn Point and Saturna Island. A fascinating clockwise rotational pattern of
sediment movement existed around Waldron Island (“WAL” in Fig. 2.02) in central-eastern
Boundary Passage.
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2.5 Discussion

The particle dispersal results (Tables 2.03-2.05; Figures 2.04-2.08) demonstrated flooddominated sediment transport toward/into the SOG, for nearly every grain size batch, from
release lines north of the SJDF line. That is, the locations in the CENTRAL connecting straits
(Turn Point, Boundary Passage, Friday Harbor and Rosario Strait) and the southern SOG. The net
flood-related transport was most dramatic from release lines further in the inshore direction of
the SJDF-SOG system (i.e., the SOG and BP release lines). A considerable amount of simulated
sand- and silt-sized sediment was flushed from the deeper channels of the connecting straits,
Haro-Boundary and Rosario, into lower energy channel-marginal areas and into the larger
adjoining basins (SOG and SJDF).
Tidally driven net sediment movement toward the head of bays and estuaries is
common due to a flood current dominance over ebb resulting from: a) asymmetry of the
shoaling wave; and b) convergence due to basin confinement (Darlymple, 2010). In this study’s
simulations, it was extremely difficult for sediment, especially coarser grain sizes, to escape the
SOG. Therefore, the SOG’s modern tidal regime favours it being a sediment sink. There is
abundant sediment accommodation space in the SOG; part of a tectonic forearc basin system
that has been eroded by repeated Quaternary glaciations.
The results of this study are consistent with the seabed characterisation of Boundary
Passage and surrounding areas in Chapter 3. A pavement of gravel to boulder-sized material
covers much of the seabed in the Haro-Boundary corridor’s thalweg, Rosario Strait and other
high-energy current areas. Pronounced sand and gravel dune deposits within the main channels
(i.e., banner banks) are restricted to zones of flow disturbance by fixed obstacles (bedrock
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headlands and ridges). Evidently, tidal currents have reworked and winnowed Pleistocene
deposits (glacial-fluvial outwash, glacial till, and glacial marine sediment) throughout much of
the Gulf-San Islands and eastern SJDF regions. Tides have transported some of that material
into lower energy areas: the SOG, shallow channel margin zones, bays and inlets. Between the
eastern limit of Boundary Passage and Point Roberts, much of the southern SOG hosts an
elevated and current-swept mud and sand region termed the “Fraser Swell” (Hill et al., 2008).
This accumulation seems to be largely derived from both distal Fraser River sediment and
material that has been flushed, since deglaciation, from the intra-archipelago network during
flood tides (Chapter 3).
The simulations showed a meeting of flood-dominated pathways, emanating from
Boundary Passage and Rosario Strait, in the southern SOG near Point Roberts. The result was a
northwards-directed, coast-parallel, sediment transport corridor along the upper Fraser Delta
slope offshore greater Vancouver. This pathway is consistent with Ayranci and Dashtgard’s
(2016) interpretation of ongoing erosion (winnowing) on the southern Fraser delta front and
deposition along the northern delta front, due to the along-coast transport dominance of flood
tides. The simulation results are also harmonious with Murty and Robert’s (1989) suggestion
that there has been a Holocene tendency for stronger flood/high-tide flows to push the average
position of the Fraser River sediment plume northward in the SOG. This process may have been
enhanced by increasing flow-constriction of the southern SOG due to progradation of the
Fraser Delta into the basin. Taken together, these findings support a conceptual model of alongstrait (SOG) northward asymmetric development of the Fraser Delta. An additional detail can
now be added to this story: some proportion of the offshore sediment accumulation in the
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delta region has likely been derived from the erosion of glacial-deglacial seabed and coastal
deposits in the SJDF and the CENTRAL strait network.
The enhanced sediment dispersal resulting from higher seabed roughness gave rise to a
greater loss of particles at closed coastal boundaries. This trend was most pronounced in the
interior waters of the San Juan Islands region, where the coastline is both complex and proximal
to the channel network thalwegs. In future versions of PSed, the loss of particles at closed
boundaries could be eliminated through the implementation of an optional “throw-in”
algorithm to place “out of bounds” particles at their active “in-bounds” position from the
previous frame. Given the simulated sediment partitioning trends, it is reasonable to
hypothesise that a sizeable proportion of the sediment lost in the CENTRAL region, had it not
been removed from play, would have eventually propagated principally into the SOG, and to a
lesser degree, the SJDF.
More accurate dispersal simulations could be achieved with a geologically-based
roughness map of the Salish Sea. This would allow a local estimate of bed roughness to be
assigned to each node in the finite element mesh. Ideally, field experiments with tracer
particles would be used to calibrate/validate Lagrangian particle simulations in different
regions. For instance, the modelled degree of coarse-grained transport in the southern SOG
seems problematic. Archival seabed sediment samples from Natural Resources Canada
demonstrate that most of the area around the SOG release line is a mixture of mud and sand.
Although this seabed landscape, the Fraser Swell (Hill et al., 2008; Chapter 3), shows a currentswept geomorphology, the magnitude of coarse-grained sediment mobilisation there may have
been overestimated due to an inappropriate selection of bed roughness values. Figure 2.05b
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shows how far-travelled coarse sand released from the SOG-line is under low, intermediate and
high roughness scenarios: C’ = 30, confined to the southernmost SOG, north of the line; C’ = 20,
stretching northwards to offshore of the Fraser River; and C’ = 10, reaching even further north,
offshore metro Vancouver. A larger, “smoother,” dimensionless Chézy coefficient than C’ = 30
may be appropriate for deep and muddy regions of the SOG basin. This would, probably
realistically, inhibit simulated sediment transport.
This study should be thought of as an initial assessment of regional tidal sediment
transport. Particle tracking simulations run with 2D-hydrodynamics are generally considered
representative of maximum particle excursions (MacDonald et al., 2006). For instance, these
models do not include bed-particle interactions such as the layering of deposited sediment.
Sediment erosion and resuspension may be exaggerated by PSed, since all particles are
mobilised when their critical shear stress is exceeded.
Simulations could be repeated with a Lagrangian particle model capable of being driven
by 3D hydrodynamic inputs (e.g., recent versions of PTM, Particle Tracking Model, software;
MacDonald et al., 2006). Coastal and marine Lagrangian particle transport models typically
make use of pre-calculated 2D hydrodynamic simulations based on the solution of the depthaveraged shallow water equations (MacDonald et al., 2006), as is the case in this study.
Although such models may yield acceptably realistic regional sediment transport patterns for
many purposes, they do not include the influence of secondary vortical flow regimes and
vertical velocities. Given the conditions of stratification, energetic currents and complex
bathymetry in the central Salish Sea, 3D hydrodynamic processes may be critical to particle
mobilisation, advection and dispersion there.
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The SOG-SJDF estuarine system is characterised by a net surface-layer outflow of lower
salinity water (~50-100 m depth, being deeper on the Canadian side of Haro Strait/SJDF due to
Coriolis), and a net inflow of higher salinity Pacific water at depth into the SOG (e.g., Mosher
and Thomson, 2000; Pawlowicz, 2002). Mixing processes in the CENTRAL region result in an
oceanographic export volume amplification of 10-20 times between the SOG and the Pacific, via
the upper water column of the SJDF (Dewey et al., 2014). The near surface-layer must transfer
some proportion of the mud delivered to the SOG by the Fraser River into the SJDF and beyond.
This study’s tide-only sediment dispersal simulations almost certainly exaggerate the inability of
fine-grained sediment to escape the SOG through the narrow connecting straits. Outflow may
also aid the ebb-mobilisation of coarser sediments in shallow regions of the connecting straits,
such as on the shelf that runs the western length of Haro Strait, near greater Victoria.
Sediment suspension and transport throughout the narrow connecting straits of the
CENTRAL region must be aided by strong-turbulence associated with super-critical flows
(Johannessen et al., 2006; Pawlowicz, 2001; Farmer et al., 2002). Turbidity in the Haro StraitBoundary Passage corridor, which is high year-round, is strongly related to both current speed
and mixing (Johannessen et al., 2006). Inflowing deep saline Pacific water from the SJDF
undergoes intense tidal mixing, with the fresh surface outflow from the SOG, as it passes
through the Haro-Boundary corridor (e.g., Masson and Cummins, 2004; Johannessen et al.,
2006; Soontiens and Allen, 2017).
The 3D barotropic tidal model described in this paper is not designed to capture the
vertical velocities (up to 0.75 m s-1; Baschek et al., 2006) due to the convergence of tidal fronts
over the prominent bedrock ridge at the BP sediment release line. At this location, the denser
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water from Boundary Passage can rapidly descend, on the north side of the ridge, beneath
fresher water in the SOG. In this paper’s dispersal simulations, particles were almost
continuously transported from Boundary Passage and Rosario Strait into the SOG during flood
tides. However, sediment transfer into the SOG might be most substantial, especially for
coarser particles, during discrete transport events – concentrated during the SOG’s deep-water
renewal seasons. During weaker neap tides, mixing in the SJDF-SOG connecting channels is
reduced, allowing denser, more saline, water to spill out of Boundary Passage into the SOG as
pulses associated with successive flood tides (e.g., Masson, 2002).
Internal tides may also assist sediment mobilisation and transport (e.g., Klymak and
Moum, 2003; Bourgault et al., 2014; Pomar et al., 2012; Cacchione et al., 2002); likely in a
manner that compliments the work of flood tides in the central Salish Sea. Pawlowicz (2002)
suggested that a strong internal tide is generated by the interaction of tidal currents with the
shallow SJDF sill near Victoria. The phenomenon propagates northward along Haro Strait,
possibly undergoing very rapid dissipation at its north end, and/or transitioning to a northeastward path through Boundary Passage into the SOG. Although Haro Strait is only about a
wavelength long, southward energy return due to the internal tide is minimal to non-existent
(Pawlowicz, 2002).
Based on simple sediment transport simulations we have done with the model
SEDTRANS05 (Neumeier et al., 2008; Li and Amos, 1995, 2001), using extreme wave buoy
measurements as inputs, it is reasonable to suspect that surface gravity waves have little
influence on sand mobilisation below ~25-30 m depth in exposed sections of the southern SOG
and eastern SJDF. This depth range is essentially the same as that calculated by others (Hill and
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Davidson, 2002; Mosher and Hewitt, 2004). Despite the shallow reach of wind-generated waves
in the central Salish Sea, they may, especially during storm surges (Forseth, 2012; Soontiens et
al., 2016), contribute sediment to the region’s deep tidal transport pathways. This would mainly
be due to the erosion of Pleistocene deposits from coastlines and shallow banks (Hewitt and
Mosher, 2001; Mosher and Thomson, 2000).
2.6 Conclusions

Lagrangian particle tracking simulations, representing tidally driven sediment dispersal
in the central Salish Sea, have revealed transport pathways and sediment partitioning between
the Strait of Georgia and the Strait of Juan de Fuca. This study’s findings suggest, across a range
of grain sizes, that there is flood-dominated sediment movement toward and into the SOG from
the narrow connecting straits of the San Juan Islands region. There is even potential for the
transfer of sediment from the eastern SJDF to the SOG. Under modern oceanographic
conditions, the SOG is a substantial sediment sink.
The confluence of flood-related sediment transport pathways in the southern SOG is
likely contributing to northward, along-strait, asymmetric growth of the Fraser River’s delta.
The flood-dominance through the narrow intra-archipelago connecting straits appears to
provide an effective barrier to ebb-related, especially sand and coarser, sediment transfer
southward from the SOG to the SJDF. Local coastal and seabed erosion of Pleistocene deposits
must have provided the sand and gravel that is mobile in the SJDF and the CENTRAL connecting
straits region.
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Flood tides, to some degree, inhibit the export of mud-sized particles to the SJDF and
beyond. However, the simulations do not include the near-surface outflow of low-salinity water
from the SOG into the SJDF. This is a process capable of entraining fine-grained sediment.
Future regional sediment transport models should incorporate 3D hydrodynamics and test the
sensitivity of sediment transport to a range of oceanographic phenomena: deep saline inflow
events, surface brackish water export, waves, storm surges and internal tides.
It is becoming increasingly feasible to simulate 3D baroclinic oceanographic processes
and the sediment transport pathways they create. The SalishSeaCast NEMO (Nucleus for
European Modelling of the Ocean) framework model, currently under development (Soontiens
et al., 2016; Soontiens and Allen, 2017), may facilitate a sensitivity assessment of sediment
dispersal rates and patterns due to a variety of physical oceanographic scenarios that the
barotropic tidal models in this study do not address. It is uncertain how these processes affect
sediment supply to, and mobilisation within, the Salish Sea’s deep tidal transport pathways.
This chapter provides an initial point of comparison for future studies of sediment
dynamics in the Salish Sea. Regional Lagrangian particle simulations would benefit from a better
understanding of seabed roughness — how to estimate it, and how it affects sediment
dispersal. This may require a combination of surficial geological mapping, current surveys, and
field studies with tracer particles.
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Chapter 3: Modern tidal strait sedimentology and geomorphology, Boundary
Passage region
3.1 Introduction

This paper describes and explains the distribution of seabed landforms and sediments
along a segment of a narrow marine corridor: Haro Strait-Boundary Passage (Fig. 3.01). This
tidal strait, located on the border of Washington State (WA), USA and British Columbia (BC),
Canada, is the primary conduit for oceanographic exchange between the Salish Sea’s two
largest sub-basins (Fig. 3.01, inset), the Strait of Juan de Fuca (SJDF), and the Strait of Georgia
(SOG). At a larger spatial-scale of analysis, the entire SJDF-SOG-Johnstone Strait (JS) corridor of
the Salish Sea (Fig. 3.01, inset) can be viewed as a tidal strait, but here the SJDF and SOG are
treated as wide basins linked by a network of narrow straits through the San Juan Islands (WA)
and southern Gulf Islands (BC).
Tidal straits (e.g., the Golden Gate, San Francisco, USA; and the Dover Strait/Pas de
Calais, UK/France) and seaways (e.g., the Cretaceous Western Interior Seaway, North America;
and the early Miocene Peri-Alpine Seaway, Europe) are elongate passageways connecting wider
marine basins. They may be the most understudied tide-dominated environments (e.g.,
Longhitano, 2013; Dalrymple, 2010). The comparatively narrow cross-sectional area of these
basin-linking channels results in the convergence and amplification of currents, including tides
(e.g., Pugh, 1987; Longhitano and Steel, 2016). The appreciation of seaways and straits as
distinct tidal environments, worthy of a facies-directed synthesis, is quite recent – in contrast to
tide-dominated embayments and open shelves (e.g., Dalrymple, 2010; Anastas et al., 2006).
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The most detailed studies of tidal strait sedimentary structures and temporal evolution
have come from the examination of ancient deposits now exposed on land (e.g., Anastas et al.,
2006; Longhitano, 2013). Terrestrial investigations may provide access to a record of
sedimentation variability over very long timescales. They can also facilitate rigorous
examination at a variety of spatial scales, from small-scale sedimentary structures, to largescale stratigraphic architectures. However, ancient exposures may be incomplete and of limited
extent, restricting the description of stratigraphic associations and 3D geometries within the
full-range of spatial scales. They are also detached from their formative environmental context.
It is therefore necessary to build conceptual models of tidal strait sedimentology from the
integrated study of ancient sequences, recent deposits and the modern seabed.
The southern Italy-focussed study of Longhitano (2013) had the advantage of being able
to document the horizontal and vertical facies distribution in a level of detail that was not
possible in the New Zealand study of Anastas et al. (2006). Based largely on the investigation of
outcrop exposures of ancient transgressive deposits, Longhitano identified four characteristic
depositional regions (facies zones) in tidal straits: A) the strait-centre zone, associated with the
tidal current maxima (sediments are scarce or absent); B) the dune-bedded zone, where dune
complexes show a 3D-2D bedform transition as tidal flow expands, thereby decreasing in
velocity with distance from the strait-centre zone; C) the strait-end zone, where currents
further decelerate away from the centre strait leading to the accumulation of thinly bedded,
fine-grained deposits; and D) the strait-margin zone, which may exist along the sides of an
entire strait axis. In tectonically active areas, steep-sided straits may contain mass-flow deposits
in the strait-margin zone. Along gently sloping and shallow portions of a strait, wave-worked
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deposits may be present. The sequence of seabed landscape features that develops axially
about Longhitano’s (2013) strait-centre zone is equivalent to that due to the divergence of net
sediment transport at bedload partings resulting from tidal current asymmetries (e.g.,
Belderson et al., 1982; Johnson et al., 1982; and Stride et al., 1982; Harris et al., 1995).
Individual straits and seaways may have an optimal water depth where current speed
reaches a maximum (Anastas et al., 2006) due to a balance between flow cross-sectional area (a
reduction in area will accelerate currents) and friction (which is greater in shallower channels
and reduces speed). Thus, a rise or fall in sea level, with respect to the optimal position, could
lead to a complex current response (Dalrymple, 2010). The Longhitano (2013) facies model is
further constructed around a simple response to transgression: a decrease in axial current
speeds (energy) and increasing accommodation space (water column depth) result in an
idealised deepening-upward stacked succession. This sequence is: residual/transgressive lag, to
3D dunes, to 2D dunes, to tidal ripples, to open-shelf mud and definitive burial of the tidal
deposits. The recognition of such a sequence is particularly useful to those interested in the
geological heterogeneity of potentially economic hydrocarbon-bearing reservoirs.
By classifying and explaining seabed geomorphology and sedimentology in the Salish
Sea’s Boundary Passage area, this paper contributes to the database of modern environment
case studies needed to inform nascent tidal strait facies models. Its objectives, within Boundary
Passage and surroundings, are to: 1) assess the general patterns of surficial geology and the
spatial distribution of grain size units, 2) reconstruct the post-glacial current history with
sedimentary cores, 3) describe the relationship between selected seabed landscape features
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and modelled tidal hydrodynamics/sediment transport potential, and 4) extend these findings
to the calibration of tidal strait facies models.

Figure 3.01. Location of the Boundary Passage region, central Salish Sea. The linked Haro Strait-Boundary Passage
corridor, between Vancouver Island (British Columbia = BC), the San Juan Islands (Washington = WA) and the Gulf
Islands (BC) is the deepest and most oceanographically substantial connection between the Strait of Juan de Fuca
(SJDF) and the Strait of Georgia (SOG) — the two largest sub-basins in the Salish Sea. The third major Salish Sea
sub-basin is Puget Sound (PS, inset). Johnstone Strait (JS, inset) is a narrow northern connection between the SOG
and the Pacific. The cities of Vancouver (VAN), Victoria (VIC) and Seattle (SEA) are indicated in the inset. In the
main map, the multibeam bathymetric and relief surface is a mosaic of Canadian Hydrographic Service survey data
(1999-2011). Post-glacial sea level contours, highstand (red; +75 m at 14, 250 cal BP) and lowstand (blue; -30 m at
11,200 cal BP), are based on James et al., (2009). The locations of subsequent maps (Figs. 3.02, 3.03a-c, and 3.10)
and sedimentary cores are indicated. The thick dashed line through the Boundary Passage region, between
mainland Washington and Vancouver Island, shows a potential pipeline route. Along this path, this paper’s seabed
interpretation was aided by a 2002 Remotely Operated Vehicle (ROV) bottom video survey from an abandoned
pipeline proposal (the Georgia Strait Crossing, GSX). Unlike a present Liquefied Natural Gas pipeline plan along
most of the same route (Malahat LNG), the GSX proposal did not have a southward redirection at its western end
into a Vancouver Island inlet near Victoria.
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3.2 Regional setting
3.2.1 Oceanography

The Salish Sea is an ~18,000 km2 semi-enclosed estuarine water body composed of
three principle sub-basins: SJDF, SOG, and Puget Sound (labelled “PS” in the Fig. 3.01 inset).
Shallow sills, such as a submerged ridge south of Victoria, and numerous channel-width
constrictions between the Gulf-San Juan Islands restrict oceanographic exchange between the
inland SOG and the Pacific-connected SJDF (Masson, 2002). The linked Haro Strait and
Boundary Passage corridor (Fig. 3.01) is the deepest and most substantial flow conduit between
the SOG and SJDF. Rosario Strait, in the eastern San Juan Islands (Fig. 3.01), is a SJDF-SOG
water-mass exchange corridor of secondary importance (Thomson, 1981). Depths locally
exceed 375 m in the Haro-Boundary corridor and 160 m in Rosario Strait. San Juan Channel, a
narrow passage through the middle of the San Juan Islands indirectly links the SJDF to the SOG
via the Boundary Passage region.
Fast local currents, up to 1-3 m s-1, result from tidal exchange through the flowconstricting straits of the Gulf-San Juan Islands (LeBlond et al., 1991; Dewey et al., 2014;
Chapter 2). About 80% of the total current kinetic energy in the SJDF and SOG is due to tidal
processes, but this value rises to nearly 100% in narrow channels (Crean et al., 1988a,b;
Stronach et al., 1993; Foreman et al., 1995). It has been estimated, for half an M 2 (principal
lunar semidiurnal constituent) tidal cycle in the eastern SJDF, that 51% of the volume transfer is
via Haro Strait, 20% through Rosario Strait, 5% via San Juan Channel and 24% through Admiralty
Inlet into Puget Sound (Parker, 1977). The Salish Sea also experiences tidally modulated
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estuarine circulation due to the seasonal forcing of fresh (fluvial) and saline (deep oceanic)
water input (Masson, 2002; Dewey et al., 2014).
3.2.2 Geology

The Salish Sea is in the northern forearc of the Cascadia Subduction Zone, where the
oceanic Juan de Fuca Plate is being subducted, ~4 cm yr-1 towards the east-northeast, beneath
the North American Plate (e.g., Riddihough and Hyndman, 1991; Hyndman, 2003; Kelsey et al.,
2012). Tertiary fluvial erosion and Quaternary glaciations deepened a series of structural
depressions within the present sea’s location (e.g., Hamilton, 1990; Barrie et al., 2005; Barrie et
al., 2014).
The most recent large-scale ice-advance, the Fraser Glaciation, began ~25,000-30,000
years ago (e.g., Barrie et al., 2014; Clague, 1994). As this glaciation advanced south-eastward
through the SOG region, thick and well-sorted sand deposits were laid down in front it. These
pro-glacial deposits were then reworked by overriding ice (e.g., Clague 1976, 1977, 1994). By
~14,000 radiocarbon years ago (BP), glacial tongues reached their maximum extent in both the
western SJDF and the southern Puget Lowland of Washington (e.g., Porter and Swanson 1998;
Waitt and Thorson 1983; Hewitt and Mosher, 2001; Mosher and Hewitt 2004).
The final Quaternary deglaciation was rapid, with ice retreating through the SJDF by
13,600 BP (Mosher and Hewitt, 2004), and the SOG being ice-free before 12,000 BP (Barrie and
Conway, 2002; Hewitt and Mosher, 2001; Hetherington and Barrie, 2004). This process left a
characteristic stratigraphic sequence of glacial till overlain by glaciomarine sediments (Clague,
1981; Guilbault et al., 2003; Barrie and Conway, 2002). As ice-retreated from the Victoria and
San Juan Islands area, the region was isostatically depressed. There was a rapid fall in relative
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sea level from a +75 m high stand before 14,000 cal BP (12,000 radiocarbon years BP) to lower
than the present shoreline by 13,200 cal BP (11 400 radiocarbon years BP). The ultimate postglacial sea level lowstand in the study area was most likely −30 ± 5 m at approximately 11,200
cal BP (9,800 BP). Post-glacial sea level highstand (red) and lowstand (blue) contours based on
James et al., (2009) are included in the study area map (Fig. 3.01).
In the SOG, the Fraser River empties into the southern SOG near Vancouver (“VAN”
label in the Fig. 3.01 inset), delivering ~80% of the SOG’s terrigenous sediment at a rate of ~19 x
109 kg y-1 (Thomas and Bendell-Young, 1999; Johannessen et al., 2003, 2005). The SJDF lacks
major sources of fluvial sediment input. It is likely that the narrow tidal straits through the GulfSan Juan Islands provide an effective barrier to ebb-dominated (SOG to SJDF) sand and coarser
sediment transport (Chapter 2). Most of the post-glacial sand and gravel in the eastern SJDF
(Hewitt and Mosher, 2001) and the intra-archipelago region (Chapter 2; Johannessen et al.,
2006) has probably been derived from the local erosion and reworking of coastal and seabed
Pleistocene deposits: glacial outwash, shallow morainal banks and drumlin-like banks.
3.3 Data and methods
3.3.1 Seabed mapping and characterisation

MultiBeam EchoSounder (MBES) bathymetric (Fig. 3.01) and backscatter (Fig. 3.02) data
were collected in the Gulf-San Juan Islands region between 1999-2011 by the Canadian
Hydrographic Service (Simrad EM1002, Simrad EM3000 and Kongsberg EM710 MBES systems).
Each of these surveys were positioned with differential GPS and had reported positional errors
of <5 m horizontally and <1% of water depth vertically. Bathymetric processing was undertaken
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using CARIS HIPS-SIPS software and involved correction for vessel motion, water column sound
speed variations, and tides. Hillshade relief surfaces were created with a solar azimuth of 315°,
solar zenith of 45° and vertical exaggeration of 2x. Backscatter processing, from raw multibeam
data, was done with ‘in-house’ software (AGCMenu2 for GRASS GIS) created by the Geological
Survey of Canada. Regional bathymetric and backscatter mosaic grids were generated with a
horizontal resolution of 5.0 m.
Seabed characterisation involved subjective decisions that integrated knowledge of
MBES backscatter, MBES-derived slope/depth and material/visual ground-truth sampling of the
seafloor. This effort built-upon some of the GIS data products of a predictive benthic habitat
mapping project around the San Juan Islands (Endris et al., 2011). To achieve a baseline
understanding of seabed surficial geology in Boundary Passage and adjacent areas, 5 piston
cores (a-e) collected during 2008-09 were described and interpreted (extraction positions
labelled in Fig. 3.01). This included radiocarbon dating analyses of core shell subsamples (Table
3.01).
Ninety-three small volume sediment grabs (SHIPEK) and 3 large volume (~1 m3) grabs
(IKU) were obtained from a dune complex in Boundary Passage during summer 2011 research
cruises. Wet- and dry-sieving was performed with the grab samples and grain size statistics
were calculated using Gradistat (Blott and Pye, 2001). Dozens of other grain size results, since
1973, were retrieved from a Geological Survey of Canada database. In this paper, selected grain
size measurement locations are displayed on maps as simple pie-charts (red = gravel, yellow =
sand, blue = mud).
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Seabed interpretation was also aided by a 2002 Canyon Offshore/Terra Remote Sensing
Inc. Remotely Operated Vehicle (ROV) video survey commissioned by Williams Gas Pipeline and
BC Hydro along the formerly proposed Georgia Strait Crossing (GSX) natural gas pipeline route
through the southern SOG and Boundary Passage. The mostly coincident routes of this formerly
proposed pipeline, and a more recently proposed Liquefied Natural Gas (Malahat LNG) pipeline,
are shown by dashed lines in Fig. 3.01. Unfortunately, the GSX ROV surveys lacked a visual tool
to measure scale (such as paired laser beams) and a compass for determining the direction of
view.
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Figure 3.02. Multibeam backscatter mosaic used to aid seabed sediment classification in the greater Boundary
Passage region. Map position indicated in Fig. 3.01. High backscatter reflectance areas are more likely to be hard
substrates such as gravel and bedrock. Low backscatter reflectance is more likely to signify soft substrates (i.e.,
mud). Sand and sediment mixtures tend to provide intermediate signals. The Canadian Hydrographic Service
conducted the multibeam surveys used (1999-2011). Regional bathymetric and backscatter mosaic grids were
generated with a horizontal resolution of 5.0 m.

3.3.2 Modelling tides and sediment transport

As was detailed in Chapter 2, the River and Coastal Ocean Model (RiCOM), a 2D/3D
semi-implicit and semi-Lagrangian time-stepping hydrodynamic model (Walters et al., 2010,
2005), was used to model tidal currents across the central Salish Sea. The time-varying water
levels were derived from the amplitude and phase of the study region’s eight largest tidal
constituents. A Fisheries and Oceans Canada tidal finite element model mesh (Foreman et al.,
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1995) was modified using TriGrid meshing software (Henry and Walters, 1993). The horizontal
dimension of the domain was discretised into 28,884 triangular elements. The useable portions
of both 2D (depth-integrated) and 3D (11-layer, terrain following) simulations were ~59 days of
hourly time-steps that began on July 1, 2011.
The 2D and 3D hydrodynamic results were imported into the hydraulic analysis and
mesh-building software BlueKenue (Canadian Hydraulics Centre, National Research Council;
Serrer, 2011) and PSed (Davies, 2006), a sediment transport modelling system that is now
integrated with BlueKenue. Using PSed, the dimensionless relative sediment Mobility (M) for a
variety of grain sizes was computed at each hourly time-step as the ratio between the
maximum bed shear stress and the critical shear stress at which sediment transport takes place
for a given sediment grain size. The fluid and sediment properties used in mobility calculations
were as follows: water temperature = 8.5 °C; water salinity = 31 ‰; sediment density = 2,650 kg
m-3; silt particle diameter = 6 × 10-6 m; fine sand diameter = 8 × 10-5 m; medium sand diameter =
3 × 10-4 m; coarse sand diameter = 9 × 10-4 m; and fine gravel diameter = 3 × 10-3 m.
The PSed algorithms were intended for use with depth-averaged (2D) currents as their
hydrodynamic input. In this study, PSed mobility vectors were computed with near-seabed 3D
results, where velocity values represented the vertical average of the layer spanning the
bottom 1/11th of the water column. As such, the vertical logarithmic velocity decay towards the
seabed was modelled only approximately: the velocity decay at each location started from the
middle of the entire water column, rather than the middle of the bottom layer. Although the
magnitudes of bottom layer mobility values were underestimated, useful insights were
obtained about the relative change in residual seabed transport patterns with increasing grain
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size. Given these limitations, another sediment transport model, SedTrans05 (Neumeier et al.,
2008; Li and Amos, 1995, 2001), was used to hone-in on realistic predictions of the maximum
grain size capable of bedload transport (van Rijn, 1993) in different parts of the study region.
The assumptions about fluid and sediment properties were the same as those used in PSed.
3.4 Results
3.4.1 Seafloor configuration and morphology

The linked Haro Strait-Boundary Passage corridor is the deepest and most pronounced
connection between the SJDF and SOG (Fig. 3.01). Haro Strait, ~33 km-long, runs close to N-S.
Boundary Passage is ~23 km SW-NE. The corridor is at its deepest between Stuart and Moresby
Islands, >375 m, the interface of Haro Strait and Boundary Passage (islands labelled in Fig. 3.02).
Haro Strait has a deep channel offset to its eastern side (Fig. 3.01), abutting the San Juan Islands
(3-5 km wide; up to 200-330 m deep). The western side of Haro Strait, against Vancouver
Island, is a shallow shelf ~6-10 km wide and typically much shallower than 100 m. Numerous
bathymetric obstructions are present in Boundary Passage and a clear morphological channel is
lacking in its shallow central region. These thalweg obstructions include sedimentary bedrock
ridges and glacial landforms such as a channel-crossing recessional moraine between South
Pender Island and Stuart Island (island positions noted in Fig. 3.02; a close-up section of the
moraine is labelled in Fig. 3.03a).
In eastern Boundary Passage (Fig. 3.03b), at its transition with the southern SOG, a
sedimentary bedrock ridge (“sill”), extending from Saturna and other nearby islands, forms a
major barrier to oceanographic exchange by blocking ~80% of the channel width. It rises from
~200 m to ~60 m depth and has an average slope of ~30°. A trough spans either side of a
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narrow (~500-930 m-wide) gap in the bedrock. The trough is over 3 km-long; being deeper and
wider north of the constriction. The depression reaches ~290 m deep around the easternmost
position of the submerged Saturna Island bedrock extension. North of the constriction, the
trough sits below the level of unconsolidated sedimentary seabed, ~50-80 m to its west and
~115-190 m to its east. South of the constriction, the depression is below the surrounding
sediments by ~40-50 m to its west and ~70-130 m to its east. Elevated ridges of surficial
material flank the margins of both the northern and southern trough components. A sediment
ridge, up to ~65 m high, occupies the constriction between the bedrock sills and extends into
depressions south of the channel.
The Boundary Passage Dune Complex (BPDC; close-up in Fig. 3.04; location shown in Fig.
3.03b), ~165-251 m depth, is located immediately south of the Saturna bedrock ridge. The
BPDC can be approximately described as a 40 m high elliptical mound with its long-axis oriented
SW-NE; 1.45-2.25 km-long, and 0.5-0.9 km-wide. Gravel to boulder ridges in its northern sector
and a trench along its NE-side interrupt this shape (features labelled in Fig. 3.04). Southwest of
the BPDC, a smooth-sided and flat-topped elongate ridge of surficial material gradually widens
from <100 m in the NE, to >800 m ~2 km to the SW.
The BPDC’s entire south-eastern flank neighbours another sedimentary bedrock ridge,
which runs parallel to the complex’s long-axis. This ridge, comprised of Nanaimo Group
sedimentary bedrock, has a bedding orientation perpendicular to that of the Saturna ridge to its
north (also Nanaimo Group). This juxtaposition suggests that a SW-NE regional fault is present.
It may have been created during Eocene folding and thrusting (e.g., Johnston and Acton, 2003).
The dune complex’s long-axis is aligned along this presumed fault. The structural feature is
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likely responsible for the Saturna bedrock ridge gap (Fig. 3.03b) and thus, for the flow
constriction at the troughs. Immediately north of the Boundary Passage flow constriction, the
SOG is >35 km-wide. Modern sediment infill of this deep structural basin network is controlled
by the Fraser River (e.g., Hill et al., 2008). A close-up of morphological features in the southern
SOG, to be discussed, is provided in Fig. 3.03c.
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Figure 3.03. Multibeam bathymetry of areas of interest within the Boundary Passage region. Frame positions
indicated in Fig. 3.01: a) western Boundary Passage – recessional moraine and scalloped bedform texture in a strait
channel; b) eastern Boundary Passage – strait flow constriction with scour trough and dune complex; and c)
southern Strait of Georgia north of Boundary Passage – Fraser River deltaic sediment, large dunes and scalloped
bedform texture. A close-up of the Boundary Passage Dune Complex (‘b’) is shown in Fig. 3.04.
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Figure 3.04. The Boundary Passage Dune Complex (BPDC). This eastern Boundary Passage location is indicated in
Fig. 3.03b. The BPDC, ~215-165 m depth, is roughly elliptical in plan-view shape. The complex is found immediately
south of a major channel-obstructing bedrock ridge extending from Saturna Island, BC. The BPDC also directly
borders another bedrock ridge, which runs parallel to its long-axis. Various features referred to in the text are
identified. The largest dune (maximum height ~24 m) has accumulations of sediment (spurs) on its central flank
areas. Seismic reflection profiles A-A’ (Fig. 3.14a) and B-B’ (Fig. 3.14b) are indicated by solid black lines crossing the
BPDC. Red dashed lines indicate along-complex boundaries between dune character (e.g., alignment, height and
sinuosity). In the SW-half of the dune complex, and north of the largest dune, these lines also corresponded to
concentrations of crestal bifurcation observed with repeat surveys (Chapter 4).
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3.4.2 Tidal current and sediment transport results

The 2D and 3D RiCOM tidal model results compared favourably (Chapter 2) with
previous 3D barotropic tidal modelling of the central Salish Sea (Foreman et al., 1995). The
maximum near seabed tidal currents obtained during the ~59-day simulations are mapped in
Fig. 3.05. These 3D bottom-layer results showed strong current enhancement, to speeds locally
greater than 3.0 m s-1, where flow was bathymetrically redirected or constricted. Within the
narrow connecting straits of the Gulf-San Juan Islands, residual vectors were generally oriented
along their respective strait axis, except where secondary flow patterns arose from bathymetric
obstructions. Major residual eddies developed in the lee of many coastal promontories.
A long corridor of high maximum near-seabed currents, mostly in the range 0.75-1.75 m
s-1, developed throughout the entire thalweg of Haro Strait and Boundary Passage (Fig. 3.05).
Flow was also accelerated in the San Juan Islands region at obstacles and channel constrictions
in Rosario Strait and the interior-archipelago San Juan Channel (labelled “SJC” in Fig. 3.05).
Several of the most prominent regions of flow acceleration occurred along Vancouver Island
near Victoria, not within the narrow connecting straits through the Gulf-San Juan archipelago.
These high-energy features on the north side of the wide SJDF resulted from ebb and flood tide
perturbation by coastal headlands. In contrast, flow was inhibited (maximum currents typically
<0.5-0.75 m s-1) in relatively shallow areas in the eastern SJDF and western Haro Strait, against
Vancouver Island. There are numerous sheltered bays, inlets and sounds that were quiescent
throughout the simulation.
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Figure 3.05. Modelled near-seabed maximum and residual tidal currents. Tidal flows across the central Salish Sea were simulated for an ~59-day period
beginning on July 1, 2011. See Chapter 2 for a more detailed account. Absent from the models were the oceanographic effects of stratification, fluvial
discharges and atmospheric forcing. These 3D bottom-layer results showed local current accelerations to >1.0-3.0 m s-1, at sites of bathymetric constriction
and/or flow re-direction. Within the narrow intra-archipelago tidal straits, residual velocity vectors were generally oriented along their channel axis. Major
residual eddies developed in the lee of some coastal promontories. Close-up hydrodynamic maps are provided for the areas around western Boundary Passage
(Fig. 3.06), eastern Boundary Passage (Fig. 3.07), and the southernmost Strait of Georgia (Fig. 3.09).
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In the western portion of the primary study area, Fig. 3.06, there was a large horseshoeshaped zone of maximum near-seabed currents, >1.3 m s-1 oriented around Turn Point (Stuart
Island, WA). This zone was the result of the transition in channel alignment between Haro Strait
and Boundary Passage. Maximum bottom currents (maximum current speed = vmax) in this
zone, 1.9-2.3 m s-1, were found around the exposed bedrock just offshore of Turn Point. In the
deep (372 m) bend of the thalweg north Turn Point, maximum bottom currents of 1.7 m s -1 lead
to grains of up to 3.6 mm (very fine pebbles) being transported as bedload (Maximum Bedload
Diameter mobilised = MBD).
Ebb and flood transient tidal eddies developed off the south and north sides of Turn
Point, respectively (Fig. 3.06). These features were much better developed in the 2D model
than in the bottom layer of the 3D model. The transient ebb-eddy was counter-clockwise
rotational (reaching <2.0 km diameter east-west in the 2D model) and the flood-eddy rotated
clockwise (up to ~3.7 km diameter east-west; 2D model). Residual bottom current vectors
indicated alongshore convergence towards Turn Point from both sides and then redirection out
into the central thalweg, and lastly, onwards to the east along the central to northern portion
of the Boundary Passage channel, or back towards Turn Point via the transient flood-eddy.
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Figure 3.06. Turn Point, western Boundary Passage area: modelled near-seabed maximum flow speed, residual tidal velocity vectors and maximum grain
diameters [mm] capable of bedload transport. The location of this map is indicated in Fig. 3.05. There was a large horseshoe-shaped zone of maximum nearseabed currents, >1.3 m s-1, oriented around Turn Point, Stuart Island, WA. Maximum bottom currents in this zone, 1.9-2.3 m s-1, were found around the
exposed bedrock just offshore of Turn Point. In the thalweg north of the point (up to 372 m deep), grains up to 3.6 mm (very fine pebbles) could be
transported as bedload (van Rijn, 1993) by maximum bottom currents of 1.7 m s-1. Eastward into Boundary Passage, the Turn Point horseshoe merged with
another high-energy zone near South Pender Island, BC. The position of a recessional glacial moraine and zones of “scalloped” bedform texture are indicated.
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The eastern arm of the maximal speed Turn Point “horseshoe” extended along the
channel axis into western Boundary Passage (Fig. 3.06). Along the outer (northwest) side of the
channel bend, there was a rapid decline in maximum flow speed with decreasing depth and
increasing distance from the main channel axis. The horseshoe merged with another highenergy zone related to current steering by the bedrock extending southward from South
Pender Island (BC). This area of enhanced currents (Fig. 3.06) covered most of a seabed
depression containing a scalloped bedform texture (close-up bathymetry in Fig. 3.03a).
Maximum near-seabed currents in the scalloped texture area, 1.7-2.0 m s-1, were located near a
channel-aligned bedrock ridge south of South Pender Island. At the top of the moraine (225 m
depth; feature labelled in Figs. 3.03a and 3.06), maximum currents (1.7 m s-1) could induce
bedload in grains up to 3.9 mm in size (very fine pebbles). In a deep (316 m) area near bedrock
at the northern edge of the scalloped texture zone, the maximum flow speed reached ~2.0 m s 1

(MBD = 4.9 mm, fine pebbles). The sediment transport capacity decreased towards the

eastern edge of the scalloped area southeast of South Pender Island (172.5 m depth; vmax = 1.2
m s-1; MBD = 2.3 mm, very fine pebbles).
The most extensive zone of very high currents in the study area was at the intersection
of Boundary Passage and the SOG (Fig. 3.07), where flow was constricted both horizontally and
vertically, over a pronounced bedrock ridge extending from Saturna Island. At the ridge-top, the
3D model predicted speeds up to 1.9 m s-1 during the southbound ebb, and up to 2.9 m s-1
during the northbound flood. The deep (~250-290 m) trough (Fig. 3.07) separating the bedrock
around Patos Island from the ridge extending from Saturna Island, had lower maximum
currents, ~1.0-1.8 m s-1, than the ridge-tops. This depression was a zone of net flow and
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sediment transport divergence (parting). Within the narrowest portion of the flow-constriction
(267 m depth), at a point where Saturna’s ridge acted as a headland, maximum bottom
currents reached 1.8 m s-1 (MBD = 4.3 mm, fine pebbles). Ebb-related clockwise-rotational
transient eddies developed over locations 1-2 km west to southwest of the BPDC.
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Figure 3.07. Saturna-Patos flow constriction and dune complex, eastern Boundary Passage area: modelled near-seabed maximum flow speed, residual tidal
velocity vectors and maximum grain diameters [mm] capable of bedload transport. Map location indicated in Fig. 3.05. At the interface of Boundary Passage
and the Strait of Georgia flow was constricted, both horizontally and vertically, over bedrock extending from Saturna and other nearby islands. At the ridgetop, the model predicted near-seabed speeds up to 1.9 m s-1 during the southbound ebb, and up to 2.9 m s-1 during the northbound flood. The trough (~250290 m deep) separating the ridge extending from the Saturna and Tumbo Islands area, from the bedrock around Patos Island, had maximum currents in the
range 1.0-1.8 m s-1. Within the narrowest portion of the trough (267 m depth), maximum bottom currents (1.8 m s -1) could transport 4.3 mm grains (fine
pebbles) as bedload (van Rijn, 1993). Over the Boundary Passage Dune Complex, maximum currents reached 1.3-1.4 m s-1, moving very fine pebble (2.1-3.0
mm) bedload.
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At the BPDC (Fig. 3.07), maximum bottom currents reached ~1.3-1.4 m s-1 (MBD = 2.13.0 mm, very fine pebbles). At the western edge of the complex, grains of 3.3 mm diameter
(very fine pebbles) were moved. Near the seabed, the strongest flood currents travelled SW to
NE along the eastern Boundary Passage channel axis, past the dune complex towards the
Saturna bedrock ridge. Less strong flows, from southerly directions, merged with this stream
over the BPDC. The strongest ebb currents over the complex also moved along the channel axis,
but in the opposite direction (NE to SW) of the peak flood currents. Along the NW long-flank of
the complex, a flood-dominated asymmetry, which decreases towards the NE, was apparent. A
flood asymmetry was also present across most of the complex SW of the largest dune. Along
the SE long-flank of the BPDC, against the complex-parallel sediment and bedrock ridges, an
ebb-dominated asymmetry developed. In the central portion of the complex, near the largest
dune, ebb and flood currents were nearly symmetrical.
Throughout the modelled domain, there was close agreement between the direction
and relative magnitude of residual current and mobility vectors. However, the closeness of
agreement tended to decrease as grain size became coarser. Larger particles are closer to their
mobility threshold, and with increasing diameter, their motion becomes increasingly sensitive
to briefer higher speed flows. This was well illustrated by the near-seabed residual mobility
vectors of Fig. 3.08a (~medium sand) and Fig. 3.08b (~coarse sand) around the BPDC. Because
the strength of the bottom currents used to calculate these mobilities were underestimated by
PSed’s 2D configuration, the two cases are simply labelled as “finer” (Fig. 3.08a) and “coarser”
(Fig. 3.08b). The finer particle residual mobility pattern over the dunes was like the residual
current vectors (Fig. 3.07), but the coarser pathways were more distinct. The coarser particle
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residual vectors showed that net movement across and beside the BPDC was strongly
separated into two parallel, but opposing, transport zones. One moved in the flood direction
(SW to NE), crossing the NW side of the BPDC. It dissipated before the bedrock ridge was
reached north of the complex. The opposing transport zone moved in the ebb direction (NE to
SW), from a sediment ridge at the NE of the BPDC, and then increased in intensity parallel to
the bedrock ridge along the SE-side of the complex, before dissipating SW of the dunes.
Looking northwards from Boundary Passage, into the less-confined southern Strait of
Georgia, Fig. 3.09, bottom tidal velocity vectors far from coastlines tended to be less rectilinear
– having a rotary character. Across the region, following peak flood currents, a counterclockwise rotational eddy developed as a transient flow structure during high tides (~10-16 kmwide; centred ~5-7 km north of Saturna Island and its submerged ridge). A flood-dominated
zone of maximal speed (>0.8 m s-1) extended outwards from the Saturna-Patos flow
constriction a considerable distance north-westward into the southern SOG. Maximum speeds
on either side of this feature were below 0.5 m s-1. A strong zone of ebb-dominated flow (vmax =
0.8-2.5 m s-1) travelled back ESE towards Boundary Passage near the seabed along the
submerged bedrock ridges constituting the northern flanks of Saturna and Tumbo Islands. A
roughly 15 km diameter (NW-SE) residual bottom velocity counter-clockwise rotational eddy
resulted from these flow patterns. Across this residual eddy-region the maximum grain size
capable of bedload mobilisation varied from ~0.4-2.0 mm (medium sand to very-fine pebbles).
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Figure 3.08. Residual sediment mobility vectors for a) finer grained, and b) coarser grained material in the
Boundary Passage Dune Complex area. With the PSed model (Davies, 2006), the relative sediment Mobility (M)
for a variety of grain sizes was computed using the entire set of hourly ~59-day 3D bottom-layer tidal velocity
results. M is the ratio of the maximum bed shear stress and the critical shear stress at which sediment transport
will take place for a given sediment size. See the methods section for an explanation of why the two cases in this
figure are referred to as “finer” (a) and “coarser” (b) and not as “medium sand” (a) and “coarse sand” (b). At the
finer grain diameter (a), the residual mobility vectors created a clockwise-rotational eddy-like structure (open at
the north end) over the dune complex. This pattern was like the residual current vector pattern over the dune
complex (Fig. 3.07). At the larger grainsize (b), the residual mobility vectors showed the existence of two parallel,
but opposing, time-averaged transport zones. These zones reflected a lateral variation in the peak flood (NEdirected) and peak ebb (SW-directed) current symmetry across the dune complex location.
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Figure 3.09. The southern-most Strait of Georgia area: modelled near-seabed maximum flow speed, residual tidal velocity vectors and maximum grain
diameters [mm] capable of bedload transport. This map location is indicated in Fig. 3.05. Currents emanating from Boundary Passage and Rosario Strait
influenced flow in the much wider southern Strait of Georgia. A flood-dominated zone of maximal speed (>0.8 m s-1) extended outwards from the SaturnaPatos flow constriction (eastern Boundary Passage) a substantial distance north-westward into the southern Strait of Georgia. During high tide, following flood,
a large counter-clockwise eddy developed in the southern-most Strait of Georgia, north of the Boundary Passage flow-constriction. Strong ebb currents
travelled through the Strait of Georgia towards Boundary Passage along the north side of Saturna Island. A roughly 15 km diameter bottom residual velocity
counter-clockwise rotational eddy developed over much of the “Fraser Swell” landscape. Within this residual eddy-region, bedload (van Rijn, 1993) was
induced in grain diameters in the range from medium sand to very fine pebbles.
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3.4.3 Seabed mapping and characterisation

A sedimentological map of the Boundary Passage region, based on multibeam
bathymetry/backscatter and ground-truthed by sample data, is shown in Fig. 3.10. The simple
units of delineation are mud (blue), sand/mud (green), sand (yellow), sand/gravel (orange), and
gravel or coarser (red). Areas of exposed bedrock and unmapped regions are greyscale. More
detailed maps of key areas are provided in Figures 3.11-3.13.
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Figure 3.10. Seabed mapping and characterisation: Boundary Passage region. Predicted surficial substrates are mud (blue), sand/mud (green), sand (yellow),
sand/gravel (orange), and gravel or coarser (red). Areas of exposed bedrock and unmapped regions are grey. Surficial unit delineations were built-upon benthic
habitat mapping around the San Juan Islands (Endris et al., 2011). Selected grainsize measurement locations are displayed as proportional pie-charts (red =
gravel, yellow = sand, and blue = mud). Five piston core locations (cores a-e) are indicated – core diagrams in Fig. 3.15. Close-up seabed characterisation maps
are Fig. 3.11 (western to central Boundary Passage region), Fig. 3.12 (central to eastern Boundary Passage region), and Fig. 3.13 (the southern Strait of
Georgia).
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3.4.4 Western to central Boundary Passage

At the horseshoe-shaped thalweg turn where Haro Strait becomes Boundary Passage,
the multibeam bathymetry (Fig. 3.11a) and predicted surfical sediments (Fig. 3.11b,c) were
mapped. Selected ROV video stills from the GSX pipeline route survey (I-VI) illustrate the
sedimentary transition from a muddy and sandy shallow strait margin zone (I-II) to the gravel to
boulder covered main channel (IV-V) and to a zone of unusual bedforms in the thalweg (VI).
Images I-III, display a horizontal facies transition in the strait margin zone over ~1.5 km
towards the primary flow channel. A muddy sand with abundant macrobenthos in a relatively
shallow section of the strait margin is apparent in image I (depth = d = 160 m; vmax = 0.4 m s-1;
MBD = 0.1 mm, very fine sand). Image II is of sinuous to linguoid (tongue-shaped) sand ripples
and occasional shells in the strait margin zone (d = 179 m; vmax = 0.6 m s-1; MBD = 0.6 mm,
coarse sand). By the location of image III, a gravel and sand mixture was interpreted (d = 186 m;
vmax = 0.6 m s-1; MBD = 0.6 mm, coarse sand). At Images IV (d = 271 m; vmax = 1.5 m s-1; MBD =
3.1 mm, very fine pebbles) and V (d = 252 m; vmax = 1.5 m s-1; MBD = 3.1 mm, very fine
pebbles) a pavement of gravel, cobbles and boulders was present.
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Around the location of image VI (d = 318 m; vmax = 2.0 m s-1; MBD = 4.9 mm, fine
pebbles), a seabed depression was filled with bedforms that created an overall pattern of
scalloped relief (labelled in Fig. 3.11c). These flow-transverse bedforms typically had heights
<2.5 m and wavelengths <75 m (a wavelength of ~40 m was typical). Trends in bedform
asymmetry were difficult to assess due to their irregular shapes and presence on sloped terrain.
A bright (high optical reflectance) framework material with scattered gravel through cobble
clasts (darker components) was recognised in image VI. The framework material appeared firm
(indurated). It had a rough local relief of parallel ridges and elongate depressions. These
depressions were commonly filled with a loose cover of diverse lithology gravels-boulders.
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Figure 3.11. Seabed mapping and characterisation: western to central Boundary Passage region. Frames: a) multibeam bathymetry and relief; b) predicted
surficial substrates (colour coded); and c) a close-up region of interest near the Pender Islands, BC. The location of frames ‘a’ and ‘b’ are shown in Fig. 3.10.
Selected grainsize measurement locations are displayed as pie-charts in ‘a.’ The positions of still images from Remotely Operated Vehicle (ROV) video are
shown by roman numerals in ‘c.’ ROV images illustrate the transition from a muddy and sandy shallow strait margin zone (I-II), through mixed sand and gravel
at the channel-margin interface (III), to the gravel-boulder covered main channel (IV-V), and lastly to a zone of scalloped bedform texture in the Boundary
Passage thalweg (VI). A recessional glacial moraine is labelled in ‘c.’
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3.4.5 Central to eastern Boundary Passage

The analysis of grab samples and ROV video images indicated a lateral facies transition from
near the Boundary Passage Dune Complex (BPDC) towards the flow constriction (Fig. 3.12): a
cover of sand, gravel and cobbles immediately southwest of the dune complex (image VII); to
the edge of the BPDC, where coarse sand and/or fine gravel was visible (image VIII); to gravel
through boulder cover at a ridge south of the flow constriction and adjacent to the BPDC (image
IX), to further north along the side of the ridge where grab samples revealed an abundant mud
fraction; and lastly, there was a mud-rich zone with abundant macrobenthos, in a depression
south of the flow-constriction (image X).
Throughout the BPDC’s main body, dune crests bisected the long axis of its overall elliptical
(oval) shape. However, they were aligned obliquely: up to ~45° from orthogonal (the BPDC’s
short axis dimension). The main complex dunes southwest of the tallest dune were reasonably
spatially uniform in their wavelength (λ) and height (h) distribution: λ ~ 40-90 m, and h ~3-6 m.
Dunes along the north-western flank of the main complex were steeper on their north-eastern
sides. This was also true of a train of northwest horn-tip facing barchans along the southwest of
the complex. These dunes become reduced in size towards the train’s northeast end. A barchan
at the beginning, SW-end, of the train (features labelled in Fig. 3.04) had a height of 4.1 m and
horn width of 141.0 m. At the NE of the train, horn widths become difficult to distinguish as the
dunes were clustered as low-relief mounds (h ≲ 1 m). Dunes in the central portion of the main
complex, southwest of largest dune, were symmetrical and their crests were oriented ~NW-SE.
Along the southeast side of the BPDC, the dune asymmetry was towards the southwest and a
band of the dunes, ~75-150 m wide, against the bedrock ridge had crest orientations deflected
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to roughly N-S (λ ~50-65 m, and h ~1-3 m). Crescentic dunes along the northeast of the
complex, next to the sediment ridge, were asymmetric towards the SW and increased in size
(from h < 3 m, λ ~ 50 m; to h ~ 10 m, λ ~190 m) as the trench was exited towards the SW.
Based on the sediment grabs obtained from the BPDC area, mean grain size within the
main complex varied from 0.8-3.9 mm (coarse sand to very fine pebbles). Most samples from
the area of the two largest dunes had a mean size of very coarse sand or very fine pebbles. A
very fine pebble mean sample (3.1 mm) was obtained from near the crest of the tallest dune. A
single sample from the SE-flank of the tallest dune was at the threshold for very coarse sand
(1.0 mm). The portion of the main complex southwest of the tallest dune generally contained
samples in the mean range 0.8 to <2.0 mm (coarse to very coarse sand). However, locations
with coarser mean samples existed in this region: 1) along the south-eastern flank, against the
bedrock ridge, where dune crests were deflected to a nearly N-S alignment (1.9-2.1 mm, very
coarse sand to very fine pebbles); and 2) the southern-most tip of the main complex, near the
bedrock ridge (3.1 mm, very fine pebbles). Coarse samples were also obtained from the
crescentic dunes in the northeast of the complex (1.7-3.9 mm, very coarse sand to very fine
pebbles). The barchan dunes along the southwest BPDC periphery were somewhat finer
grained (0.7 mm, coarse sand) than those of the main complex and were surrounded by a
pebble-dominated substrate.
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Figure 3.12. Seabed mapping and characterisation: central to eastern Boundary Passage region – including dune
complex. Frames: a) multibeam bathymetry and relief; b) predicted surficial substrates (colour coded); and c) a
close-up of the Boundary Passage Dune Complex (BPDC) area. The location of ‘a’ and ‘b’ are shown in Fig. 3.10.
Selected grainsize measurement locations are displayed as pie-charts in ‘c’. From ~90 sediment grabs obtained in
the BPDC area, mean grainsize within the dunes was found to vary from 0.8-3.9 mm (coarse sand to very fine
pebbles). The positions of still images from ROV video are shown by roman numerals in ‘c.’ These images illustrate
the lateral facies transition from near the BPDC towards the bedrock-controlled horizontal flow constriction
(labelled as “scour trough”): VII) sand, gravel and cobbles near the dune complex; VIII) edge of the dune complex:
coarse sand and/or fine gravel; IX) gravel-boulder lag-ridge between an erosional-ridge segment (mud-rich),
bedrock ridge and dune complex; X) edge of a mud-rich erosional zone near the flow-constriction scour-trough.
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3.4.6 Southern Strait of Georgia

The southern-most Strait of Georgia, Fig. 3.13, can be divided into two broad
sedimentological zones based on multibeam backscatter, relief texture and grab samples (Hill et
al., 2008): 1) a coarse-grained band (sand, gravel and coarser) along the north-eastern side of
the Gulf Islands and near the approaches to Boundary Passage; and 2) a broad region of
elevated infill, mud and sand, covering much of the area south of the Fraser River and north of
Boundary Passage/Rosario Strait. The sedimentary transition moving away from the SaturnaPatos flow constriction into the less-confined southern Strait of Georgia is shown by ROV
images XI-XIV in Fig. 3.13: gravel to boulder cover in the trough (image XI); outside the trough,
there was a sharp-transition zone from a gravel/cobble/boulder surface to a sand/gravel one
(image XII); well outside the flow-constriction, in the southern Strait of Georgia, there were
locations with mixed sand and mud (e.g., XIII); and lastly, at the position of an elevated
sediment ridge in the southern SOG, the seabed consisted of linguoid current ripples in fine
sand (image XIV).
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Figure 3.13. Seabed mapping and characterisation: the southern Strait of Georgia. Frames: a) multibeam bathymetry and relief; b) predicted surficial
substrates (colour coded); and c) a close-up region of interest between the Saturna-Patos (Boundary Passage) flow constriction in the south, and a ridge in
deltaic sediment from the Fraser River to the north. The location of ‘a’ and ‘b’ is shown in Fig. 3.10. Selected grainsize measurement locations are displayed as
pie-charts in ‘a’. Map labels are features referenced in the text. The positions of still images from ROV video are shown by the roman numerals in ‘c’ and ‘b.’
Images illustrate the sedimentary transition between the Saturna-Patos flow constriction and the much wider southern Strait of Georgia: XI) gravel to boulder
lag in scour-trough; XII) sharp transition zone – gravel, cobble and boulder (left sub-frame) – sand and gravel (right sub-frame); XIII) sand and mud mixture
(suspension due to ROV); and XIV) on an elevated sediment ridge, linguoid current ripples in fine sand.
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3.4.7 Seismic profile descriptions

Crossing the length of the BPDC from southwest to northeast were seismic profiles A-A’
and B-B’ (Fig. 3.14 ‘a’ and ‘b,’ respectively). These profiles were parallel and separated by ~190
m, with A-A’ being longer and more northerly. The locations of both lines are indicated in Fig.
3.04. Three seismic Units (U1-U3) overlying a Basal Reflector (BR) were identified.
Unit 1 (U1) was a lower seismic (core) unit inside the dune complex’s main body
(U3). Although the top of U1 was more level across the complex in B-B’, compared to A-A’, it
also showed more small-scale waviness than was present nearer the complex periphery (AA’). The core unit’s internal structure was characterised by wavy horizontal to chaotic weak
reflectors, which were also more apparent at B-B’. The maximum thickness of U1 was 7-8 m
near the complex periphery in A-A’, and 3-4 m nearer the central complex in B-B’. The lower
unit tapered towards pinch-out locations, between U3 and the basal reflector, at both the NEand SW-ends of the complex. However, in A-A’ the base of the southwestern U1 pinch-out may
have been on U2 adjacent to the dune complex, not on the BR. Unit 1 showed a vertical
perturbance beneath the largest dune of U3 in A-A’. In both B-B’ and A-A’ the basal reflector
exhibited a bump beneath the largest dune of U3.
On the slope descending to the trough NE of the dune field (A-A’), lower amplitude
bedforms at several locations were also included in U1. Across some of this slope and much of
the opposing rise, the BR was located at or near the seabed.
Southwest of the dune complex in A-A’ there was U2, which tapered-out from 5-6 m
thick at the start of the profile towards a pinch out with U3 or U1 near the start of the dune
complex. Unit 2 continued within the smooth-sided and flat-topped elongate sediment ridge
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SW of the BPDC. The unit contained near-horizontal internal reflectors that did not follow the
variations of the overlying seabed bathymetry demarcated by a strong surface reflection. This
surface reflector may have been continuous with U3, merging into the dune complex. The BR
had a smooth character directly beneath U2, and had more waves and undulations beneath U1
(A-A’ and B-B’).
At the SW-end of the elliptical BPDC, there were dunes topping a 10-13 m thick section
of U3. The truncation patterns of these bedforms suggested a climbing pattern towards the NE
in A-A’. Also in A-A’ they showed surface parallel clinoforms at an inclination up to 5-8°. Slightly
closer to the complex centre at B-B’, these dune clinoforms were more symmetrical and
inclined 2-4° in both directions. However, truncation patterns in B-B’ still had discernible
climbing pattern towards the NE (close-up in Fig. 3.14c).
The largest dune in the complex sat on the upper portion of a 12-16 m thick section of
U3 at the profiles. The internal reflectors revealed a simpler architecture at the dune’s more
central position (B-B’) than at its more peripheral location (A-A’). At B-B’, SW-facing decimetrescale thickness clinoforms were stacked throughout the dune and inclined up to 2-5°. At A-A’,
the dune showed a climbing pattern of small (~1 m vertical-scale) concave-downward internal
reflectors up to the crest. In profile B-B’, the next two downslope large dunes, northeast of the
largest dune, showed climbing clinoforms towards the SW, inclined at 1-4° (close-up in Fig.
3.14d).
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Figure 3.14. Shallow seismic reflection profiles of the Boundary Passage Dune Complex (BPDC). The locations of both profiles a) A-A’, and b) B-B’, separated
by only ~190 m, are provided in Fig. 3.04. Both transects crossed the length of the BPDC from southwest to northeast. A-A’ was the more northerly (periphery)
section. The seismic units above the Basal Reflector (BR) were: U1) unit 1 – an internal (core) unit underlying the main dune complex body (U3), with an
internal structure characterised by wavy horizontal to chaotic weak reflectors, and a flatter upper surface in ‘b’; U2) unit 2 — southwest of the BPDC, with
near-horizontal internal reflectors; and U3) unit 3 — surface dunes and underlying material with similar character, up to 16 m thick at the profile locations,
with probable clinoforms suggesting dune climbing patterns (visible in the B-B’ close-ups ‘c’ and ‘d’). The BR had a smooth character directly beneath unit 2,
and had more undulations beneath unit 1. Multiples (Mu) were also found within the profiles.
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3.4.8 Core descriptions

Cores are diagrammed in Fig. 3.15 (a-e), their extraction locations are indicated in both
Figs. 3.01 and 3.10, and 14C shell dating information is provided in Table 3.01. Cores ‘a’ (central
Boundary Passage) and ‘b’ (east of Sucia Island, WA – island labelled in Fig. 3.12a) both
contained near-surface sand and silt with abundant shells/shell fragments, overlying a unit of
stiff, massive and dark grey clay. Both cores were also obtained from channel margin locations
at a similar depth, 134 m and 139 m, respectively. The capping sandy layer had a comparable
thickness in both cores, 50 cm and <65 cm, respectively.
Core-a showed a gradual fining upwards sequence in the top sand layer from coarse to
medium sand. The underlying clay layer was mainly featureless, except for scattered shells in
the upper 2 m and a dark discolouration associated with bioturbation near the bottom of the
recovered sample. Carbon dating of shells was done directly below the sandy contact in the
mud unit (12,640 ± 60 conventional radiocarbon years BP; 13,800-13,410 Cal years BP) and in a
shell-rich layer above the contact (6,130 ± 40 BP; 6,260-5,890 Cal BP).
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Figure 3.15. Illustrations of piston cores obtained from the Boundary Passage region. Core extraction locations are
indicated in both Figs. 3.01 and 3.10, and 14C shell dating information is provided in Table 3.01. Note that the cores were drawn
with different vertical scales for efficient use of space. Cores a) 2009009PGC-104 (central Boundary Passage; 48°42’55.90”N,
123°05’41.12”W), and b) 2009009PGC-099 (east of Sucia Island; 48°45’13.3”N, 122°50’56.65”W), both contained near-surface
sand and silt with abundant shells/shell fragments, overlying a unit of stiff, massive and dark grey clay. However, ‘b’ contained
coarser beds above the clay unit. Cores c) 2008004PGC-007 (the western slope of the deep channel in Haro Strait;
48°34’40.75”N, 123°14’45.35”W), and d) 2008004PGC-014 (the margin of a sediment lobe in the southern Strait of Georgia,
north of the submerged Saturna Island ridge; 48°49’32.09”N, 123°02’14.34”W), were both dominated by fine sand, but the
Haro Strait channel margin core (‘c’) showed more grainsize variability. Core e) 2008004PGC-016 (the thalweg of the channel
west of North Pender Island; 48°48’18.52”N, 123°20’29.34”W) was composed almost entirely of olive-green mud (clay and silt).

128
Table 3.01. Report of Accelerator Mass Spectrometry (AMS) radiocarbon dating analyses for core shell
subsamples. Tests were conducted by BETA Analytic Inc. (http://www.radiocarbon.com/; Miami, Florida, USA).
Dates are reported as radiocarbon years before present (present = AD 1950). The modern reference standard was
95% the 14C activity of the National Institute of Standards and Technology (NIST) Oxalic Acid (SRM 4990C) and
calculated using the Libby 14C half-life (5,568 years). Quoted errors represent 1 relative standard deviation
statistics (68% probability) counting errors based on the combined measurements of the sample, background, and
modern reference standards. Measured 13C/12C ratios (delta 13C) were calculated relative to the PDB-1 standard.
The conventional radiocarbon age represents the measured radiocarbon age corrected for isotopic fractionation,
calculated using the delta 13C. The conventional radiocarbon age is not calendar calibrated. The calendar calibrated
result was calculated from the conventional radiocarbon age and is listed as the “2-sigma calibration” result for
each sample.
Core ID /
Illustration
figure

Pacific
Geoscience
Centre
expedition /
Station # /
Latitude,
longitude

Subsample
depth
below
core
surface
[cm]

Water
column
depth
at core
surface
[m]

Material /
Pretreatment
/ BETA
Analytic (lab)
sample
number

13/12C
ratio

Measured
radiocarbon
age

Conventional
radiocarbon
age

2-sigma
calibration
(calendar
calibrated
result)

Core-a /
Fig. 3.15a

2009009PGC
(October 2009) /
104 /
48°42’55.90”N,
123°05’41.12”W

39

134

Shell / acid
etch / 274963

+0.1 ‰

5,720 +/- 40
BP

6,130 +/- 40
BP

56

134

Shell / acid
etch / 274964

-0.3 ‰

12,230 +/60 BP

12,640 +/- 60
BP

Cal BC
4,310 to
3,940 (Cal
BP 6,260 to
5,890)
Cal BC
11,840 to
11,460 (Cal
BP 13,800
to 13,410)
Cal BC
12,320 to
11,940 (Cal
BP 14,270
to 13,890)

Core-b /
Fig. 3.15b

2009009PGC
(October 2009) /
099 /
48°45’13.3”N,
122°50’56.65”W

54

139

Shell / acid
etch / 274954

+0.9 ‰

12,680 +/60 BP

13,100 +/- 60
BP

Core-c /
Fig. 3.15c

2008004PGC
(April 2008) /
007 /
48°34’40.75”N,
123°14’45.35”W

271

208

Shell / acid
etch / 255924

-1.9 ‰

10,380 +/60 BP

10,760 +/- 60
BP

Cal BC
10,110 to
9,310 (Cal
BP 12,060
to 11,260)

Core-d /
Fig. 3.15d

2008004PGC
(April 2008) /
014 /
48°49’32.09”N,
123°02’14.34”W

321

233

Shell / acid
etch / 255926
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Core-b, east of Sucia Island, had a homogenous bottom clay unit, but the upper unit
showed more vertical variation than the central Boundary Passage core described above. The
top unit in ‘b’ contained sand and silt throughout. It was dominated by silty medium sand
between about 25-60 cm depth, and the top 20+ cm was sandy silt. There were three distinct
coarser beds embedded within the medium sand section: a cobble layer at ~30 cm depth; a
cobble, pebble and shell layer at ~50 cm depth; and a cobble, pebble and shell layer at ~63 cm
depth, which marked the boundary with the underlying clay unit. In this core, a date of 13,100
± 60 BP (14,270-13,890 Cal BP) was obtained from a shell subsample of the cobble, pebble and
shell layer at ~50 cm depth.
Cores ‘c’ (the western slope of the deep channel in eastern Haro Strait; 208 m depth)
and ‘d’ (the margin of a sediment lobe in the southern SOG, north of the submerged Saturna
Island ridge; 233 m depth) were both dominated by fine sand. Shells were interspersed
throughout the length of the Strait of Georgia sample (‘d’), while in the Haro Strait core (‘c’)
they were restricted to below 150 cm depth. In the strait of Georgia core, several wood
fragments were found just above 250 cm depth, while plant matter was absent from the Haro
Strait core. The Haro Strait core showed more grain size variability: containing a silt bed (~15
cm thick) centred at ~150 cm depth, and a thicker silt bed between ~55-95 cm depth. This
larger bed contained several coarser (very fine to fine sand) laminations near its base. Both
cores ‘c’ and ‘d’ had one or more clasts/pockets with grain size characteristics differing from
their surrounding beds. The SOG core (‘d’) showed gas cracking in the silty fine sand below
several clasts of finer than bed material. A shell date of 10,760 ± 60 BP (12,060-11,260 Cal BP)
was obtained near the base of the Haro Strait core (‘c’). Two shell dates, 3,120 ± 40 BP (2,750-
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2,460 Cal BP) and 3,280 ± 40 BP (2,940-2,710 Cal BP), were found near the bottom of the SOG
core.
West of North Pender Island, in a channel thalweg (119 m depth; island labelled in Fig.
3.02), a nearly 6 m-long core (‘e’) composed almost entirely of olive-green mud (clay and silt)
was collected. Occasional shells were observed throughout the core length and several
instances of darker discolouration associated with bioturbation were noted. Minor gas cracking
was present at ~50 cm depth. A cluster of very fine sand laminations was found between 475550 cm depth. Radiometric dates were not obtained from this core.
3.5 Discussion
3.5.1 Geomorphological and sedimentological interpretations
3.5.1.1 Post-glacial history

Cores ‘a’ (central Boundary Passage) and ‘b’ (east of Sucia Island) were both retrieved
from high-energy areas: near seabed vmax of 0.9 m s-1 at ‘a,’ and 1.0 m s-1 at ‘b.’ Both cores
contained near-surface sand, silt and abundant shells/shelly debris, overlying a unit of stiff,
massive and dark grey clay. In the eastern SJDF, Hewitt and Mosher (2001) explained this same
stratigraphic pattern: i) the deposition of glacial marine sediment during ice retreat resulted in
a bottom clay unit; and ii) an upper unit, a pebbly sand developed during the Holocene by
current and/or wave winnowing and reworking of older ice-contact, glacial fluvial and glacial
marine deposits.
The shell dates from core-a support a similar interpretation: 12,640 ± 60 conventional
radiocarbon years BP in the clay unit, immediately below the unconformable boundary; and
6,130 ± 40 BP near the base of the overlying shell-rich silty sand unit. To the south of the core
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location, the SJDF was deglaciated by about 13,600 radiocarbon years ago (BP; Mosher and
Hewitt, 2004). To the north, the SOG was ice free before 12,000 BP (Barrie and Conway, 2002).
Therefore, the top of the clay unit is consistent with sediment supply to the marine
environment from late stage deglaciation north of the SJDF. The shelly sand abruptly capping
this glacial marine clay can be readily interpreted as the result of Holocene current reworking
and transport of older deposits.
In core-b, a shell date of 13,100 ± 60 BP was obtained from a cobble, pebble and shell
bed. This shell age is ~500 years after the SJDF’s deglaciation and more than a thousand years
before the SOG was ice-free. Therefore, the coarse-grained material is most readily explained
by the post-glacial reworking of Pleistocene deposits by ocean currents commencing prior to
the Holocene. Meanwhile, deglaciation was still occurring elsewhere over the present Salish
Sea – as evidenced by the most recent glacial marine clay in core-a.
The shell dates in sandy cores ‘c’ (Haro Strait) and ‘d’ (southern Strait of Georgia) are
consistent with current reworking of Pleistocene deposits since deglaciation and throughout
the Holocene. The olive-green coloured mud, gas cracking and bioturbation of core ‘e’ (from
north of the Haro-Boundary corridor), indicates relatively a low-energy depositional
environment with suspension sedimentation (the Fraser River was likely the primary source)
and biological influence. The material in these cores is consistent with the broad Hewitt and
Mosher (2001) category “post-glacial sediments.”
It has been suggested that tidal straits, in general, experience maximal current speeds
when sea level is low and a strait’s cross-sectional area is reduced (Anastas et al., 2006;
Longhitano, 2013). This was apparently not the case in the central Salish Sea. The average grain
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size near the base of core-c, around the time of the post-glacial sea level lowstand (11,200 Cal
BP; James et al., 2009), was nearly the same as at present. Thus, current speeds there during
the lowstand were like present. Coarse grained deposits in core-b (near Sucia Island), from
around the time of the last highstand (14,250 Cal BP; James et al., 2009), were much coarser
than recent sediments from the core’s top. This suggests that currents were fastest there
around the time sea level was highest – the opposite of what would be predicted by a strait
cross-sectional area control on current dominance. Only ~19 km WSW of core-b, at core-a in
central Boundary Passage, low energy glacial marine sedimentation persisted for centuries after
the onset of high energy current reworking of Pleistocene deposits near Sucia Island. This is
illustrative of spatial differences in the oceanographic energy regime and sediment supply –
which differed from the modern central Salish Sea. These variances may have been due to
changes in the intra-archipelago strait network flow-configuration associated with: 1) local
differences in ice-retreat; 2) relative sea level change; and/or 3) the redistribution of sediment
infill by tidal-estuarine currents and, in some locations, by waves.
3.5.1.2 Interpretation: western to central Boundary Passage region

At the horseshoe-shaped thalweg turn where Haro Strait becomes Boundary Passage
(Fig. 3.11), the analysis of ROV video demonstrated a sedimentary transition from a relatively
low energy and shallow strait margin zone (images I-II), to the northern side of the higher
energy main channel (images IV-V), and to a likely zone of seabed erosion within the thalweg
(image VII).
In the strait margin, the effect of increasing energy was apparent in the seabed
transition from muddy sand with abundant macrobenthos (image I), to sinuous to linguoid sand
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ripples and occasional shells (image II). Across this space, the transition from strait-crested, to
sinuous, to linguoid ripples was due to the increasing flow complexity (e.g., longitudinal flow
vortices) that accompanied increasing current velocity.
As the deep tidal flow channel was further approached, the transition to a gravel and sand
mixture indicated a continued increase in flow strength (e.g., image III) – in this area, currents
concentrated gravel via winnowing. In the deep (372 m) bend of the Haro Strait-Boundary
Passage thalweg, maximum bottom currents up to 1.7 m s-1 could transport very fine pebbles as
bedload. Image IV showed a location in the primary flow channel, where gravel, cobbles and
coarser comprised the seabed. A lag covered the deeply dissected flow channel that extends
southward from the study area down the entire eastern side of Haro Strait.
A recessional glacial moraine (labelled in Fig. 3.11c), >3 km across, spanned most of the
width of western Boundary Passage, south of South Pender Island. The moraine was concaveopen towards the east, indicating that the retreat of a valley glacier was from roughly west to
east through Boundary Passage. Strong currents flowing over the moraine (up to 1.7 m s-1) have
winnowed the seabed, creating a gravel-boulder lag (e.g., image V).
East of the moraine, the scalloped bedform zone consisted of alternating lag patches (gravel
to boulder) and a framework material with high optical reflectance (e.g., image VI, Fig. 3.11).
The lag appears to have been derived from erosion of the underlying deposit (exposed as the
framework), which was either ice-proximal glacial marine clay (due to the abundance of large
clasts) or a clay-rich glacial diamict. The areal extent of the scalloped bedforms corresponded to
a high-energy zone, flood flows up to 2.0 m s-1, created by current steering around the bedrock
south of South Pender Island.
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In the Minas Passage of eastern Canada’s Bay of Fundy, Shaw et al. (2012) documented
scalloped bedform seabed with nearly the same appearance reported here. The Minas Passage
features were present along the edges of scour troughs, adjacent to headlands, in a broad zone
of flow-constriction. Shaw et al. attributed these zones to the erosion of glacial marine
sediment and the development of lag ridges, but they acknowledged that the genesis of such
features still requires detailed study.
3.5.1.3 Interpretation: Boundary Passage Dune Complex (BPDC)
BPDC — morphology, hydrodynamics and sediment transport

Barrie et al. (2009) reported on changes in the Boundary Passage Dune Complex that
were captured with repeat multibeam sonar surveys: November 2001; October 2003;
September 2004; and September 2006. Across the BPDC, they observed a clockwise rotational
pattern due to outer dune displacements of up to 50 m between surveys. These observations
are confirmed and expanded upon in Chapter 4. For instance, the largest dunes essentially
maintained their size, geometry and positions, but their near-crest regions showed some intersurvey migration in either the flood (to the NE) or ebb direction (to the SW).
The BPDC’s bedform asymmetries were consistent with sediment cycling through the
peripheral complex in a clockwise-rotational fashion, and sediment accumulation in the central
complex. Thus, the BPDC appears to be a location of sediment transport convergence and
deposition. Dunes on the north-western BPDC long-flank were steeper on their north-eastern
sides, indicating bedload transport towards the northeast. This included a train of northeastfacing barchans (crestal “horn” tips-pointing NE) at the southwest of the complex.
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These horn-shaped dunes, which are characteristic of a strong asymmetry in the
direction of net bedload transport and limited sediment supply, became diminished in size
during their migration towards the northeast. Along the southeast long-flank of the BPDC, the
sense of migration from dune asymmetry was opposite. There, crescentic dune configurations
suggested migration towards the southwest, out of the trench next to the erosional ridge. In
the main body of the BPDC, immediately adjacent to the lag and bedrock ridge segments (the
SE complex long-flank), the strong deflection of dune crests towards the southeast was
consistent with net transport in that direction.
Bottom-layer velocity (Fig. 3.07) and mobility (Fig. 3.08a) residuals showed a clockwisedirected eddy-like structure encompassing the dune complex until a sufficiently coarse grain
diameter was considered (Fig. 3.08b). From the eddy-like residual vector fields (Figs. 3.07 and
3.08a), convergence was towards the centre of the complex near the largest dunes, followed by
divergence northwards. It is not appropriate to refer to this structure as a residual eddy
because it did not form a closed-loop at the north-end of the BPDC, where a band of northward
velocity residuals lead toward the Saturna bedrock ridge.
The residual mobility vectors explain the overall BPDC sediment transport patterns
described above. The coarser particle (Fig. 3.08b) residual vectors showed that net movement
across and beside the BPDC was strongly separated into two opposing and parallel transport
zones. These two transport sectors were aligned with the BPDC-long axis (perpendicular to the
dune crests). Between the transport zones was a region of diminished directional asymmetry in
sediment transport. This central portion of the complex likely represented a sediment-trap for
coarse grains near and below their transport threshold. Given the SedTrans05 bedload
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computations, it is likely that the transition to strongly partitioned parallel and opposing net
transport pathways occurred in the very coarse sand to very fine pebble size range, and not the
medium to coarse sand range.
North and southwest of the largest dune, the red dashed lines of Fig. 3.04 coincided
with inter-survey dune-crest bifurcation events (Chapter 4). Between the roughly parallel
dashed lines, dunes tended to be taller than at locations along the complex’s periphery. In
places, the lines also matched across-bank transitions in dune crest-alignment and sinuosity.
The zones of dune character demarcated by these dashed lines must be due to along-crest
gradients in net bedload transport (variations parallel to the complex’s short axis).
BPDC — composition and structures

Samples from the tallest dunes in the BPDC (maximum wavelength = λmax = 287 m;
maximum height = hmax = 24 m) had the mean grain size range 1.0-3.1 mm (very coarse sand to
very fine pebbles). Flow transverse, nearly symmetrical and extremely tall (>20 m) subaqueous
dunes slightly larger than those in Boundary Passage have been documented elsewhere in the
Salish Sea by Mosher and Thomson (2000; λmax = 300 m; hmax = 25 m), in the Bay of Fundy by
Todd et al., (2014; hmax = 36 m), and on the north-western European shelf by Van Landeghem et
al., (2009; λmax = 435 m; hmax = 35.5 m) and Franzetti et al. (2013; λmax = 1000 m; hmax = 30 m).
Each of these margins has strong tidal currents and glacially influenced substrates that can
supply coarse sand and fine gravel. Deep-water dunes will continue to grow with increasing
flow velocity until the available sediment’s grain size-dependent critical suspension threshold is
reached (e.g., Flemming, 2000). Therefore, given sufficient currents, the larger the grain size,
the larger the maximum potential dune size. Based on Flemming’s (2000) extrapolated curves,
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of dune spacing and height as functions of grain size, a mean grain size of 1.0 mm could support
dunes with λmax = 600 m and hmax = 35 m.
The field of giant sand/fine-gravel dunes investigated by Mosher and Thomson (2000) in
the eastern SJDF were trapped in an erosional depression in an area that has been mapped as
glacial marine in the subsurface (Hewitt and Mosher, 2001). As is the case with BPDC’s largest
dune, some of the dunes in the eastern SJDF had pronounced mounds perpendicular to the
dune crest on the central flank of each side (sediment spurs like the one labelled in Fig. 3.04).
Van Landeghem et al. (2009) referred to this dune-type as “trochoidal” due to the shape of its
flanks: opposing slopes are nearly indistinguishable (symmetrical), crests are sharp and strait.
Trochoidal dunes often have scoured depressions around their bases, which are most
pronounced near the ends of the crests (Van Landeghem et al., 2009). In situ erosion may
provide fine gravel lag to these bathymetrically confined dunes (Barrie et al., 2009; Van
Landeghem et al., 2009). Erosion between the dunes likely contributes to their steepness, and
possibly to their vertical prominence (Van Landeghem et al., 2009). The Bay of Fundy’s
Margaretsville Dunes were reported to have a trochoidal appearance and it was proposed that
flow turbulence over them resulted in the formation of erosional depressions near their crestal
end points (Todd et al., 2014).
Seismic unit 3 (U3), the dune complex surface, included the giant dunes (Fig. 3.14). In
this unit, clinoforms indicated beds of cross strata approaching 11-12 m thickness within the
largest dune where it was crossed by line B-B’. This thickness may have even been larger within
taller sections of that dune not crossed by the seismic profiles. The SW-facing clinoforms at the
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largest dune in B-B’ signified net sediment transport in that direction. Profile A-A' crossed the
complex at a more peripheral location NW of B-B’. There, the internal structure of the largest
dune was more complicated. The climbing pattern of small (~1 m vertical) concave-downward
reflectors (probable bedforms) towards the crest may have reflected sediment transport
convergence and vertical aggradation there.
These seismic interpretations indicated that across much of the northwest-side of the
dune complex, sediment moved towards the tallest dune from the SW, with the rate of
bedform migration being greater towards the complex periphery. Southwest of the largest
dune, a series of lower amplitude dunes were present in both seismic profiles (e.g., Fig. 3.14c
provides a close-up of the series captured by B-B’). In both sections, the reflector truncation
patterns tend to show the more south-westerly dune in the series climbing-up the next dune to
its northeast. Along the profiles, both the amount of dune climbing and the degree of form
asymmetry appeared to decrease towards the complex centre (the tallest dune).
Evidence suggests that sediment also moved towards the tallest dunes from the
northeast, supporting the notion they were a zone of convergence within the BPDC. Three
extremely tall dunes down the slope northeast of the tallest dune are visible in B-B’, but only
the top of the most north-easterly dune was captured. The middle dune showed a probable
climbing clinoform pattern consistent with net superimposed bedform migration towards the
SW (Fig. 3.14d). At the first dune NE of the tallest dune, the pattern of internal clinoform
truncation was more complex, probably due to vertical aggradation and/or the migration of
sinuous dune crests (Fig. 3.14d).
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The smooth to undulating Basal Reflector in A-A' and B-B’ is best interpreted as the
upper surface of a diamict unit (e.g., Hewitt and Mosher, 2001; Barrie and Conway, 2002). Just
northeast of the dune complex, at the start of a down-slope, the BR approached the surface,
and then merged with it. From this area, a large volume grab sample (IKU) recovered abundant
boulders (up to 25 cm diameter), cobbles, and lesser amounts of sand and gravel. This is
consistent with a lag deposit developed from the winnowing of diamict, such as glacial till.
Nearby smaller volume (SHIPEK) grab samples point to a sand-dominated veneer, with lesser
amounts of gravel, covering the winnowed diamict.
The south-eastern most segment of seismic profile A-A' covered the edge of a smoothsided and flat-topped elongate sediment ridge (Fig. 3.14a). Within this section, U2 had a
different character from U3 and U1. Its near-horizontal internal reflectors did not follow
variations of the overlying seabed bathymetry. This is consistent with the remains of a glacial
marine unit overlying diamict, with potentially active Holocene sand and gravel coverage at the
surface.
Beneath the BPDC’s U3 and above the BR, the sedimentary "core" deposit, U1, achieved
a thickness up to 7-8 m in profiles (Fig. 3.14). Its relatively flat upper surface in B-B’ may have
been indicative of erosion. Bastos et al. (2003) postulated that similar lower seismic units,
beneath a headland-associated and tidally-dominated banner sandbank along the English
Channel, had their origin as either: a) the remains of a lowstand deposit; or b) an early stage in
bank development under different hydrodynamic conditions.
Where flow patterns generating sandbanks are generated by the perturbance of
primary flow by fixed features (e.g., bedrock headlands), it is plausible that zones of deposition
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may be anchored in a roughly stationary position during long-term current alteration (e.g., due
to sea level change; Reynaud and Dalrymple, 2012). Conversely, if a sandbank results from flow
disturbance by, and/or sediment supply from, a non-fixed feature (e.g., an erosionally
retreating coastal headland composed of sediment), a depositional bank (ridge) may migrate –
conceivably becoming isolated and moribund (Dyer and Huntley, 1999). With these concepts in
mind, several origins for U1 seem plausible.
The sedimentary core material could have accumulated, due to bathymetric steering, as
a bank situated by higher- or lower-energy currents with a flow configuration like present.
Boreholes are required to determine if U1 is the remnant of a current-deposited sediment bank
(using bedding structures) that developed under higher energy (coarser grain size) or lower
energy (finer grain size) conditions. An alternative possibility is that the core is a current-eroded
feature developed from Pleistocene deposits. If this is the case, it could have aided sediment
capture and development of the modern dune complex (the basal reflector, diamict surface,
bumps beneath the tallest dune may or may not be a coincidence). Yet another explanation is
that erosional-retreat of the material comprising the mud-rich sediment ridge, located east to
northeast of the dune complex, may have resulted in the migration of younger dune complex
deposits (U3) over older ones (U1). The SW-NE alignment of the bedrock ridge (faultorientation) along the SE-flank of the dune complex may have guided the direction of the
Pleistocene sediment ridge's retreat and the migration of the dune complex (to the NE). The
partial reworking of the U1 deposit during a north-eastward dune complex migration could
explain why the lower seismic unit had a fairly flat upper surface in B-B’.
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BPDC — banner bank classification and comparison with elsewhere

A “banner bank” can be broadly defined as an elongate (generally oval or tear-drop
shaped) coastal sand or gravel deposit resulting from perturbation of a regional current by a
coastal headland (or another type of obstruction), leading to deposition in the lee of that
headland (e.g., Cornish, 1914; Dyer and Huntley, 1999). When ebb and flood tidal currents are
relatively symmetrical, banner banks may form on both sides of a headland (ebb and flood leesides). It was once thought that banner banks grow at the centre of residual current eddies
(Pingree, 1978). More recently, a collection of field and modelling studies indicated that the
centre of a residual eddy generated by a headland will be offset from the location of a banner
bank, but the growth and migration of transient tidal eddies is critical to banner bank
morphodynamics (e.g., Signell and Harris, 2000; Bastos et al., 2003; Berthot and Pattiaratchi,
2006a,b; Li et al., 2014). The dunes comprising banner banks may migrate in opposite directions
along both bank-long flanks, indicating that mobile sediment is continually circulated through
the system (e.g., Li et al., 2014; Duffy et al., 2004; Bastos et al., 2004). A central ridge, aligned
with a bank’s long axis, may be present (e.g., Li et al., 2014).
Based on the principle sandbank classification scheme (Dyer and Huntley, 1999) and
most of the above criteria, the BPDC is best categorised as a sand and gravel banner bank with
caveats: 1) it is associated with flow perturbation, not by a single coastal irregularity, but by
both the Saturna ridge and an immediately adjacent ridge along its south-eastern side; 2) it
does exist at the centre of a residual current eddy-like structure (Figs. 3.07 and 3.08a), but
transient eddies only peripherally affect the complex; and 3) it seems to owe its morphology
not to the persistent reappearance and migration of a transient eddy, but to the existence of
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opposing zones of peak-flood and peak-ebb dominated “coarser-grained” residual sediment
mobility vectors along either bank-long flank (Fig. 3.08b). It is also worth noting that the wellstudied banner bank complexes in the literature were much shallower (e.g., 15-40 m; Bastos et
al., 2002, 2004; Duffy et al., 2004; Berthot and Pattiaratchi, 2006a) and that the dunes at other
banner banks did not reach heights that are as impressive as the largest in the BPDC (e.g., hmax =
5-19 m, λmax = 109-525 m; Li et al., 2014; Bastos et al., 2002, 2004).
3.5.1.4 Interpretation: southern Strait of Georgia

Much of the Fraser Swell morphological zone was characterised by smooth and muddy
deposits. The spatial variation in backscatter, roughness (i.e., bedforms) and grain size from
grab samples, are consistent with widespread current-driven winnowing and erosion of
previously deposited sediments (Hill et al., 2008; Barrie et al., 2005). Core-d (location in Fig.
3.13c), a sandy current-worked deposit, was extracted from just to the Fraser Swell side of a
transition between zones 1 (a coarse-grained band of lag materials) and 2 (a region of elevated
mud and sand). A seismic profile (Barrie et al., 2005) obtained near core-d showed the
truncation of beds at the edge of the deposit, a clear sign of erosion.
A dominant feature of the tidal current models over the Fraser Swell was a counterclockwise rotational eddy (~15 km diameter) apparent in both the 2D (Fig. 3.09) and 3D
bottom-layer residual current vectors. Also at this approximate location, a counter-clockwise
rotational eddy developed as a transient flow structure during high tides, following peak flood
currents. This same transient eddy seems to have been present in the paleotidal modelling
results of Murty and Roberts (1989). Their study, which attempted to account for changes in
the SOG’s tidal hydrodynamics due to the Fraser Delta’s progradation, indicated that a large
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eddy between Point Roberts and Boundary Passage was a prominent feature of high tides
throughout the Holocene. The fairly stable position of this transient structure may have played
a role in long-term morphodynamics.
The residual eddy modelled in this study was located along the western edge of the
flood stream emanating from Boundary Passage. Residual silt and sand mobility vectors (not
shown), closely tracked the residual current vectors, indicating that the central portion of the
eddy was a zone of convergence. The feature was centred over the south-eastern portion of a
mud-sand and sand body (sediment lobe), between the locations with large dunes indicated in
Figs. 3.03c and 3.13c. The sandier eastern dune field had wavelengths of ~80-300 m and heights
less <6.0 m. The muddier western field had wavelengths of ~220-330 m, but with heights <2.0
m.
Transport residuals (silt to medium sand) along the NW rim of the eddy corresponded
closely with, and were mainly parallel to, the most pronounced portions of a ridge in the deltaic
sediment (feature indicated in Figs. 3.03c and 3.13b). At its most well-developed area, north to
northwest of the sediment lobe with superimposed dunes, the ridge was >50 m high and had a
moat >20 m deep at its base – suggesting erosion and/or inhibited deposition. Based on
backscatter and sparse grain size samples, the surface sediments were predicted to be
generally muddy sand at the top of the ridge and along its flanks. Silt and fine sand residuals
(2D and 3D-bottom) mobility vectors were normal to slightly normal-oblique with the crests of
dunes on the deltaic sediment north of the ridge.
North of the Boundary Passage flow constriction there was a scalloped bedform texture
zone (1.9 km E-W by 1.2 km N-S; labelled in Figs. 3.03c and 3.13c), which corresponds to a zone
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of erosion or inhibited deposition. Flood stream currents, directed north to northwest, reach up
to 0.9 m/s. Bedforms were most pronounced along its northern fringe (h ~2 m, λ ~30 m),
perhaps signifying ongoing head-ward expansion of the erosional depression. As was previously
noted, seabed features with a similar scalloped appearance are thought to represent erosion
into underlying glacial marine material. The origin of the underlying material here is uncertain –
probably glacial-deglacial or deltaic.
A reasonable interpretation of the Fraser Swell north of Boundary Passage, is that floodrelated currents emanating from the San Juan Islands region inhibited mud accumulation south
of the pronounced deltaic sediment ridge, despite the continuous supply of fine Fraser River
sediment. It is also probable that currents are actively eroding/winnowing pre-existing deposits.
Given the high-degree of grain size heterogeneity (poor sorting) in some of the archival grab
records from the area south of the ridge (mud, sand and occasional gravel), a glacial/deglacial
origin for the underlying deposits should be considered a strong possibility. A similar ridge,
albeit with more subdued features, was surveyed parallel to the Washington State mainland
and NE of Boundary Passage. Image XIV is on this landform (Fig. 3.13b). This ridge also likely
developed from current-related differential Holocene deposition rates and the
erosion/winnowing of in-place Pleistocene materials. It is probable that some proportion of the
sediment which accumulated in the Fraser Delta-Swell region is Pleistocene material that was
flushed by flood tides from the narrow channels of the Gulf-San Juan Islands, and probably even
from the SJDF (Chapter 2).
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3.5.2 Relevance to tidal strait geological studies

The seabed sedimentary landforms that developed in the intra-archipelago strait
network of the central Salish Sea are much more complex than those which may arise along a
linear strait with few coastal irregularities. The defining environmental characteristic of a tidal
strait is increased current velocity along the strait axis compared to the tidal flow rates in the
basins they connect. If a strait has a roughly linear axis and a planform shape conforming to an
approximately hourglass appearance, the Longhitano (2013) conceptual model can be most
easily used to predict lateral facies transitions. In such a physiographic setting, the maximum
current speed will exist in the narrow strait centre zone and this region will mark the beginning
of a transport pathway for any available sediment. This is essentially a bedload-parting zone
defined by a regional current maximum – a concept that has been applied to the interpretation
of bedform transitions across large continental shelf areas (e.g., Stride, 1963; Johnson et al.,
1982).
However, zones of pronounced current acceleration do not occur exclusively in the
narrowest region of a strait – flow can be modified by bathymetric channel obstructions. In an
ideal case with symmetrical ebb and flood currents, the sequence of facies moving away from a
headland along either side’s coast is indicative of a small-scale bedload parting zone (e.g.,
Duffy, 2006; Duffy and Hughes Clarke, 2005; Bastos et al., 2002; Harris et al., 1995): scoured
bedrock, to lag gravel, to mobile sand and silt. This pattern reflects the net, coast-parallel,
sediment transport directions away from the headland.
In many tidal straits, repetitive flow patterns generated by fixed obstructions, such as
ridges and headlands composed of bedrock or coarse lag, may be the key factor determining
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the position and morphology of sand/gravel dune-bedded deposits (e.g., banner banks
associated with non-eroding headlands). These flow structures, which redevelop frequently,
include migrating transient eddies (e.g., Shaw et al., 2012; Bastos et al., 2003) and lateral
variation, across the bank location, in the symmetry of peak ebb and flood streams (e.g., the
BPDC).
The Longhitano facies model (2013) was predicated on the presence of a bedloadparting zone in the narrowest part of an hourglass-shaped tidal strait. Modifications to this
classification scheme must be made if it is to be applied to the geomorphological and
sedimentological classification of a large tidal strait network with complex channel
configurations and an array of bathymetric obstructions. A conceptual illustration can be made,
based on a synthesis of studies, about the range of seabed landforms and deposits which
develop in a siliciclastic tidal strait network connecting an open marine basin to an inshore one
(Fig. 3.16). Given that: 1) the defining physical oceanographic characteristic of tidal straits is the
along-axis acceleration of tidal currents, and 2) secondary physical oceanographic
characteristics are related to the modification of primary currents by geometric irregularities
within the strait.
At the open marine boundary (Fig. 3.16), sediment may escape the system via canyons
and turbidity currents (CT). At ocean-swell exposed locations, wave dominated coastlines
(WDC) may prevail, but as the oceanic tidal wave moves across the shelf and into a tidal strait
network, shoaling and convergence occurs: concentrating energy into smaller cross-sectional
areas – increasing tidal range and peak current speeds (Dalrymple, 2010). In shallow water, the
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tidal wave is asymmetric (flood tide is shorter in duration than ebb), commonly resulting in
coastal flood currents that are faster than ebb currents. Due to the non-linear increase in
sediment transport rate with flow speed, this tends to result in regional flood dominance and
the net movement of sediment in the inshore direction (Dalrymple, 2010). As is the case in the
estuarine Salish Sea, this regional sediment transport pattern may be aided by high-density
deep-water inflow. However, Fig. 3.16 does not illustrate the possible geomorphic effect, in
shallow strait areas, of low-density surface outflow. In addition, the diagram does not convey
across channel geomorphic differences than can result from the impact of flow inertia,
including the Coriolis force.
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Figure 3.16. Landforms and deposits in a tidal strait network connecting an open marine and inshore basin. There is a tendency in coastal areas for flood
currents to be faster than ebb currents, resulting in regional flood dominance and the net movement of sediment in the inshore direction. This pattern may be
aided by deep-water inflow within estuarine systems. Labels: Canyon and Turbidites (CT), Wave Dominated Coast (WDC), Lag Channel (LC), Lag Plain (LP), flow
constriction Scour Trough (ST), exposed Bedrock (B), Ebb Banner Bank (E-BB), Flood Banner Bank (F-BB), Symmetrical Flow Constriction Sequence (SFCS),
Asymmetrical Flow Constriction Sequence (AFCS), Scalloped Bedform texture (SB), locally Constrained Dunes (CD), Fan-Delta (FD), debris APron (AP), LandSlide
(LS), Asymmetrical Delta (AD), coarser grained Up-Flood Delta Front (UFDF), finer grained Down-Flood Delta Front (DFDF), and Giant fine-grained Sediment
Waves (GSW).
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The dissipation of tidal energy erodes strait-bottom sediment deposits (Fig.
3.16), exposing bedrock (B), or creating gravel and coarser covered lag channels (LC), lag plains
(LP), and flow constriction scour troughs (ST). In these areas, fast currents also inhibit
deposition. The erosion of strait-bottom deposits can generate depressions hosting a scalloped
bedform texture (SBC) comprised of lag (pebble-boulder) from a finer grained matrix (likely
clay). In certain deep erosional depressions, locally constrained dunes (CD; Fig. 3.16) may
develop from in situ lag sand and gravel and from the capture of bedload transport. These
bathymetrically confined dunes can reach giant heights, >20 m, and assume a trochoidal form
(e.g., Mosher and Thomson, 2000).
Within narrow straits, currents generally reverse by 180° between flood and ebb tides,
but flow perturbation by channel irregularities create complex local movement patterns that
induce deposition and maintain isolated dune-bedded deposits. The exposed sides of channel
irregularities experience stronger currents than the sheltered sides. However, the position of
these up-current and down-current positions switch when the tidal current direction reverses.
This process can create oppositely directed zones of ebb and flood dominance on either side of
a bedrock irregularity: e.g., a paired ebb (E-) and flood (F-) banner bank (BB) around a coastal
headland (Fig. 3.16).
Symmetrical flow constriction sequences (SFCS; Fig. 3.16) consist of mirrored ebb and
flood scour-dune-sheet transitions in an ideal hour-glass shaped tidal strait section (Longhitano,
2013). They develop given that: peak ebb and flood currents are of similar magnitude in the
narrowest strait region, and there is sufficient sediment availability. However, ebb and flood
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currents may be unequal at a constriction, creating an asymmetrical flow constriction sequence
(AFCS; Fig. 3.16).
Flow expansion within a wide inshore basin results in reduced peak current speeds and
tidal ellipses that assume a more rotary character. However, tidal currents and related flows
may still be the dominant geomorphic agents in this confined setting. Along-shore tidal currents
can create an asymmetrical delta (AD) by the deflection of progradation (e.g., Longhitano and
Steel, 2016). In the diagram (Fig. 3.16), a winnowed up-flood delta front (UFDF) consists of
coarser sediments, while deposition of finer sediments occurs at the down-flood delta front
(DFDF; e.g., Ayranci and Dashtgard, 2016). Even at several hundred meters depth in the inshore
basin, currents may be strong enough to entrain clay, silt and fine sand delivered by turbidity
flows and river plume fallout – and create giant sediment waves (GSW; Fig. 3.16) with
wavelengths up to 200-400 m, crest lengths >5 km, and heights up to 20 m (e.g., Mosher and
Thomson, 2002). These deep bottom currents, ~10-50 cm/s, may be due to tidally modulated
density intrusions.
Lastly, a few simple category modifications to the Longhitano (2013) tidal strait
classification scheme can be suggested: A) scour and lag zones of the primary flow; B)
depositional zones of the primary along-strait flow, or by current perturbation; C) strait-end
zones — transition areas with larger marine basins where peak tidal currents are reduced and
often less rectilinear; and D) strait margin zones — shallow areas of lesser maximum tidal
current influence and/or locations where non-tidal morphodynamic processes (i.e., waves or
mass-wasting) are of increased importance. The application of this modified framework could
be tested and improved-upon in future studies.
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3.6 Summary and conclusions

The general patterns of surficial geology and the spatial distribution of grain size units in
the Boundary Passage region were mapped and assessed (objective 1). This involved the
integration of multibeam sonar bathymetry/backscatter, grain-size grab samples, video from a
remotely operated vehicle and sediment cores. These cores were also used to partially
reconstruct the post-glacial current history in the central Salish Sea (objective 2).
Core interpretations indicated that the final ice-retreat across the San Juan Islands
region was spatially variable and that marine encroachment formed a regional channel network
that probably had a different configuration than present – due to relative sea level change,
local differences in ice-retreat, and/or sediment infill. In central Boundary Passage, low energy
glacial marine sedimentation persisted for centuries after the onset, before 14,270-13,890 Cal
BP, of high-energy current reworking of Pleistocene deposits near eastern-most Boundary
Passage. It was apparently not the case that maximum currents were achieved during the postglacial sea level lowstand, ~11,200 Cal BP — the period when the cross-sectional areas of intraarchipelago channels were at a minimum. Furthermore, currents through Haro Strait may have
reached a maximum around the post-glacial highstand, ~14,250 Cal BP — when the corridor’s
cross-sectional area was largest. While channel flow constrictions clearly enhance flow speeds
in the modern Salish Sea, channel cross-sectional area changes do not seem to have exerted a
simple control on the post-glacial timing of maximum and minimum currents. Additional cores
and dates are needed to resolve these issues.
The relationship between selected Boundary Passage region seabed landscape features
and modelled tidal hydrodynamics and sediment transport potential was described (objective
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3). Throughout the central Salish Sea, tidal currents (locally greater than 1.0-3.0 m s-1) reworked
Pleistocene deposits: glacial-fluvial outwash, glacial till, and glacial marine sediment. In the
study area, lateral sedimentological and morphological transitions reflected modern tidal
current energy conditions. Shallow strait margin areas often contained mud or rippled muddy
sand. Moving from a shallow strait-margin area toward a higher energy flow zone, closer to the
channel thalweg, strait-crested sandy ripples transitioned into sinuous and linguoid ripples. A
lag pavement of gravel to boulder-sized material in much of the Haro Strait-Boundary Passage
thalweg developed from the current-driven winnowing of Pleistocene deposits. In some highenergy areas, the erosion of ice-proximal glacial marine clay (or mud-rich diamict) resulted in
the in-situ concentration of gravel, cobbles and boulders into a scalloped bedform texture that
requires further study.
The most prominent dune-bedded landform in the study area, the Boundary Passage
Dune Complex, was a coarse sand to very fine pebble banner bank. In the central complex, a
dune reached impressive dimensions (hmax = 24 m, λmax = 287 m). Overall dune morphologies,
internal seismic structures and modelling results all pointed towards a bi-lateral opposition of
net sediment transport direction about either side of the complex’s long-axis: along the northwestern flank, nearer the channel thalweg, net bedload transport was towards the northeast
(the peak flood direction); and along the south-eastern flank, parallel to an adjoining bedrock
ridge, it was towards the southwest (the peak ebb direction). The central complex, near the
largest dunes, was a zone of sediment transport convergence. The opposing zones of sediment
transport were most strongly separated at a coarser simulated grain size – taking-on a residual
mobility shear-zone configuration, rather than an eddy-like structure, as was observed for
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smaller grain diameters. It is likely that this transition occurred in the very coarse sand to very
fine pebble size range. Beneath the dune complex, there was a seismically observed “core” unit
(7-8 m thick) overlying a probable diamict basal reflector. The relatively flat upper surface of
this core unit may have been indicative of erosion.
Passing from Boundary Passage into the much wider southern SOG, a transition in
seabed substrate reflected decreasing tidal current speeds: from coarse lag, to sand and mud.
In the Strait of Georgia, south of the Fraser River, two broad sedimentological zones prevailed:
1) a coarse-grained band of lag materials along the north-eastern side of the Gulf Islands and
near the Boundary Passage flow constriction; and 2) a region of elevated mud and sand that infilled most of the southern strait, termed the “Fraser Swell.” Across the muddy-sandy swell,
variations in backscatter, roughness and grain size were consistent with the tidal winnowing
and erosion of seabed deposits. Some proportion of the deposited Fraser swell and delta
material consisted of sediment flushed from the narrow intra-archipelago connecting straits
since deglaciation. The strong flood-streams and large counter-clockwise rotational eddies that
developed over the swell must have dictated its geomorphology. Flood currents likely inhibited
mud accumulation, and probably continue to drive erosion on a portion of the swell
immediately north of Boundary Passage.
Lastly, the findings of this study were extended to the calibration of tidal strait facies
models (objective 4). An important pair of tidal strait network characteristics have been
overlooked in previous research: 1) the most volumetrically substantial sand and gravel dunebedded deposits may be banner bank-type landforms associated with the perturbance of flow
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by obstacles, and 2) regional bottom sediment transport pathways may be driven by increasing
flood tide dominance in the direction of the more inshore basin. With respect to the second
point, estuarine saline inflow could amplify this trend in deeper channel locations, but fresher
near-surface outflow could counteract it in some shallow areas.
Some minor modifications to the Longhitano (2013) tidal strait facies classification
scheme can be evaluated in future studies: A) scour and lag zones of the primary flow; B)
depositional zones of the primary along-strait flow, or by current perturbation; C) strait-end
zones — transition areas with larger marine basins; and D) strait margin zones — shallow areas
of lesser maximum tidal current influence and/or locations where non-tidal morphodynamic
processes are of heightened importance.
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Chapter 4: Bathymetric change detection and volumetric differencing to
describe long-term (2001-2011) dune-complex morphodynamics with repeat
multibeam sonar surveys
4.1 Introduction
4.1.1 Purpose and overview

The chapter’s purpose is to demonstrate how areas of bathymetric change and their
corresponding sediment volumes can be rigorously detected and computed using repeat
Multibeam EchoSounder (MBES) derived Digital Elevation Models (DEMs). Bathymetric change
detection can be considered part of the emerging field of Geomorphic Change Detection (GCD).
The areal and volumetric results of three bathymetric change detection approaches are
presented. Their application is considered for: a) the uncertainty challenges associated with
bathymetric change detection with MBES systems, and b) the interpretation of the
morphodynamics and sediment transport pathways within a tidal strait dune complex (banner
bank) with giant dunes.
The first GCD method explored (technique 1) simply includes all the DEM cells in a raw
(unthresholded) difference surface when tabulating the total areas/volumes of erosion and
deposition. This standard approach inevitably includes locations where the calculated vertical
change direction (i.e., erosion or deposition) may not be real.
The second GCD method (technique 2) only includes difference surface pixels in
tabulations where a t-test of significant change relative to spatially variable uncertainty, at a
selected confidence limit, is passed (e.g., Brasington et al., 2003; Lane et al., 2003; Wheaton,
2008; Schimel et al., 2015).
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Technique 3, like the t-test, is adapted from terrestrial studies of topographic change. It
applies the local Moran’s Ii spatial autocorrelation statistic (e.g., Moran, 1950; Anselin, 1995;
Nelson and Boots, 2008) to a difference surface, allowing clusters of significant erosion and
deposition to be detected, and areas of incoherent (noisy) vertical change to be filtered-out
(Eamer and Walker, 2013; Walker et al., 2013). This study is the first instance in which local
Moran’s Ii is applied to bathymetric change detection.
These three approaches are used to estimate areas and volumes of erosion/deposition.
Each estimate is accompanied by a confidence interval calculated using a spatially variable
uncertainty surface derived from the Combined Uncertainty and Bathymetric Estimator (CUBE;
Calder and Mayer, 2003) based uncertainty values associated with the input DEMs.
4.1.2 Detecting seabed change with repeat hydrographic surveys

There are diverse natural science impetuses for the study of bathymetric change. These
include better process information on: lava flows (e.g., Fox et al., 1992; Chadwick et al., 1995;
Le Friant et al., 2010; Caress et al., 2012; Bosman et al., 2014); tectonic/fault displacement (e.g.,
Fujiwara et al., 2011); landslides and turbidity currents (e.g., Smith et al., 2007; Marani et al.,
2009; Casalbore et al., 2012; Hughes Clarke, 2016; Lintern et al., 2016); delta channels (e.g.,
Mitchell, 2005; Hughes Clarke et al., 2009; Hill, 2012); estuaries and fjords (e.g., Tizard, 1890;
van der Wal, 2003; Bale et al., 2007; Conway et al., 2012; Ganju et al., 2017); canyons (e.g.,
Smith et al., 2005, 2007; Xu et al., 2008; Yoshikawa and Nemoto, 2010; Mazières et al., 2014);
bedforms (e.g., Jones et al., 1965; Bokuniewicz et al., 1977; Duffy and Hughes Clarke, 2005;
Barrie et al., 2009; Barnard et al., 2011; Franzetti et al., 2013); wave and storm influenced areas
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(e.g., Barnard et al., 2008, 2009; Trembanis et al., 2013; Schimel et al., 2015; Schwab et al.,
2016); sediment transport equations (e.g., van den Berg, 1987; Duffy and Hughes Clarke, 2012);
and benthic habitats (e.g., Daniell et al., 2008; Rattray et al., 2013; Tassetti et al., 2015).

Applied research motivators include monitoring: navigational channels (e.g., Tizard, 1890;
Knaapen and Hulscher, 2002; Bale et al., 2007); dredge spoil dispersal (e.g., Wienberg et al.,
2004; Barnard et al., 2008, 2009; Du Four and Van Lancker, 2008; Stockmann et al., 2009; Hill,
2012); marine aggregate extraction and site recovery (e.g., Birchenough et al., 2010; Cooper et
al., 2011); bed stability for engineering considerations (e.g., Hayden and Puleo, 2011; Bolle et
al., 2012; Ying et al., 2012; Zirek and Sunar, 2014); and the condition of submerged
archaeological sites such as shipwrecks (e.g. Quinn and Boland, 2010) .

A variety of survey techniques have been used to measure seafloor geomorphic changes.
These include the use of divers (e.g., Langhorne, 1982) and the comparison of repeat sonar
(single-beam or sidescan) surveys (e.g., Jones et al., 1965; Hawkins and Sebbage, 1972;
Bokuniewicz et al., 1977; McCave and Langhorne, 1982; van den Berg, 1987; Harris, 1989; Berne
et al., 1993; Kostaschuck and Best, 2005). These techniques have serious limitations: the
deployment of divers, or Remotely Operated Vehicles (ROVs), is time-consuming and typically
over only a small area; single-beam echosounders are an ineffective tool for obtaining "full"
bottom coverage; and side-scan sonar systems usually have limited positional and bathymetric
accuracy.

Multibeam sonar, Differential Global Positioning System (DGPS) and Inertially-Aided RealTime Kinematic (IARTK) technologies now allow time-efficient repetitive bathymetric surveys
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with higher spatial accuracy and greater coverage than was previously feasible. However, the
use of MBES systems in geoscience research has been limited by the complexity and cost of
surveys. Errors in MBES measurements stem from a variety of components: vessel
configuration, platform motion, geographic positioning technique, tidal height
measurement/modelling, water-column variability, bottom detection algorithm, inter-sensor
alignments/offset/timing etc. (e.g., Hare et al., 1995; Lurton, 2003; Smith et al., 2007; Lurton
and Augustin, 2010; Hughes Clarke, 2012; Schimel et al., 2015).

Repeat hydrographic surveys have long been used as a change detection tool (e.g., Tizard,
1890). Until the 1980s, two bathymetric change detection procedures were standard practise
(Byrnes et al., 2002): 1) overlaying chart contours from different time periods (e.g., Moody,
1964); and 2) data point comparisons at exact geographic positions on charts (e.g., the
volumetric change analysis of Pierce, 1969). More recently, Digital Elevation Models (DEMs)
have been used to describe and understand seabed change (e.g., Hansen and Knowles, 1988;
List et al., 1991; Byrnes and Hiland, 1995; Byrnes and Kraus, 1999). Regardless of the approach
taken, resolvable bathymetric change is limited by observational uncertainty (e.g., Hughes
Clarke, 2012). Therefore, researchers must attempt to account for data accuracy and
measurement uncertainties when assessing the significance of apparent differences between
seabed surveys (e.g., Byrnes et al., 2002).

If a pair of time-staggered DEMs covering the same location is available, a DEM of
Difference (DoD) can be produced by surface subtraction (newer DEM minus older DEM). The
volumetric change between repeat bathymetric surfaces can be obtained by summing the grid
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cells in their DoD and then, if the DoD is of constant resolution, multiplying the result by the
area of one grid cell (e.g., Wienberg et al., 2004; Mitchell, 2005; Du Four and Van Lancker, 2008;
Shaw et al., 2008; Stockmann et al., 2009; Yoshikawa and Nemoto, 2010; Barnard et al., 2011;
Conway et al., 2012; Casalbore et al., 2012; Bosman et al., 2014). A fundamental assumption in
DEM-differencing is that a meaningful signal of elevation change can be distinguished from
noise. Additionally, inaccurate results may arise when systematic errors have been
inadequately addressed.

Relatively few studies involving repeat MBES surveys have attempted to assign confidence
intervals to DoD volumetric change estimates (e.g., Smith et al., 2005, 2007; Lepland et al.,
2009; Xu et al., 2008; Schimel et al., 2015). Many studies with repeat MBES surveys have simply
not provided volumetric change estimates (e.g., Ferrini and Flood, 2005; Schmitt et al., 2008;
Barrie et al., 2009; Hughes Clarke et al., 2009; Conaway, 2010; Quinn and Boland, 2010;
Fujiwara et al., 2011; Ying et al., 2012; Franzetti et al., 2013). While not including volumetric
change confidence intervals, other studies have limited their volume calculations to DoD cells
where the vertical change exceeds a fixed (spatially homogenous) threshold (e.g., Marani et al.,
2009; Le Friant et al., 2010; Caress et al., 2012; Hill, 2012; Mazières et al., 2014).
Several approaches exist for defining uncertainty values for vertical Limit of Detection (LoD)
thresholds and/or volumetric confidence intervals in MBES DoDs (see review in Schimel et al.,
2015). These include the use of uncertainty values defined by: i) a relationship to the vertical
precision of the survey system (e.g., Caress et al., 2012) or DEM (e.g., Xu et al., 2008); ii) an
offset between DEMs (e.g., Lepland et al., 2009) or known depth features (e.g., Smith et al.,
2005); or iii) the standard deviation in a DoD area thought to be static (e.g., Le Friant et al.,
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2010). Schmitt et al. (2008) and Schimel et al. (2015) recognised that an important problem
with routine approaches to bathymetric change detection is that the uncertainties of MBES
surveys are both spatially and temporally variable.
4.1.3 Geomorphic change detection with spatially variable uncertainty

An essential new technique in terrestrial geomorphology is the detection of topographic
differences between repeat surveys using a spatially variable uncertainty threshold defined by a
unique value for each raster cell (e.g., Wheaton et al., 2010a,b). These uncertainties, which
have proved difficult to quantify in an areally heterogeneous fashion, arise from a combination
of data acquisition, recording, and post-processing procedures/technology (e.g., Wheaton et
al., 2010a,b; James et al., 2012). One approach to the pixel-by-pixel estimation of uncertainty
involves the use of a fuzzy inference system (Wheaton, 2008) wherein those factors likely
contributing to uncertainty (e.g., terrain slope and roughness) are used to derive a relationship
between those factors and DEM uncertainty. The derived relationship may be obtained via a
coincidence analysis between point cloud elevation data and proxies for factors contributing to
DEM error (e.g., Wheaton, 2008; Brasington et al., 2012). Under the assumption that each DEM
elevation value contains error that is independent, random and Gaussian, the uncertainty of
each DoD cell can be computed with a traditional propagation of error method — quadrature
(Lane et al., 2003; Brasington et al., 2003). That is, the square root of the sum of squares, using
the spatially coincident uncertainty values associated with the two DEMs.
In DEM-differencing terminology, a minimum Level of Detection (minLoD) is the minimum
elevation change that is to be considered genuine change that is not a consequence of error
(e.g., Wheaton, 2008; Passalacqua et al., 2015; Neverman et al., 2016). The minLoD can either be
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proportional to the propagated spatially variable depth change uncertainty accompanying a
DoD, or it may be a spatially uniform value (e.g., Schaffrath et al., 2015). Thresholding with a
minLoD

allows DoD grid-cells, where the degree of vertical change is less than the minLoD, to be

filtered-out. Unfortunately, the exclusion of small changes below an uncertainty-based
threshold may eliminate real changes with cumulative geomorphic importance (e.g., James et
al., 2012; Eamer and Walker, 2013). For example, if a large degree of erosion occurs in a certain
part of a study area and results in the redistribution of sediment as a thin-layer over a larger
portion of the study area, one may wrongly conclude that the overall system has a negative
sediment budget (e.g., Smith et al., 2007).
The prospect of accurately detecting bathymetric change with a DoD increases with an
increase in the magnitude of change. This can be thought of as a signal-to-noise ratio, with the
signal being the real geomorphic change, and the noise being the result of error variability (e.g.,
Griffith et al., 1999; James et al., 2012). With this concept in mind, some terrestrial studies (e.g.,
Brasington et al., 2003; Lane et al., 2003; Wheaton et al., 2010a,b; Bangen et al., 2014) have
used a probabilistic thresholding approach to DoD cell-retention. Such a procedure is based on
the ratio of measured change (real change plus uncertainties) to the minLoD (uncertainties). In
principle, this permits an estimation of the level of confidence that a measured elevation
change is real — essentially a cell-by-cell t-test (e.g., Brasington et al., 2003; Wheaton, 2008;
James et al., 2012; Eamer and Walker, 2013; Schaffrath et al., 2015).
In pursuit of a thresholding method for bathymetric change detection with serial
multibeam sonar surveys, Schmitt et al. (2008) obtained a spatially variable estimate of
uncertainty using a model constructed with depth and beam angle. Subsequently, Schimel et al.
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(2015) acquired spatially variable uncertainty estimates for DoD thresholding from a more
readily accessible source: a standard output from processing MBES data with the error-model
based CUBE algorithm (Calder and Mayer, 2003). To illustrate the significance of CUBE-derived
DoD uncertainty in MBES bathymetric change detection, Schimel et al. (2015) compared the
influence of different spatially variable minLoD thresholds on volumetric changes. Schimel et al.
obtained these threshold values by multiplying their DoD uncertainty surfaces by a range of
multiples (from 0 to 5, in increments of 0.5).
CUBE applies Bayesian statistics and modelling to MBES data; estimating the true depth,
uncertainty and a confidence interval at each location in a resultant DEM grid. The algorithm
exploits high-density MBES data’s inherent redundancy in beams, pings and swaths to assess
noise in soundings. CUBE also considers knowledge of sounding errors with the Hare-GodinMayer error model for MBES (Hare et al., 1995). Error models (e.g., Hare et al., 1995; Hare,
2001) are built for specific MBES systems (e.g., the Kongsberg EM710) and additional error
sources (e.g., navigation, gyro, heave, pitch, roll, tide, sound speed, latency and sensor offset)
are included in Total Propagated Uncertainty (TPU) calculations (CARIS, 2006). Before a DEM is
created, the TPU is used to reject outlier soundings, based on an estimate of vertical and
horizontal uncertainty for each sounding. The “true depth” is determined by choosing a depth
hypothesis that appears most likely given the number of depth soundings in agreement,
closeness to neighbouring depths, and data consistency. It should be noted that the CUBE
depth-uncertainty affiliated with each cell in a DEM is distinct from the sounding TPU
(horizontal and vertical) used to derive those products.
Since the release of the international hydrographic survey standards S-44 4th Edition
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(IHO, 1998), it has become routine procedure to model depth measurement uncertainty during
data collection and processing. CUBE outputs are now a standard deliverable in many
hydrographic agencies and the algorithm is implemented in a range of hydrographic software
packages: CARIS, IVS3D, SAIC, Kongsberg Maritime, Triton-Imaging, Reson, Fugro, GeoAcoustics,
Sonartech Atlas, HyPack, QPS, and IFREMER.
It is practical and sensible to use CUBE’s elevation (bathymetry) uncertainty grids to
create quadrature propagated uncertainty surfaces for probabilistic DoD thresholding, given
that: a) CUBE data products are widely available; b) the algorithm operates on the null
hypothesis that soundings will report a noisy, but unbiased estimate of the same depth
(measurements simply oscillate about a constant value); and c) the “true” depth uncertainty at
a fixed node location is calculated using a combined propagated uncertainty that includes both
horizontal and vertical uncertainty, scaled assuming a normal distribution (Calder and Mayer,
2003).
4.1.4 Geomorphic change detection with local spatial autocorrelation.

Within a raw (unthresholded) DoD, real elevation change tends to be associated with
contiguous groups of cells sharing the same vertical direction of change (elevation increase or
decrease). In contrast, noise tends to appear as a scattered “chequerboard” pattern (Wheaton,
2008) of isolated cells differing from their neighbours. It is therefore reasonable to use spatial
statistics to detect areal clusters of real bathymetric change below conservative change
detection thresholds (i.e., a minLoD, or an unreasonably high probability threshold).
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Spatial statistics can be used in the study of landscape change to: i) achieve statistical
grounding, ii) gain spatial guidance based on a local area (neighbourhood), and iii) test a null
hypothesis that spatial patterns did not arise by chance (e.g., Wulder et al., 2007; Nelson and
Boots, 2008; Eamer and Walker, 2013). Spatial Autocorrelation (SA), dependency, describes the
co-variance of attributes (properties) within geographic space. Fundamental to SA is Tobler’s
first law of geography (1965, 1970): the idea that all things are related, and nearer things more
so than those further apart. When nearby events are similar (dissimilar), positive (negative)
autocorrelation results. Within geomorphology, SA analysis has been leveraged to study a
variety of patterns in terrestrial settings (e.g., Bullard et al., 1995; Luoto and Hjort, 2006;
Thompson et al., 2006; Adelsberger and Smith, 2009; Kim and Zheng, 2011; Eamer and Walker,
2013; Walker et al., 2013).

Global SA measures (e.g., global Moran's I) examine each value (i.e., each individual DoD
grid cell, separately) in comparison to the complete dataset (i.e., an entire DoD grid). In
contrast, Local Indicators of Spatial Autocorrelation (LISA; Anselin, 1995) limit the scale of
comparison to values within a specified vicinity from a given observation. The local Moran's Ii SA
statistic has been used to compute sediment volume changes in a coastal dune system (Eamer
and Walker, 2013; Walker et al., 2013). In the context of geomorphic change DoDs, local
Moran's Ii results can be interpreted as statistically significant clusters of both erosion (low
values surrounded by low values; Ec = erosional coldspot) and deposition (high values
surrounded by high values; Dh = depositional hotspot). Locations of outlier values of erosion
(low surrounded by high; Eo = erosional outlier) and deposition (high surrounded by low; Do =
depositional outlier) can also be identified (and disregarded, if desired). These zones of
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detectable geomorphic change are indicated in a modified local Moran's Ii scatterplot (Fig. 4.01;
after Eamer and Walker, 2013; Nelson and Boots, 2008), which represents SA between an
attribute value and the standardised average of values within a neighbourhood defined by a
spatial weight.

Figure 4.01. A local Moran's Ii spatial autocorrelation scatterplot configured to interpret geomorphic surface
change (modified from Eamer and Walker, 2013; Nelson and Boots, 2008). In general, the scatterplot represents
relationships between the attribute value, x-axis, and the standardised average of neighbouring values, y-axis
(Anselin, 1995). Hot spots are significant clusters of deposition (Dh) and cold spots are significant clusters of
erosion (Ec). The Do and Eo quadrants represent outliers of deposition and erosion, respectively.

4.2 Study area
4.2.1 The Salish Sea

The Salish Sea (Fig. 4.02, inset) is the collective name for the Strait of Juan de Fuca
(SJDF), the Strait of Georgia (SOG), Puget Sound (PS) and numerous bays/channels/inlets/fjords
that exist in between southern British Columbia (BC), Canada and Washington State (WA), USA.

166
Boundary Passage (Fig. 4.02) is a narrow tidal strait between the Gulf Islands (BC) and San Juan
Islands (WA) that is the primary oceanographic exchange corridor between the Pacific Ocean
(via the SJDF) and the inland SOG (e.g., Thomson, 1981; Masson, 2002). Channel constrictions
and obstructions amongst the Gulf Islands-San Juan archipelago result in peak tidal current
speeds that locally exceed 1-3 m s-1 (e.g., LeBlond et al., 1991; Foreman et al., 1995). Tidally
modulated estuarine circulation, due to the seasonal forcing of fresh and deep oceanic water
input, is also present in the region (e.g., Masson, 2002; Dewey et al., 2014).
A modelled regional zone of high peak tidal currents is found near the Boundary Passage
Dune Complex (BPDC; location in Fig. 4.02), at the interface between eastern Boundary Passage
and the SOG (Chapters 2 and 3). Here, flow is constricted both horizontally and vertically
around and over a bedrock ridge extending from Saturna Island, BC (Fig. 4.02). At the ridge-top,
modelled speeds reach up to 1.9 m s-1 during the southbound ebb, and up to 2.9 m s-1 during
the northbound flood. North of the BPDC, an ~250-290 m-deep scour trough has developed at a
break in the bedrock ridge (Chapter 3). This depression is a zone of net flow and sediment
transport divergence (north and south), where maximum modelled bottom currents, up to 1.8
m s-1, can potentially transport grains up to 4.3 mm (fine pebbles) as bedload (Chapter 3).
Throughout the Boundary Passage region, tidal currents have reworked Pleistocene
deposits that include glacial-fluvial outwash, glacial till and glacial-marine sediments (Chapter
3). Tidal-model driven Lagrangian particle (silt to fine gravel) dispersal simulations (Chapter 2)
demonstrated flood-dominated sediment transport towards/into the SOG from the narrow
connecting straits of the Gulf Island-San Juan archipelago, strong flood-dominated sediment
trapping in the SOG, and the potential for sand transfer from the eastern SJDF into the SOG.
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Thus, the narrow tidal straits through the Gulf-San Juan archipelago provide an effective barrier
to ebb-dominated sediment transport out of the SOG (except for fine particles susceptible to
suspension). Although much of the seabed sediment within the connecting straits of the
archipelago must be derived from local/in-situ erosion of Pleistocene deposits, some may have
been transported there by flood-currents (Chapters 2 and 3) from further afield locations such
as the eastern SJDF (Hewitt and Mosher, 2001; Chapter 3).

Figure 4.02. Bathymetry around the Boundary Passage Dune Complex (BPDC) in the central Salish Sea. The
bedrock reference area (REF) is shown by the dashed outline. A bedrock ridge extending from Saturna Island,
Saturna ridge, and a fault-controlled tidal scour trough (Chapter 3) are also indicated. The BPDC’s eastern margin
borders lag and bedrock ridges. Uncoloured shallow marine locations in the large frame have not yet been
surveyed with multibeam sonar. Inset: the star shows the main figure position, which is along the USA-Canada
border; SJDF = Strait of Juan de Fuca; SOG = Strait of Georgia; and PS = Puget Sound.
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4.2.2 The Boundary Passage Dune Complex (BPDC)

The BPDC is situated at a depth of ~251-165 m immediately south of the bedrock ridge
and scour trough near Saturna Island (Chapter 3). This coarse sand to very fine pebble (0.8-3.9
mm) sediment body spans the Canada-USA border and is roughly elliptical in extent with its
long-axis oriented SW-NE, 1.45-2.25 km-long, and having a width <1.0 km. The BPDC’s entire
southeastern flank neighbours another bedrock ridge, which runs parallel to the complex’s
long-axis. This bedrock is attached at its north to an unconsolidated ridge of mostly lag
Pleistocene material indicated in Fig. 4.02. In the central complex, there is an exceptionally
large dune with maximum wavelength ~287 m and maximum trough-to-crest height of ~24 m.
It is comprised of coarse sand to very fine pebbles (<1.0-3.1 mm). This giant dune has a
trochoidal morphology with opposing slopes that are nearly symmetrical, and a crestline that is
sharp and straight. It also has a greater sediment accumulation on the central region of both
faces (spurs) in contrast to locations near either end of the crest-line.
By examining several repeat MBES surveys of the BPDC, Barrie et al. (2009) noted an
apparent clockwise rotational sediment transport pattern across the complex, due to outer
dune displacements of up to 50 m between surveys. In the central complex, the largest dunes
maintained their approximate sizes, geometries and positions, but some crestal movement was
observed between surveys (Barrie et al., 2009). Spatial variations in the BPDC’s dune
asymmetries are consistent with sediment cycling through the peripheral complex and
sediment accumulation in the central complex (Chapter 3). Dunes on the northwest BPDC longflank are steeper on their northeastern sides, indicating net-bedload transport towards the
northeast. This includes a train of northeast-facing barchans with horns pointing NE found at
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the southwest of the complex. Along the southeast flank, the migration from dune asymmetries
is apparently opposite. The configuration of a train of large crescentic (barchanoid) dunes
implies migration towards the southwest, out of a trench. Near the BPDC’s contact with the
bedrock ridge segment, the deflection of dune crests towards the southeast is consistent with
net bedload transport in that direction.
Chapter 3 classified the BPDC as a sand and gravel banner bank (Dyer and Huntley,
1999). Banner banks develop where flow is perturbed by an obstruction, such as in the wake of
a coastal headland (e.g., Cornish, 1914; Dyer and Huntley, 1999). It was once thought that
banner banks grow in the centre of residual current eddies (e.g., Pingree, 1978). Since this time,
it has been reasoned that residual eddies are frequently offset from banner bank locations, but
the migration of transient horizontal eddies may be critical to bank dynamics (e.g., Signell and
Harris, 2000; Bastos et al., 2003; Berthot and Pattiaratchi, 2006a,b; Li et al., 2014).
Modelled maximum bottom currents across the BPDC are ~1.3-1.4 m s-1 and the
maximum grain size range capable of bedload transport was computed to be, 2.1 to <3.0 mm,
very fine pebbles (Chapter 3). Near the western edge of the complex, grains of 3.3 mm
diameter (very fine pebbles) may be moved as bedload. The strongest near-seabed flood
currents travel SW to NE along the eastern Boundary Passage channel axis, past the dune
complex towards the Saturna bedrock ridge. Less strong flood streams, from southerly
directions, merge with this flow over the BPDC. The strongest ebb currents over the complex
also move along the channel axis, but in the opposite direction (NE to SW) of the peak flood
currents. Along the NW long-flank of the complex, a flood-dominated asymmetry, which
decreases towards the NE, is apparent. A flood asymmetry is also present across most of the
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complex SW of the largest dune. Along the SE long-flank of the BPDC, against the complexparallel lag/bedrock ridge sections, an ebb-dominated asymmetry exits. In the central portion
of the complex, near the largest dune, ebb and flood currents are nearly symmetrical.
Ebb-related clockwise-rotational transient eddies were simulated to develop over
locations ~1-2 km west to southwest of the BPDC, affecting the complex only peripherally
(Chapter 3). Sediment mobility modelling (Chapter 3) indicated, in the coarse sand to fine
gravel range, a strong separation of two parallel, but opposing, residual transport zones over
the BPDC. One moves in the peak-flood stream direction (SW to NE), crossing the NW long-flank
of the BPDC and dissipating before the bedrock ridge is reached north of the complex. The
opposing transport zone moves in the peak-ebb stream direction (NE to SW): from the lag ridge
at the NE of the BPDC, and then increasing parallel to the bedrock ridge along the SE long-side
of the complex, before dissipating SW of the dunes. These time-averaged sediment transport
patterns are consistent with a general trend observed at other banner banks: dunes tend to
migrate in reverse directions along opposite bank-long flanks (e.g., Li et al., 2014; Duffy et al.,
2004; Bastos et al., 2004).
4.3 Methods
4.3.1 Multibeam data acquisition and processing

During the decade 2001-2011, the Canadian Hydrographic Service (CHS), Department of
Fisheries and Oceans, conducted 8 repeat MBES surveys of the Boundary Passage dunes and
the surrounding seabed: I) 28-30 Oct. 2001, II) 8 Oct. 2003, III) 29-30 Nov. 2004, IV) 1 Oct. 2006,
V) 11 Mar. 2008, VI) 7 and 10 Apr. 2009, VII) 29 Mar. 2011, and VIII) 23 Aug. 2011. In the DoD
analyses, the following survey pairs are referred to: 1) Δt1 = 2001 to 2003 (~1.9 a), 2) Δt2 = 2003
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to 2004 (~1.1 a), 3) Δt3 = 2004 to 2006 (~1.8 a), 4) Δt4 = 2006 to 2008 (~1.4 a), 5) Δt5 = 2008 to
2009 (~1.1 a), 6) Δt6 = 2009 to Mar. 2011 (~2.0 a), 7) Δt7 = Mar. 2011 to Aug. 2011 (~0.4 a), and
8) Δttotal = 2001 to Aug. 2011 (~9.8 a).
A Kongsberg EM710 MBES (70-100 kHz) was used for surveys from 2009 and later and a
Kongsberg-Simrad EM1002 MBES (95 kHz) was used for surveys prior to 2009. The EM1002 was
installed on the Canadian Coast Guard Ship (CCGS) R.B Young in 2001, but all subsequent
surveys involved the CCGS Vector. For all surveys, position and motion were monitored with
DGPS and an Applied Analytics POS MV 320, respectively. An upgraded POS MV 320 was used
from 2009 onward. Standard hydrographic survey patch-test calibration methods were used to
minimise errors due to sensor misalignment, sensor inaccuracy, and timing issues. A water
column Sound Velocity Profile (SVP) was collected daily at the survey location, or whenever the
sound speed at the MBES transducer head and the most recent SVP differed by >5.0 m s-1.
Vessel draught variation was measured daily. To ensure adequate sounding density, survey line
spacing facilitated 200% seabed coverage (100% overlap). The CHS-reported spatial accuracy of
each of the surveys was better than 5.0 m (<5% water depth) horizontally, and vertical
soundings better than 1.0 m (<1% water depth).
The original (raw) archival survey data were reprocessed with CARIS-HIPS hydrographic
software to ensure the use of consistent procedures (e.g., the same field-sheet corner coordinates were used for each survey). Soundings were reduced to the Lowest Low Water Large
Tide (LLWLT) sounding datum. For each survey, the Total Propagated Uncertainty was
computed using the vessel characteristic file, true heave log, attitude-navigation records, field
error data (which overrode fixed values in the vessel file), sound velocity corrections and tidal
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corrections based on a pseudo-tide model. The TPU was used to attribute all soundings with a
95% statistical error estimate for both position and depth. After minor manual cleaning to
remove obvious spurious soundings, CUBE BASE (Bathymetric with Associated Statistical Error)
surfaces were generated at 5.0 m resolution using the “locale and density” depth hypothesis
selection condition. The final CARIS grids exported for manipulations with ArcGIS were:
sounding density, depth and uncertainty. The survey area is in UTM Zone 10N and grids were
created with the WGS 84 ellipsoid. Hill-shade relief surfaces were generated in ArcGIS with a
solar azimuth of 315°, solar zenith of 45° and vertical exaggeration of 2x.
4.3.2 Difference surfaces

Two areas of interest (Fig. 4.02) were identified in the repeat survey area: 1) the dune
complex – BPDC (2.28 × 106 m2; 164.5-251.7 m deep); and 2) part of an adjacent bedrock ridge
– REF, reference area (3.79 × 105 m2; 141.8-226.4 m). For both areas, for each of the timeperiods of interest (Δt1, Δt2 ... Δt7 and Δttotal), DoDs were created for each survey-pair in ArcGIS
by the final survey (NEW) minus the initial one (OLD). For a given location, this can be expressed
as:
∆𝑧𝑖 = 𝑧𝑖,𝑁𝐸𝑊 − 𝑧𝑖,𝑂𝐿𝐷 = 𝐷𝑜𝐷𝑖

(Eqn. 4.01)

where i denotes a grid cell, z is a DEM elevation [m] and ∆z is the change in elevation between
repeat surveys. For computations, multibeam bathymetry was converted to an elevation
surface with negative values below the sea level datum.
The bedrock was used as a reference control because it was expected to remain stable
between surveys. For both the reference area and the dune complex, the following DoD global
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statistics were calculated: mean, standard deviation, minimum and maximum. These statistics
were also calculated for the uncertainty surfaces associated with the reference area in each
DoD. Although, a DoD’s mean, maximum and minimum may provide an indication of regional
change direction (i.e., erosion or deposition), the maximum and minimum are likely to be errorassociated outliers (Schimel et al., 2015). The mean DoD value in a bathymetrically stable
reference area can be expected to be near zero and may provide an estimate of the static error.
Therefore, different estimates of a DoD’s error/uncertainty are provided by the reference area
statistics describing both elevation change and propagated CUBE uncertainty.
4.3.3 Areas and volumes of change

The total volumetric change, as determined by identified changes in elevation (∆zi), from
a set (S) of DoD grid cells, where A is the surface area of one grid cell (25 m2 in this study), can
be given by:

𝑉(𝑆) = ∑𝑖∈𝑆 ∆𝑧𝑖 ∙ 𝐴 = ∑𝑖∈𝑆 𝐷𝑜𝐷𝑖 ∙ 𝐴

(Eqn. 4.02)

The total area of change in a set is simply A multiplied by the number of elements (cells)
in that set. The eroded (ero) area and volume of sediment is calculated by restricting their
computations to the subset defined by:

𝑆𝑒𝑟𝑜 = {𝑖 ϵ 𝑆: ∆𝑧𝑖 < 0}

(Eqn. 4.03)
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Similarly, the deposited (dep) area and volume is determined according to the restriction:

𝑆𝑑𝑒𝑝 = {𝑖 ϵ 𝑆: ∆𝑧𝑖 > 0}

(Eqn. 4.04)

4.3.4 Uncertainty propagation and probabilistic change detection

The CUBE algorithm provides an estimate of uncertainty (σ) at each MBES-derived DEM
cell. If a pair of DoD input DEMs are assumed statistically independent, the resultant combined
uncertainty grids can be generated with a traditional propagation of error (e.g., Taylor, 1997;
Lane et al., 2003; Brasington et al., 2003):

𝜎𝑖,𝐷𝑜𝐷 = √𝜎𝑖,𝑂𝐿𝐷 2 + 𝜎𝑖,𝑁𝐸𝑊 2

(Eqn. 4.05)

At each grid location in a DoD, the level of confidence for an elevation change of a
specific magnitude can be estimated using the structure of a Student’s t-test (e.g., Brasington et
al., 2003; Lane et al., 2003; Wheaton, 2008). The t-value at each location allows for a statement
on the level of confidence that true elevation change can be distinguished from noise in the
system (random error):

|∆𝑧𝑖 |

𝑡𝑖 = 𝜎

𝑖,𝐷𝑜𝐷

(Eqn. 4.06)

where |∆zi| is the absolute magnitude of change at each location, and σi,DoD is a minLoD defined
by the DoD uncertainty value at each corresponding grid cell. The null hypothesis is that any
observed DoD value is due to chance measurement error (Wheaton, 2008). If DoD uncertainty
is based on a large sample, the t-distribution is nearly identical to the normal distribution
(Wheaton, 2008). However, since the standard deviation of error is used to construct the
analysis (i.e., the root of the sum in quadrature; Lane et al., 2003; Taylor, 1997), this type of test
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remains reasonably robust if there is deviation from a Gaussian distribution (Norcliffe, 1977;
Blalock, 1979).
Following each t-test, discarding all locations with probability values less than a chosen
threshold produces an error-reduced DoD. Assuming a two-tailed test, t = 1 is significant at the
68% confidence limit. Likewise, t = 1.96 is significant at the 95% confidence limit. Scientifically,
the statement of what confidence limit is used for thresholding is more important than a
justification for the specific limit adopted (Lane et al., 2003; Brasington et al., 2000; Taylor,
1997). In this study, a reasonably large threshold was set such that DoD values were only
retained if ti > 1, a confidence limit of 68%. Put more simply, DoD cells were retained if their
absolute value exceeded the absolute value of their associated propagated uncertainty. Thus,
the erosional and depositional subsets can be respectively written:

𝑆𝑒𝑟𝑜,𝑡𝑖 > 1 = {𝑖 ϵ 𝑆: ∆𝑧𝑖 < −|𝜎𝑖,𝐷𝑜𝐷 |}

(Eqn. 4.07)

𝑆𝑑𝑒𝑝,𝑡𝑖 > 1 = {𝑖 ϵ 𝑆: ∆𝑧𝑖 > |𝜎𝑖,𝐷𝑜𝐷 |}

(Eqn. 4.08)

and

The areas and volumes of change were then determined for these subsets as described
in 4.3.3. For example, the volume of erosion detected at a DoD’s 68% confidence limit is:

𝑉(𝑆) = ∑𝑖∈𝑆𝑒𝑟𝑜,𝑡

𝑖>1

∆𝑧𝑖 ∙ 𝐴

(Eqn. 4.09)
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4.3.5 Change detection with the local Moran's Ii spatial statistic

To detect statistically significant clusters of erosion and deposition, GeoDa spatial
statistical software was used for local Moran's Ii SA calculations (Anselin et al., 2006) and ArcGIS
was used for general data manipulation. Local measures of spatial autocorrelation can be
expressed as a cross-product statistic wherein the observed values xi, i ϵ S of a random variable
X, are expressed by the equation:

Γi = ∑𝑗 𝑤𝑖𝑗 𝑦𝑖𝑗

(Eqn. 4.10)

Where wij is a measure of the spatial relationships of data sites i and j and yij is a measure of the
attribute space relationship (Getis and Ord, 1992; Boots, 2002). For a study interested in
elevation change, ∆z in DoDs, the local Moran's Ii attribute relationship in the cross-product
statistic is:
𝑦𝑖𝑗 = (𝑥𝑖 − 𝑥̅ )(𝑥𝑗 − 𝑥̅ ) = (∆𝑧𝑖 − ̅̅̅
∆𝑧)(∆𝑧𝑗 − ̅̅̅
∆𝑧)

(Eqn. 4.11)

and the resulting measure of SA is expressed by:
𝜁𝑖

𝐼𝑖 = ( ∑

2
𝑖 𝜁𝑖
𝑛

) ∑𝑗 𝑤𝑖𝑗 𝜁𝑗

(Eqn. 4.12)

where 𝜁𝑖 = (𝑥𝑖 − 𝑥̅ ) = (∆𝑧𝑖 − ̅̅̅
∆𝑧) and wij defines the spatial relationship between locations
i and j in geomorphic (elevation) datasets, yij describes the relationship in attribute space
between locations i and j, or the change in surface elevation between time periods, and ζi
reflects the difference between the change in elevation at a point and the attribute mean.
Local Moran's Ii provides a spatially variable means for change detection and analysis
based on inherent SA trends within datasets. A positive (negative) Ii indicates positive (negative)
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SA in values that are extreme relative to the mean. If Ii approaches zero, this could be the result
of no SA, or SA present in values close to the mean.
DoDs were imported into GeoDa as Thiessen polygon shapefiles. These polygons had the
same values and 5x5 m dimension as the raster cells in their parent difference maps. To prevent
edge effects in local Moran's Ii calculations, DoDs covering the entire overlap area between
survey-pairs were used. After all SA operations were performed, the results were converted
back to rasters. The areas delineated by the boundaries of the bedrock and dune complex areas
(Fig. 4.02) were then extracted from these surfaces for further analysis. Another set of DoD
polygons were input into GeoDa, each being clipped to the boundaries of the dune complex or
the bedrock area, allowing a global Moran's I statistic to be calculated and assessed for both
locations at each difference period (per the suggestion of Nelson and Boots, 2008).
Local SA computations, including local Moran's Ii, necessitate a spatial weight definition
to limit the neighbourhood over which relationships are calculated. If data are regularly spaced,
the use of justified threshold distances is appropriate (Nelson and Boots, 2008). Initially, the
effects of two different spatial weights were explored, each examining morphological length
scales of interest: i) 1st order queen contiguity; and ii) 6th order queen contiguity. The queen
contiguity criterion determines neighbouring units for analysis as those that have a side or
corner in common. Because the polygon shapefile was composed of a grid of 5x5 m polygons,
the 1st order queen contiguity spatial weight resulted in a rectangular window with a search
distance ranging up to ~7.5-10.6 m from the target polygon’s centre (i.e., detecting only highly
local geomorphic change within a one-pixel search radius). The 6th order queen contiguity
spatial weight resulted in a search distance of up to ~32.5-46.0 m (i.e., a 6-pixel radius),
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representing geomorphic change at the approximate scale of the crest-to-crest wavelength of
smaller regularly-spaced dunes in the southwest region of the BPDC study area.
The local Moran’s Ii tests revealed clusters of significant bathymetric change that were
extreme relative to the spatial mean at a selected p-value of 0.05 (statistically significant to the
95th percentile). To determine if the clusters of bathymetric change did not appear by chance,
their values were compared against a reference distribution created by a random permutation
method (999 recalculations). The statistical significance of the clusters was inferred if the
comparison allowed the null hypothesis of complete spatial randomness to be rejected.
Cells in the DoDs that were not coincident with statistically significant change were
removed prior to calculating the areal coverage and volumetric change (erosion and deposition)
of the significant elevation changes clusters: depositional hotspots (Dh), erosional coldspots
(Ec), depositional outliers (Do), and erosional outliers (Eo). The larger spatial weight (6th order
queen) resulted in more detected outlier cells and larger zones of bathymetric change due to
the greater amount of data within the larger spatial neighbourhood. Cells from opposing dune
slopes and neighbouring dunes were often included in the sampling windows defined by this
larger spatial weight.
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The areas/volumes of depositional hotspots (Sdep,Dh) and erosional coldspots (Sero,Ec)
were computed. For instance, the set of DoD values included in a volumetric calculation of
significant deposition are all those grid cells spatially coincident (≡) with a Dh attribute value:
𝑆𝑑𝑒𝑝,𝐷ℎ = {𝑖 ϵ 𝑆: ∆𝑧𝑖 ≡ 𝐷ℎ}

(Eqn. 4.13)

𝑉𝑑𝑒𝑝,𝐷ℎ = ∑𝑖∈𝑆𝑑𝑒𝑝,𝐷ℎ ∆𝑧𝑖 ∙ 𝐴

(Eqn. 4.14)

thus,

4.3.6 Uncertainty-based volumetric confidence intervals

For each of the three GCD techniques, the volumetric change uncertainty (σi,VOL) of each
grid cell was calculated as the product of the DoD uncertainty at each location and the area of a
cell:
𝜎𝑖,𝑉𝑂𝐿 = 𝜎𝑖,𝐷𝑜𝐷 ∙ 𝐴

(Eqn. 4.15)

The total volumetric uncertainty for a set of DoD cells experiencing erosion was
determined as:
𝜎𝑉𝑂𝐿,𝑒𝑟𝑜 = ± ∑𝑖∈𝑆𝑒𝑟𝑜 |𝜎𝑖,𝑉𝑂𝐿 |

(Eqn. 4.16)

In the same manner for each DoD, volumetric uncertainty sums were made for Sdep and
the subsets: Sero,ti > 1, Sdep,ti > 1, Sero,Ec, and Sdep,Dh.
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4.4 Results
Elevation and CUBE uncertainty statistics derived from each multibeam survey are reported for the bedrock reference area and dune
complex in Table 4.01. Elevation change and propagated uncertainty statistics for each of the eight DoDs are provided in Table 4.02. The areas,
volumes and volumetric uncertainties determined with each of the three techniques are contained in Table 4.03. Propagated uncertainty and
detected elevation change maps associated with each DoD are presented in Figures 4.03-4.10.
Table 4.01. Statistics describing the bedrock reference area and dune complex bathymetry for each survey. The Boundary Passage Dune Complex (BPDC) has an area of
2,279,059 m2 and the reference area is 378,735 m2. Elevation uncertainty measures are derived from the CUBE algorithm’s depth uncertainty grid associated with each
bathymetric model.
Elevation statistics [m]
I) 28-30 Oct.
II) 8 Oct.
III) 29-30 Nov.
IV) 1 Oct.
V) 11 Mar.
VI) 7 and 10
VII) 29 Mar. VIII) 23 Aug.
2001
2003
2004
2006
2008
Apr. 2009
2011
2011.
Bedrock
Maximum
226.04
225.41
225.72
226.29
225.12
226.15
226.37
226.05
reference Minimum
142.05
141.29
141.32
141.49
141.26
141.66
141.79
141.90
area (REF)
Mean
180.15
179.52
179.60
179.63
179.45
179.77
180.12
180.07
Standard deviation
18.77
18.81
18.79
18.84
18.84
18.87
18.90
18.83
Maximum uncertainty
1.84
2.16
1.45
1.23
1.02
1.72
1.83
1.81
Minimum uncertainty
0.62
0.71
0.70
0.71
0.69
0.70
0.73
0.70
Mean uncertainty
0.89
1.00
0.87
0.90
0.85
0.94
1.28
1.19
Standard deviation of
0.14
0.17
0.07
0.11
0.07
0.15
0.23
0.15
uncertainty
Dune
Maximum
250.91
250.77
250.78
251.12
250.50
251.44
251.67
251.57
complex
Minimum
165.32
165.16
164.39
166.11
164.24
164.16
164.46
165.03
(BPDC)
Mean
195.78
195.21
195.12
195.38
195.11
195.53
195.91
195.73
Standard deviation
21.61
21.51
21.56
21.54
21.54
21.67
21.66
21.64
Maximum uncertainty
3.08
2.63
1.61
1.60
1.20
1.52
2.72
2.21
Minimum uncertainty
0.70
0.77
0.76
0.76
0.76
0.75
0.76
0.76
Mean uncertainty
0.99
1.11
0.99
0.97
0.90
0.96
1.41
1.22
Standard deviation of
0.22
0.22
0.13
0.12
0.09
0.11
0.25
0.20
uncertainty
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Table 4.02. Statistics describing the bedrock reference area and Boundary Passage Dune Complex DEMs of Difference (DoDs). The general change trend (erosion or
deposition) within a DoD is indicated by the mean value. The maximum and minimum change values are likely outliers due to noise or DEM offset (Schimel et al., 2015). Within
the reference area, the mean elevation change value can be treated as an estimate of static error (i.e., DEM offset) – if it is consistent with a widespread trend across the area. A
variety of measures describing the CUBE-derived propagated uncertainty can be used to estimate a DoD’s uncertainty: mean, standard deviation and range (Schimel et al.,
2015).
Elevation change
Δt1) 2001
Δt2) 2003
Δt3) 2004 to
Δt4) 2006 to
Δt5) 2008 to
Δt6) 2009 to
Δt7) Mar. 2011 Δttotal) 2001 to
statistics [m]
to 2003
to 2004
2006
2008
2009
Mar. 2011
to Aug. 2011
Aug. 2011
Bedrock
reference
area (REF)

Dune
complex
(BPDC)

Maximum
Minimum
Mean
Standard deviation
Maximum uncertainty
Minimum uncertainty
Mean uncertainty
Standard deviation of
uncertainty
Maximum
Minimum
Mean
Standard deviation
Maximum uncertainty
Minimum uncertainty
Mean uncertainty
Standard deviation of
uncertainty

9.17
-7.58
0.63
0.50
2.37
0.95
1.35
0.19

4.94
-8.54
-0.09
0.37
2.40
1.02
1.34
0.16

10.16
-4.60
-0.03
0.39
1.85
1.03
1.26
0.11

5.62
-4.77
0.18
0.31
1.57
1.00
1.24
0.12

7.46
-8.50
-0.31
0.36
1.93
0.99
1.27
0.15

10.55
-4.83
-0.35
0.34
2.12
1.09
1.60
0.22

4.83
-9.38
0.06
0.37
2.35
1.04
1.76
0.21

8.84
-10.84
0.08
0.56
2.20
0.95
1.50
0.17

6.68
-6.70
0.57
0.85
3.27
1.06
1.50
0.26

5.30
-6.61
0.09
0.70
2.90
1.11
1.49
0.22

5.29
-4.02
-0.28
0.78
1.95
1.11
1.39
0.15

6.20
-6.14
0.29
0.84
1.90
1.08
1.33
0.14

5.10
-4.47
-0.42
0.63
1.81
1.07
1.32
0.13

5.72
-4.34
-0.39
0.75
2.95
1.09
1.72
0.24

5.25
-3.17
0.19
0.47
3.07
1.29
1.88
0.26

9.23
-9.21
0.05
1.23
3.36
1.08
1.58
0.25
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Table 4.03. Areas and volumes of erosion and deposition in the Boundary Passage Dune Complex (BPDC) determined with each bathymetric change assessment technique. A
value following a “±” symbol is a volumetric change uncertainty [m3] computed with the quadrature propagated CUBE depth uncertainty surface of the appropriate interval.
Volume uncertainties were determined by the simple cell-by-cell addition (rather than quadrature sum) of the absolute values of uncertainty volumes – this is because values
derived from the same DoD are not statistically independent. Net volume changes were also determined by the simple addition of volumes of erosion (negative change) and
deposition (positive change). These simple addition procedures resulted in large uncertainty volumes relative to the size of the apparent change volumes they accompany.
Δt1) 2001 Δt2) 2003
Δt3) 2004 to
Δt4) 2006 to Δt5) 2008
Δt6) 2009 to
Δt7) Mar. 2011 Δttotal) 2001
to 2003
to 2004
2006
2008
to 2009
Mar. 2011
to Aug. 2011
to Aug. 2011
1) Unthresholded Erosional area [m2]
405,375
947,300
1,760,725
573,625
2,014,850
1,973,150
518,675
1,012,025
2
(raw)
Depositional area [m ]
1,896,075 1,354,125
540,025
1,727,100
286,625
328,200
1,782,650
1,289,375
Erosional volume [m3]
Depositional volume [m3]

Net volume change [m3]

2) Probabilistic
threshold

Erosional area [m2]
Depositional area [m2]
3

Erosional volume [m ]
Depositional volume [m3]
Net volume change [m3]
3) local Moran’s Ii

Erosional area [m2]
Depositional area [m2]
3

Erosional volume [m ]
Depositional volume [m3]
Net volume change [m3]

-261,108
± 584,743
1,565,975
±
2,858,012
1,304,867
±
3,442,756
52,700

-387,108 ±
1,430,145
602,687 ±
2,002,811

-990,110 ±
2,446,676
352,973 ±
747,337

-343,192 ±
758,315
1,001,366 ±
2,296,589

-1,167,273
± 2,684,631
203,482 ±
358,705

-1,177,038 ±
3,415,381
281,575 ±
532,095

-174,661 ±
937,841
614,453 ±
3,388,142

-795,880 ±
1,591,308
917,557 ±
2,055,273

215,579
±
3,432,956
51,200

-637,137
±
3,194,013
141,950

658,175
±
3,054,904
78,725

-963,791
±
3,043,336
120,600

-895,462
±
3,947,476
111,300

439,792
±
4,325,983
11,200

121,677
±
3,646,581
147,025

170,500

82,825

87,950

170,175

55,050

55,150

32,100

159,150

-100,962
± 69,022
392,165 ±
237,032
291,203 ±
306,055
201,400

-103,181 ±
69,990
188,662 ±
112,478
85,481 ±
182,468
183,525

-265,355 ±
183,012
187,417 ±
113,692
-77,938 ±
296,704
327,075

-162,383 ±
98,333
372,888 ±
216,209
210,505 ±
314,542
254,550

-210,153 ±
147,828
105,204 ±
66,721
-104,950 ±
214,549
416,275

-236,200 ±
171,303
127,003 ±
84,574
-109,197 ±
255,877
286,425

-22,788 ±
18,252
71,179 ±
52,467
48,391 ±
70,719
173,125

-393,269 ±
214,781
453,089 ±
231,249
59,820 ±
446,030
121,925

117,150

324,425

213,225

302,725

193,450

303,750

116,275

121,475

-220,629
± 287,556
311,422 ±
171,111
90,793 ±
458,667

-221,519 ±
266,704
383,495 ±
470,300
161,975 ±
737,004

-456,942 ±
441,702
289,622 ±
287,603
-167,320 ±
729,305

-289,954 ±
335,183
508,873 ±
395,703
218,919 ±
730,885

-500,774 ±
554,729
193,014 ±
238,532
-307,760 ±
793,261

-452,938 ±
465,817
279,986 ±
489,824
-172,953 ±
955,641

-130,336 ±
296,542
163,809 ±
205,007
33,472 ±
501,549

-354,714 ±
181,910
392,004 ±
181,688
37,289 ±
363,598
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Figure 4.03. Interval Δt1 (2001 to 2003) propagated uncertainty and change detection DEM of Difference (DoD) surface maps showing: a) propagated CUBE elevation
uncertainty, b) probabilistically detected areas of change (thin black outlines) that are significant at the 68% confidence limit (technique 2), and c) significant (95th percentile)
change hotspots (deposition) and coldspots (erosion) detected (thin black outlines) with the local Moran's Ii spatial statistic (technique 3). There is widespread positive elevation
change beyond the detected change zones (b and c) in both REF and BPDC, suggesting a systematic positive offset between input DEMs. October 2003 bathymetric relief is
shown in the areas of interest.
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Figure 4.04. Interval Δt2 (2003 to 2004) propagated uncertainty and change detection DEM of Difference (DoD) surface maps. Shown are: a) propagated CUBE elevation
uncertainty, b) probabilistically detected areas of change (thin black outlines) that are significant at the 68% confidence limit (technique 2), and c) significant (95th percentile)
change hotspots (deposition) and coldspots (erosion) detected (thin black outlines) with the local Moran's Ii spatial statistic (technique 3). Beyond the detected change zones (b
and c), areas of negative and positive change are diverse and patchy, suggesting no major systematic offset between input DEMs. November 2004 bathymetric relief is shown in
the areas of interest.
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Figure 4.05. Interval Δt3 (2004 to 2006) propagated uncertainty and change detection DEM of Difference (DoD) surface maps. Shown are: a) propagated CUBE elevation
uncertainty, b) probabilistically detected areas of change (thin black outlines) that are significant at the 68% confidence limit (technique 2), and c) significant (95th percentile)
change hotspots (deposition) and coldspots (erosion) detected (thin black outlines) with the local Moran's Ii spatial statistic (technique 3). There is widespread negative elevation
change (b and c) beyond the detected change zones, suggesting a negative offset between input DEMs. October 2006 bathymetric relief is shown in the areas of interest.
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Figure 4.06. Interval Δt4 (2006 to 2008) propagated uncertainty and change detection DEM of Difference (DoD) surface maps. Shown are: a) propagated CUBE elevation
uncertainty, b) probabilistically detected areas of change (thin black outlines) that are significant at the 68% confidence limit (technique 2), and c) significant (95th percentile)
change hotspots (deposition) and coldspots (erosion) detected (thin black outlines) with the local Moran's Ii spatial statistic (technique 3). There is widespread positive elevation
change beyond the detected change zones (b and c) in both REF and BPDC, suggesting a systematic positive offset between input DEMs. March 2008 bathymetric relief is shown
in the areas of interest.
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Figure 4.07. Interval Δt5 (2008 to 2009) propagated uncertainty and change detection DEM of Difference (DoD) surface maps. Shown are: a) propagated CUBE elevation
uncertainty, b) probabilistically detected areas of change (thin black outlines) that are significant at the 68% confidence limit (technique 2), and c) significant (95th percentile)
change hotspots (deposition) and coldspots (erosion) detected (thin black outlines) with the local Moran's Ii spatial statistic (technique 3). There is widespread negative elevation
change beyond the detected change zones (b and c) in both REF and BPDC, suggesting a negative offset between input DEMs. April 2009 bathymetric relief is shown in the areas
of interest.
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Figure 4.08. Interval Δt6 (2009 to Mar. 2011) propagated uncertainty and change detection DEM of Difference (DoD) surface maps. Shown are: a) propagated CUBE elevation
uncertainty, b) probabilistically detected areas of change (thin black outlines) that are significant at the 68% confidence limit (technique 2), and c) significant (95th percentile)
change hotspots (deposition) and coldspots (erosion) detected (thin black outlines) with the local Moran's Ii spatial statistic (technique 3). There is widespread negative elevation
change beyond the detected change zones (b and c) in both REF and BPDC, suggesting a negative offset between input DEMs. March 2011 bathymetric relief is shown in the
areas of interest.
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Figure 4.09. Interval Δt7 (Mar. 2011 to Aug. 2011) propagated uncertainty and change detection DEM of Difference (DoD) surface maps. Shown are: a) propagated CUBE
elevation uncertainty, b) probabilistically detected areas of change (thin black outlines) that are significant at the 68% confidence limit (technique 2), and c) significant (95th
percentile) change hotspots (deposition) and coldspots (erosion) detected (thin black outlines) with the local Moran's Ii spatial statistic (technique 3). There is widespread
positive elevation change beyond the detected change zones (b and c) in both REF and BPDC, suggesting a systematic positive offset between input DEMs. August 2011
bathymetric relief is shown in the areas of interest.
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Figure 4.10. Interval Δttotal (2001 to Aug. 2011) propagated uncertainty and change detection DEM of Difference (DoD) surface maps. Shown are: a) propagated CUBE elevation
uncertainty, b) probabilistically detected areas of change (thin black outlines) that are significant at the 68% confidence limit (technique 2), and c) significant (95th percentile)
change hotspots (deposition) and coldspots (erosion) detected (thin black outlines) with the local Moran's Ii spatial statistic (technique 3). Beyond the detected change zones (b
and c), areas of negative and positive change are diverse and patchy, suggesting no major systematic offset between input DEMs. August 2011 bathymetric relief is shown in the
areas of interest.

4.4.1 Elevation, elevation change and uncertainty surfaces

Within the bedrock reference area, each of the multibeam surfaces showed little overall
variability compared to one another. This was demonstrated by narrow ranges of both mean
elevation (-180.2 to -179.5 m) and elevation standard deviation (18.8-18.9 m). The mean CUBE
elevation uncertainty for each survey across the reference area varied between 0.9-1.3 m and
the uncertainty standard deviation 0.1-0.2 m. Despite the dynamic nature of the dune complex,
the overall elevation statistics varied little between surveys (i.e., -195.9 to -195.1 m in mean
elevation, and 21.5-21.7 m standard deviation).
Linear data artefacts in each of the uncertainty surfaces were mainly due to higher
values associated with outer beams. Many of these artefacts were propagated into the DoDaccompanying uncertainty surfaces (clearly visible in Fig. 4.09a, among others). Deeper seabed
locations also have higher uncertainty. In the BPDC, the range of mean uncertainty values
between surveys was 0.9-1.4 m and the uncertainty standard deviation was 0.1-0.3 m. For
individual surveys, each of the mean uncertainty values from the BPDC was slightly larger, by
<0.14 m, than that of the reference area due to the greater average depth of the BPDC. The
combined uncertainty values accompanying the DoDs were larger than those tied to the survey
DEMs, with mean propagated uncertainty values ranging between 1.0-2.4 m in REF and 1.8-3.4
m in BPDC.
Within the reference area, the mean DoD elevation change values (ranging -0.4 to 0.6
m) provided estimates of static error for each interval. A systematic vertical DEM offset was
qualitatively apparent between all DoD survey pairs except Δt2 (Fig. 4.04b,c) and Δttotal (Fig.
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4.10b,c). The mean elevation change was positive in both REF and BPDC during Δt 1, Δt4, Δt7 and
Δttotal (Figs. 4.03, 4.06, 4.09 and 4.10, respectively; parts b and c of each), suggesting a
systematic positive offset (the final surface was above the initial surface). The light red (>0.25 to
1.0 m) that prevailed beyond the detected change zones in these figures provided visual
confirmation of positive offset. Similarly, the mean elevation change was negative in both REF
and BPDC during Δt3, Δt5 and Δt6 (Figs. 4.05, 4.07, and 4.08, respectively; parts b and c of each),
suggesting a negative offset. In Δt2 and Δttotal there were scattered patches of ostensible slight
erosion (light blue) and deposition (light red) beyond the detected change areas (techniques 2
and 3) in BPDC, but there was no uniform offset trend across the entire area.
4.4.2 Comparison of detection techniques

For each time interval in BPDC, the unthresholded (raw) difference surfaces yield
extensive areas of apparent erosion (4.05 × 105 to 2.01 × 106 m2) and deposition (2.87 × 105 to
1.90 × 106 m2). The local Moran’s Ii threshold was far more restrictive (1.22 × 105 to 4.16 × 105
m2 erosion; 1.16 × 105 to 3.24 × 105 m2 deposition), and the 68% probabilistic threshold even
more so (1.12 × 104 to 1.47 × 105 m2 erosion; 3.21 × 104 to 1.71 × 105 m2 deposition).
Disregarding overlap due to uncertainty, the apparent change volumes (Fig. 4.11a,b) were
typically greatest when a threshold was not applied (1.75 × 105 to 1.18 × 106 m3 erosion; 2.03 ×
105 to 1.57 × 106 m3 deposition), less with local Moran’s Ii (1.30 × 105 to 5.01 × 105 m3 erosion;
1.64 × 105 to 5.09 × 105 m3 deposition) and usually least with the probabilistic threshold (2.28 ×
104 to 3.93 × 105 m3 erosion; 7.12 × 104 to 3.92 × 105 m3 deposition).
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Net BPDC volumetric changes and their uncertainties, computed with each technique,
are plotted in Fig. 4.11c. For each of the intervals Δt1-Δt7, except Δt2, the net volumetric
changes derived from the raw difference surfaces were considerably larger in absolute
magnitude than those detected with the probabilistic threshold and local Moran’s Ii. During Δt2,
the computed net change volumes were more consistent with one another than the others of
intervals Δt1-Δt7.
The ~10-year BPDC DoD, Δttotal, had both the most extreme range of elevation change
values, -9.2 to +9.2 m, and the lowest mean elevation change, +0.05 m. The Δttotal estimate of
static error from the reference area was also small (+0.08 m), compared to most of the other
intervals. As was the case with the Δt2 BPDC DoD (Fig. 4.04b,c), the Δttotal BPDC DoD (Fig.
4.10b,c) showed patchy areas of change direction outside the detected zones. Δttotal was also
the only interval in which the same net direction of apparent elevation change was not
indicated by each of the three detection techniques; the probabilistic threshold detected
erosion, the others deposition (disregarding uncertainty). The small values of computed net
change (no threshold = +1.22 × 105 ± 3.65 × 106 m3; probabilistic = -1.78 × 105 ± 4.46 × 105 m3;
local Moran’s = +3.73 × 104 ± 3.64 × 105 m3) also contributed to ambiguity about the net trend.
The volumetric uncertainties (±) determined with the propagated CUBE uncertainty
surfaces were extremely large (Fig. 4.11a,b,c). The use of no DoD thresholds produced erosional
and depositional uncertainties that were larger than the computed changes in BPDC: erosional
uncertainty volumes 2.0-5.4 times greater in magnitude than the apparent volumes of erosion;
and depositional uncertainty volumes 1.8-5.5 times greater than the depositional volumes.
However, change detection thresholds sometimes produced erosional or depositional volume
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uncertainties that were of lesser absolute value than the computed erosional or depositional
volumetric change value.
The probabilistic thresholds resulted in detected erosional volumes that were 1.2-1.8
times larger than the magnitude of their associated volumetric uncertainty, and depositional
volumes that were 1.4-2.0 times their volumetric uncertainty. The local Moran's Ii technique
detected erosional volumes that were 0.4 to 1.9 times their associated uncertainty volume
magnitude, and depositional volumes that were 0.6 to 2.2 times their associated uncertainty
volume magnitude. The dilemma of large volumetric uncertainties was exacerbated by their
addition in sum to produce net volumetric change uncertainties (Fig. 4.11c). In every case, the
net volumetric uncertainty was larger than the computed net volumetric change: 2.6-30.0 times
for the use of no threshold, 1.1-7.5 times for the probabilistic threshold, and 2.6-15.0 times for
the local Moran’s Ii technique. Therefore, the net direction of volumetric change, erosion or
deposition, during each of the intervals cannot be stated with confidence.
The probabilistic t-test is the preferable bathymetric change detection technique when
accurate, but conservative, estimates of seabed volumetric change are required. However, the
local Moran’s Ii procedure may be desirable when the identification of areal patterns of
plausible bathymetric change are the chosen outcome (i.e., in many morphodynamic studies).
Compared to the use of no detection threshold, both these techniques limit the size of
volumetric change confidence intervals (uncertainty) by restricting the geographic area over
which calculations are made. This issue is dealt with in 5.1.2.
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Figure 4.11. Volumetric changes and associated uncertainty in BPDC: a) in erosional areas, b) in depositional
areas, and c) net change. The apparent volumes of change during each interval are indicated for each technique
(see legend). For each interval in part c, a change volume (‘X’) representing an estimate of possible error due to
offset was calculated using the mean DoD value of the bedrock reference area and the size (area) of BPDC.
Uncertainty bar values (techniques 1-3) were computed with propagated CUBE depth uncertainty values. The net
volume change “due to offset” (c) was determined with the mean DoD value in the reference area during each
interval. Error bars “due to offset” communicate the standard deviation of DoD values in the bedrock reference
area during each interval.
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4.4.3 Sediment transport pathways and morphodynamics inferred from detected change zones

An account of sediment transport pathways and morphodynamic behaviour in the BPDC
was obtained by examining the areal patterns of detected elevation changes between
observation intervals. A common pattern in zones of elevation change were paired regions of
stoss-side erosion and lee-side deposition on migrating dunes. These indicated net sediment
transport between surveys, which we assumed was mostly as bedload. Where boundaries
between these paired zones were sharp, they nearly always corresponded spatially with the
location of a dune crest or the slope-break (brink) at the top of its lee-side. An analysis of these
change patterns yielded a conceptual model of bedload sediment transport in BPDC (Fig. 4.12).
Large arrows are primary transport pathways and small ones are secondary. Red dashed lines
indicate along-complex boundaries between dune character (e.g. alignment, height and
sinuosity). In the SW-half of the dune complex, and north of the largest dune, these lines also
corresponded to concentrations of crestal bifurcation. The key features and processes,
described below, are indicated at labels I-IX in Fig. 4.12.
The barchan dunes (I, Fig. 4.12), located in a train along northwestern long-flank of the
BPDC, were among the easiest features to track between DoDs. These horn-shaped dunes
moved NNE at a rate of ~50 m a-1, while decaying in size along their journey. East of the
barchan train, in the southwestern main BPDC body (II, III) dunes were closely spaced (~50-120
m) and their stoss-erosion/lee-deposition patterns during intervals Δt1-Δt7 indicated a primary
transport pathway towards the NE. This NE migration through II continued across the northern
BPDC, past IV in a slightly more easterly direction, towards the northern tip of the BPDC. At the
northeast of BPDC (V), crescentic dunes appeared to show slow migration (up to 4.5-10.5 m a-1)
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to the SW out of a trench and on towards the central dune complex, during Δt total, Δt2, Δt4, Δt5,
and Δt6. However, this trend was partly or entirely reversed (NE migration) during intervals Δt1
(mainly SW), Δt3, and Δt7.
In the central complex (VI), two giant dunes showed periodic reversals in erosiondeposition patterns near their crests. The taller dune is SW of label VI, and the slightly smaller
dune is to the label’s NE. Behaving in a similar fashion to the crescentic dunes, the upper-most
slope volumes (including the crests) of both these giant dunes moved a small distance SW
during Δttotal (~10 m on the larger dune and <45 m on the smaller) and even shorter distances
SW during intervals Δt2, Δt4, Δt5 and Δt6. During Δt1, the largest dune moved slightly NE, but the
crest region of the second largest dune moved SW. During Δt 3 and Δt7, the giant dunes showed
a fully reversed trend with the crests of both moving NE. Overall, the largest dune’s bulk moved
little, despite motion of its near-crest region in both ebb and flood transport directions.
At the southeast end of the crest of both giant dunes (VII) superimposed dunes
transferred sediment around the sides of the large features during each of intervals Δt1-Δt7, as
indicated by the secondary pathway arrows. Indeed, the primary sand transport pathways
indicated over the BPDC represent large-scale net transport directions, but there must be more
complex secondary transport pathways around and between the dunes, as has been observed
over transverse desert dunes (e.g., Walker and Shugar, 2013).
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Figure 4.12. Long-term (~10 year) bedload transport pathways around the BPDC inferred from the relationship
between dune-form and paired zones of detected erosion and deposition during intervening time intervals.
Large (small) arrows were primary (secondary) net transport pathways. Overall, a clockwise rotational pattern
existed around the outer regions of the dune-field and, in the interior of the complex, sediment transport was
towards the largest dune from both the SW and NE. Despite the migration of dunes, there appeared to be a longterm (one decade) overall consistency of bedform configuration in the complex. North and southwest of the
largest dune, the red dashed lines coincided with inter-survey dune-crest bifurcation events. Between the roughly
parallel dashed lines, dunes tended to be taller than at locations along the complex’s periphery. In places, the lines
also matched across-bank transitions in dune crest-alignment and sinuosity. Labels: (I) a train of barchan dunes
(horn-shaped) migrated rapidly NE before decaying; NE migration was also through (II), (III), and (IV); at (V) large
crescentic (barchanoid) dunes appeared to show slow migration to the SW, although their directions of advance
were sometimes reversed to the NE; in the central complex (VI), two giant dunes experienced little change in
overall position, but the volume of their upper slopes (crestal regions) periodically moved SW or NE (their interval
trend usually matched the reversal patterns at V); at the SE crestal end-tips of both giant dunes (VII),
superimposed dunes transferred sediment around the sides of the giant dunes according to the secondary arrows;
in zone (VIII), the net bedload transport direction seemed to be to the SW, the reverse of adjacent zone III; small
crescent-shaped dunes (IX), found in the troughs of larger perpendicularly oriented dunes, transferred sediment
from VIII to III, across a line of dune character transition and net bedload reversal. Sediment spurs on the largest
dune are indicated by “SP.”
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Along the southwest side of the BPDC (VIII), between zone III and the complex-adjoining
bedrock ridge, a narrow (<110 m-wide) corridor of bedforms appeared to transfer sediment SW
towards the southern tip of the BPDC. In this area, closely spaced dunes (~30-90 m) had
crestlines deflected towards an approximately N-S orientation. The small wavelength and low
asymmetry of dunes in zone VIII made it difficult to visually track zones of deposition and
erosion between intervals. Spatial aliasing was a concern here because dunes may have
migrated a distance greater than half their wavelength during some of the survey intervals (e.g.,
Duffy, 2006). Some of the sediment in VIII appeared to be transferred NW across the adjacent
line of “dune character transition” by crescentic superimposed dunes in the troughs of the
larger dunes in IX.
4.5 Discussion
4.5.1 Bathymetric change detection: utility, recommendations and limitations
4.5.1.1 Assessment of techniques

The primary challenge in elevation change detection in dynamic land- or seascapes is to
reliably separate vertical changes that are real from those that are spurious and cannot be
segregated from DEM uncertainty (e.g., Wheaton, 2008). Most seabed change studies have
done little to address data uncertainty. If uncertainty is not thoroughly considered, it cannot be
confidently asserted that computed volumetric seabed changes represent actual change.
Spatially homogenous vertical minLoDs have been used to threshold some seabed DoDs in
marine geoscience research, however, these fixed threshold values have rarely been
adequately justified by the data. Furthermore, spatially constant minLoDs thresholds in DoDs can
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lead to error over-prediction in some areas and error under-prediction in others (e.g., Lane et
al., 2003; Wheaton, 2008; Eamer and Walker, 2013).
In principle, spatially variable uncertainty bathymetric change detection analyses allow
retention of meaningful information in areas where a fixed and overly restrictive minLoD would
discard data (e.g., relatively flat areas with broad erosion or deposition). Likewise, volumetric
change estimates in steeper, or deeper, areas would more accurately account for the higher
uncertainty there. Thus, information recovery is facilitated when different geomorphic zones
can be treated in appropriately different ways (Brasington et al., 2003) by a probabilistic
approach (technique 2 in this paper) that takes account of the spatial structure of uncertainty
(e.g., Schimel et al., 2015; Wheaton, 2008; Lane et al., 2003; Taylor, 1997). This can be thought
of as a thresholding middle ground between discarding all changes below a conservative fixed
threshold and ignoring the problem of DoD uncertainty altogether (i.e., no minLoD, technique 1).
Schimel et al. (2015) advocated a 95% confidence limit for the probabilistic thresholding
of seabed DoDs with CUBE-based propagated uncertainty. However, due to the high level of
uncertainty in modern ship-based MBES data, a 95% threshold might only be practical in the
analysis of shallow water settings, as discussed below. Even at the 68% limit presented in this
study, considerable areas were excluded where the direction of change was likely real, if not its
apparent magnitude. A rigorous alternative path to the recovery of meaningful geomorphic
change, such as the identification of locally-identified zones of elevation change, is offered by
the local Moran’s Ii statistic (technique 3).
In this study, the probabilistic technique yielded confidence intervals that were nearly
always smaller than those obtained with local Moran’s Ii. However, in doing so, the probabilistic
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technique also eliminated change signals from areas where at least the direction of change may
have been real as determined with the local indicator of spatial autocorrelation. This was
apparent when comparing the extent of detected change zones in frames b (t-test) and c (local
Moran’s Ii) of Figs. 4.03-4.09. For these inter-survey periods, both techniques found essentially
the same paired zones of erosion and deposition on opposing dune faces that were indicative
of dune migration. Thus, they are rational from a geomorphic perspective. In most cases, the
detected patterns in ‘c’ simply cover larger areas on individual dune faces than in ‘b.’ The areal
overlap/contiguity of the detected vertical change trends with both techniques lend credibility
to the larger erosion and deposition regions detected with local Moran’s Ii.
The primary advantage of change detection with spatial autocorrelation over an
uncertainty-based t-test, or over a uniform minLoD, is that the former technique allows
processes to be detected by comparison within a spatial neighbourhood of observations (Eamer
and Walker, 2013). Although it was not deemed necessary for this study, researchers may
sometimes find it useful to explore possible DoD data structures using a variety of spatial
weights. This could allow hypothesis testing about the differing scales of relevant processresponse dynamics. For instance, a larger spatial weight may better detect changes in broader
landscape features or sediment exchange pathways (Eamer and Walker, 2013). The spatial
weights of interest may be arrived at by trial, variogram analysis, or consideration of landform
length scales. Due to experimentation prior to the work presented here, it was decided that a
single very local spatial weight (1st order queen’s contiguity) should be used to prevent the
detection of outlier clusters and to identify crisp boundaries between adjacent clusters of
erosion and deposition.
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One may wish to use the local Moran’s Ii statistic to detect clusters of seabed change
when spatially variable uncertainty values are unavailable to propagate (e.g., CUBE-based DEM
uncertainty) and use in pixel-by-pixel t-tests (eqn. 4.06). Local Moran’s Ii may also be desirable
when propagated DoD uncertainties are so large that probabilistic thresholding is far too
restrictive to be useful in retrieving the extent of change areas that are geomorphically
reasonable (as is the case in this study).
An alternative DoD change detection approach, not explored by this study, is the use of
a spatially homogenous estimate of uncertainty (minLoD) in a Student’s t-test. This fixed
uncertainty estimate may be obtained from the DoD statistics describing a static reference
area. Even if uncertainty is constant, t-values will vary spatially in a study area due to cell-by-cell
DoD variation (elevation change signal). Fixed uncertainty values are most useful if the
reference area from which they are derived has similar properties to the terrain of the study
area to which they are applied (e.g., depth, roughness, slope, sounding density, time of data
collection etc.). The reader is referred to Schimel et al. (2015) for a discussion of challenges that
may arise from data skewness and non-representative terrain when estimating an uncertainty
value based on a reference area DoD.
4.5.1.2 Large uncertainties

In most World Ocean locations, the typical scales of vertical change in seabed
morphology, at observational timescales, are much smaller than the magnitude of depth
uncertainty associated with contemporary survey technologies. Therefore, beyond relatively
shallow water settings where measurement uncertainties are least, it is not feasible to expect
the accuracies of marine surveys across large areas with ship-mounted MBES systems to match
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those of terrestrial land surveys. Thus, despite advanced instrumentation and painstaking
hydrographic procedures, the propagation of high uncertainty in marine surveys presently
limits the success of seabed morphodynamic research and the quantification of sediment
budgets.
For instance, typical measurement errors for various land-survey types with their
propagated errors (in parentheses) include: aerial LiDaR = ±0.12-0.25 m (±0.17-0.36 m); aerial
photogrammetry = ±0.10-0.15 m (±0.14-0.22 m); total station = ±0.02-0.10 m (±0.03-0.14 m);
real time kinematic GPS = ±0.02-0.04 (± 0.03-0.06 m); terrestrial laser scanning = ±0.005-0.04 m
(±0.007-0.06 m) (Wheaton, 2012). In contrast, the CUBE-derived BPDC DEM and propagated
DoD uncertainty values presented in this study were extremely large: 0.7-3.1 m, and 1.1-3.4 m,
respectively. Despite, the locally large magnitude of vertical seabed changes reported in BPDC
(Table 4.02), the limitations posed by the degree of uncertainty were severe. However, in the
much shallower water (0.5-15.0 m depth) and low bottom gradient MBES DoD study of Schimel
et al. (2015), the CUBE-derived mean propagated uncertainty values were much smaller, 0.060.08 m.
In this study, the volumetric uncertainties determined with the propagated CUBE
uncertainty surfaces were so large that the net direction of change across BPDC could not be
identified confidently across any of the intervals with any of the techniques. However, the areal
restriction of volumetric change calculations reduced the size of volumetric confidence
intervals: the local Moran’s Ii technique resulted in much smaller confidence intervals than the
use of no threshold; and the 68% probability t-test was generally more areally restrictive than
local Moran’s Ii, with even smaller confidence intervals.
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Schimel et al. (2015) also faced the problem of high volumetric uncertainty values for
each of their DoD intervals. Across their entire nearshore study site, with no LoD threshold,
deposited volumes were 1.1-2.3 times larger than their uncertainty magnitude, and eroded
volumes were 1.0-2.3 times their uncertainty magnitude. However, when we added their
erosional and depositional uncertainty volumes, it was found that the net uncertainty volumes
across their entire study site, were 1.0 to 5.0 times the apparent net DoD change volumes. The
relative size of their net uncertainty volume magnitudes was smaller when determined in
geomorphic sub-units of their entire site: 0.1-3.8 times the size of the computed net change
volume.
Because uncertainty greatly compounds when propagated into a DoD and then summed
over a large area during volumetric computations, it is reasonable to ask, has the most
appropriate form of uncertainty propagation been used? DEM-associated uncertainty grids
were propagated in quadrature (Eqn. 4.05) based on the assumption of statistical
independence. However, volumetric uncertainty was handled more conservatively: firstly, cellby-cell uncertainty volumes were added separately in zones of erosion and deposition (e.g.,
Eqn. 4.16); secondly these erosional and depositional uncertainty volumes were added together
to produce net uncertainty volumes for each time interval. Although, it would reduce the size of
resultant confidence intervals, it does not seem appropriate to add uncertainty volumes
derived from the same DoD in quadrature because those volumes are not independent and
cannot be treated as only random (e.g., Taylor, 1997; Schimel et al., 2015).
CUBE derived elevation uncertainty should be used, whenever available, to compute the
uncertainties of volumetric changes detected in DoDs. Volumetric confidence intervals will
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prevent over-zealous interpretation of seabed change by researchers. They will also provide
future investigators with some of the metadata needed to assess the quality of surveys and
research findings. Data end-users (geologists, engineers, biologists etc.) should request CUBE
depth uncertainties and other gridded metadata (e.g., sounding density), when obtaining MBES
bathymetry from hydrographic agencies or other marine surveyors. If researchers can afford
flexibility in their MBES survey design over a reasonably small study area, the use of very tight
track-lines can justify narrowing the angular spread of beams during a survey, and/or the
exclusion of outer swath returns during DEM generation. These survey strategies are beneficial
because CUBE attributes higher uncertainty to locations measured by higher beam angles
relative to nadir.
Following MBES field collection and post-processing, the soundest approach to limit the
size of DoD volumetric confidence intervals is to calculate volume changes within localised
areas of interest, rather than across a broad region. The size of volumetric uncertainties relative
to computed change values can be reduced locally by only considering sediment budgets in
smaller areal units with strong DoD signals. The segregation of smaller areal units of interest
may be done based on morphological unit delineation, or an understanding of spatial variability
in the mechanistic processes driving elevation change. Decomposition of the total sediment
budget by component areas may have the ancillary advantage of allowing for the interrogation
of local variability in the budgetary contribution of differing geomorphic processes.
DEM offset

Considering each of the DoDs, except Δt2 and Δttotal, if net deposition prevailed in BPDC,
there was widespread positive elevation change (light red, >0.25 to 1.0 m) outside of the
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detected change zones in both REF and BPDC (Figs. 4.03, 4.06 and 4.09, respectively; b and c of
each). Likewise, if net erosion prevailed in BPDC, there was extensive negative elevation change
(light blue, >-1.0 m to -0.25) outside of the detected zones in REF and BPDC (Figs. 4.05, 4.07 and
4.08, respectively; b and c of each). These vertical positive and negative trends also matched
the mean direction of change in REF during each interval, reflecting static error (i.e., DEM
offset).
A straightforward interpretation is that the positive systematic vertical offset in each of
Δt1, Δt4 and Δt7 contributed to an overall overestimation of deposition and an underestimation
of erosion during these intervals. Similarly, the negative vertical offset in each of Δt 3, Δt5 and
Δt6 contributed to erosion overestimation and deposition underestimation. During Δt2 and
Δttotal, there was visible heterogeneity in the change trend (positive and negative patches)
outside of the detected change zones (Figs. 4.04 and 4.10; b and c of each). In Δt2 and Δttotal,
offset must have been minimal and therefore did little to bias the overall change signal of each
interval.
The vertical offsets between DEMs was most likely related to inadequate corrections for
tide height, or possibly, differences in vessel reference frame (i.e., due to draft or sensor
alignment). Further research should be done on the application of both vertical and horizontal
offset corrections prior to the application of change detection techniques. If simple vertical
offset corrections are made using the mean DoD value of a reference area, the standard
deviation of the new (corrected) reference area DoD may provide a reasonable spatially
homogenous estimate of the remaining vertical error (noise) that can be used as an uncertainty
value if CUBE data are unavailable. Even if care is taken to register DEMs to one another prior
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to change detection, unacceptable errors may persist in steep seabed areas due to small
horizontal offsets (e.g., Smith et al., 2007). It is worth exploring the utility of both uniform offset
corrections and spatially variable procedures to reduce bias.
Fortunately, it is becoming ever more feasible to minimise DEM registration errors
during the collection and processing of hydrographic data. For instance, a continuous vertical
datum could be used to replace tide-station dependent data correction zones (e.g. Robin et al.,
2016). The latter often results in vertical “steps” between tide zones, but the former provides
seamless correction across a study area.
The datasets used in this study span several DGPS horizontal positioning eras (MSAT,
CDGPS with coast guard radio beacon, and WAAS) – each with their own error ellipses when
vessel position was derived. The resultant errors were not completely accounted for by CUBE as
they were due to the error in the ship’s assumed trajectory. The Canadian Hydrographic Service
now does post-survey processing of GPS position, along with vessel motion data, to better
determine vessel trajectory. This involves the use of POSPac, position and orientation system,
processing software for accurate and robust georeferencing.
4.5.2 Dune complex morphodynamics

Although, given inherent uncertainties and vertical offset errors in the datasets
examined here, it was not possible to accurately estimate the net sediment budget (mass
balance) of the dune complex, it was inferred that the lack of a net change signal strong enough
for detection could indicate an approximate balance between sediment inputs and outputs
from the dune complex over the decade of monitoring. During this period, there was also a
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consistency of dune morphology and migration patterns. For instance, despite apparent DEM
offsets, the overall elevation statistics describing the dune complex were very stable across
each of the 8 MBES surveys (Table 4.01). Furthermore, the BPDC did not undergone qualitative
adjustments in overall size, position, or morphological composition (e.g., dune types, etc.)
during the 10-year monitoring period.
Examination of the areal patterns of detected change (techniques 2 and 3) between
each interval (Fig. 4.12) revealed several morphodynamic insights about the BPDC. The bedload
transport directions inferred from the paired zones of erosion and deposition of each interval
broadly agreed with sediment transport modelling and morphological descriptions of the BPDC
area (Chapter 3). For instance, along the BPDC’s long-flanks, oppositely oriented dune
asymmetries along the NW flank (steeper NE-facing) and SE flank (steeper SW-facing) were
related to a residual sediment mobility shear zone aligned along the central long axis of the
complex (Chapter 3).
Morphodynamic patterns within BPDC could, in part, be divided by the red-dashed lines
in Fig. 4.12. At locations in the dune field both north and southwest of the largest dune, the
dashed lines coincided with high inter-survey dune crest bifurcation event density. In the
central portion of the BPDC, between the roughly parallel dashed lines, dunes tended to be
taller than at locations along the complex’s periphery. In places, the lines also marked
transitions in dune crest-alignment and sinuosity. The abrupt shifts in dune character indicated
by these lines must have been due to spanwise (across-bank) variation in net bedload
magnitude and/or direction.

209
The presence of opposing net bedload transport pathways is a sufficient condition for
convergence and sediment accumulation (Duffy, 2006; Dyer and Huntley, 1999). In BPDC,
simulated currents were very strong in the interior, but their peak magnitudes were close to
equal and opposite (Chapter 3). Dunes were more symmetrical in the central interior of the
BPDC, where net sediment mobility approached zero towards the modelled shear line and
reversed direction across it. This is consistent with the morphodynamic pattern typical of other
banner banks (e.g., Bastos et al., 2003; Duffy, 2006). It has been argued that a theoretical line of
bedload reversal is approximately coincident with the long-axis of banner banks (e.g., Duffy,
2006; Inman, 2005). The general pattern of clockwise-rotational peripheral sediment
movement in BPDC (Fig. 4.12) supports this notion.
Evidence was found for sediment movement around the sides of the giant dunes in the
form of superimposed dune migration (VII). This process may have fed dune-face spurs
(labelled as “SP” in Fig. 4.12), by along-face transport toward the centre of the giant bedforms.
If so, these giant dunes might have similar morphodynamics to large subaerial reversing dunes
(found in opposing bimodal wind regimes) with incipient sediment arms resulting from
secondary flow complexity (e.g., Lancaster, 1989). The tidal models of Chapters 2 and 3 were
not equipped to predict across-bank sediment transport due to the complexities of subordinate
flow patterns that often develop in the lee of large dunes. To elucidate these, high-resolution
3D hydrodynamic scenarios must be simulated.
Although the large propagated uncertainty in volumetric change estimates did not allow
assessment of the net sediment budget of the dune system over the ~10-year period, the
patterns of detected elevation change (erosion-deposition) did indicate sediment recirculation
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within the bank. Given the ample time since deglaciation and subsequent stabilisation of
relative sea-level since the mid-Holocene (e.g. James et al., 2009; Shugar et al., 2014), the onset
of modern physical oceanographic conditions, and the extensively winnowed seafloor substrate
common in the surrounding tidal strait network (Chapter 3), it is reasonable to hypothesise that
the BPDC is in steady state dynamic equilibrium at the timescale of one decade.
4.6 Conclusion
4.6.1 Bathymetric change detection

• This study demonstrated the rigorous areal detection and volumetric computation of
bathymetric (elevation) change using a collection of 8 repeat MultiBeam EchoSounder (MBES)
surveys spanning ~10-years (2001-2011). The study area was the Boundary Passage Dune
Complex (BPDC) located at ~251-165 m depth in a narrow tidal strait.
• Areas and volumes of erosion and deposition were determined using three
Geomorphic Change Detection (GCD) approaches involving DEMs of Difference (DoDs): 1) the
inclusion of all the cells in a raw (unthresholded) difference surface; 2) only those DoD cells
where a t-test of significant change, using spatially variable propagated CUBE depth
uncertainty, at a selected 68% confidence limit was passed (e.g., Brasington et al., 2003; Lane et
al., 2003; Wheaton, 2008; Schimel et al., 2015); and, 3) cells that were part of significant
clusters of erosion and deposition based upon application of the local Moran’s Ii spatial
autocorrelation statistic with a 1st order queen’s contiguity spatial weight (Eamer and Walker,
2013; Walker et al., 2013). GCD technique 2 was previously adapted to a marine environment
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surveyed with MBES by Schimel et al. (2015), but this study represents the first application of
technique 3 under such circumstances.
• For each technique, volumetric confidence intervals were calculated using spatially
heterogonous propagated CUBE depth uncertainty surfaces. In the BPDC, the CUBE-derived
DEM and propagated DoD uncertainty values were extremely large: 0.7-3.1 m, and 1.1-3.4 m,
respectively. This high degree of uncertainty, which is much more severe than that associated
with modern terrestrial surveying techniques, contributed to the extremely large volumetric
confidence intervals that accompanied apparent values of erosion and deposition computed
with each technique.
• Given the technique configurations in this study, areas of detected elevation
difference, and corresponding change volumes/volumetric confidence intervals were very large
with technique 1, much less with technique 3, and usually least with technique 2. The
probability threshold (technique 2) generally produced conservative volumetric change results
with the lowest uncertainty relative to the apparent size of volume change. The local Moran’s Ii
test (technique 3) nearly always identified more extensive geomorphically plausible areas of
bathymetric difference, but their corresponding volumetric change estimates were
accompanied by higher relative uncertainties than technique 2.
• This study concurs with the suggestion of Schimel et al. (2015) that: a) volumetric
change confidence intervals should be included with seabed change results, and these intervals
should preferably be derived from CUBE’s spatially variable depth uncertainty; and b)
volumetric change calculations should be restricted to the smallest areas that can be deemed
reasonable, to exclude areas with a low signal-to-noise ratio and thereby reduce the size of
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confidence intervals. In the case of suggestion ‘a,’ the consideration of volumetric confidence
intervals will temper the over-zealous process interpretations of researchers and communicate
valuable metadata to future investigators. As for ‘b,’ two rigorous ways of restricting volumetric
computations to an areal subset of a DoD are provided by: i) an uncertainty-based probabilistic
t-test (technique 2), and ii) the identification of spatially coherent clusters of significant change
(technique 3).
• Vertical DEM offset biased the net BPDC change signal towards erosion or deposition
during every interval except Δt2 and Δttotal. In future serial MBES survey studies, DEM
registration errors may be reduced by using continuous vertical datums and through accounting
for vessel position/motion with better procedures/technologies.
4.6.2 Banner bank morphodynamics

• Despite the presence of dynamic dunes and active sand transport pathways in the
BPDC, there was consistency across the ~10-year, multi-MBES survey dataset that suggested
the overall form and bedform configuration in the BPDC was maintained.
•Bedload transport pathways around the BPDC were inferred from the relationships
between dune-form and paired zones of detected erosion and deposition. Overall, there was a
clockwise-rotational sediment recirculation pattern around the outer regions of the complex.
•The BPDC could be divided into three broad net bedload transport zones (Fig. 4.12): 1)
movement to the NE along the northwest bank-long flank (I, II and IV); 2) to the SW along the
southeast bank-long flank (VIII); and 3) the interior complex, with convergence towards the
largest dunes from both the SW (III) and NE (V). Sediment appeared capable of moving across-
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bank (IX), through a line of dune character transition and net bedload reversal, by
superimposed crescentic dunes in the troughs of the larger dunes.
• This conceptual model is consistent with the simulated currents and sediment mobility
across the BPDC (Chapter 3). Dunes were larger and more symmetrical in the central interior of
the BPDC, where net bedload transport approached zero towards the centre-line of a mobility
shear zone aligned with the BPDC’s long axis. Net bedload directions were reversed on either
side of this shear line, an observation that is consistent with the general morphodynamic
pattern at other banner banks (e.g., Bastos et al., 2003; Duffy, 2006).
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Chapter 5: Conclusion
5.1 Important findings
5.1.1 Chapter 2 – Tidally driven sediment transport pathways

In the central Salish Sea, both 2D and 3D (bottom-layer) tidal model results (~59 days)
showed strong current acceleration, to maximum speeds locally greater than 1.0-3.0 m s-1,
where flow was bathymetrically redirected or constricted. Lagrangian particle tracking
simulations driven by the 2D tidal hydrodynamics, representing regional tidally driven sediment
dispersal from selected seabed release lines, revealed transport pathways and sediment
partitioning between the large inshore Strait of Georgia (SOG) and the Pacific-connected Strait
of Juan de Fuca (SJDF). It was found that, across a range of grain sizes, there was flooddominated sediment movement toward and into the SOG from the narrow connecting straits of
the Gulf-San Juan Islands region (Canada-USA transboundary region).
Flood-dominance through the narrow intra-archipelago connecting straits must provide
an effective barrier to ebb-related sediment transfer (sand and coarser) from the SOG to the
SJDF via the deep channels. Therefore, under modern oceanographic conditions, the SOG is a
substantial sediment sink due to both fluvial sediment input and very-strong flood trapping.
Local coastal and seabed erosion of Pleistocene deposits must have provided the sand and
gravel that is mobile in the SJDF and the connecting straits region. The northward, along-strait,
asymmetric growth of the Fraser River’s delta (e.g., Ayranci and Dashtgard, 2016) has been
aided by the confluence of flood-related sediment transport pathways in the southern SOG.
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5.1.2 Chapter 3 – Modern tidal strait sedimentology and geomorphology

Throughout the central Salish Sea, tidal currents reworked Pleistocene deposits: glacialfluvial outwash, glacial till, and glacial marine sediment. The greatest potential sediment
transport corridor between the SJDF and SOG is through the Haro Strait-Boundary passage
channel network. Across this region, the general patterns of surficial geology and the spatial
distribution of grain size units were mapped and assessed by integrating a variety of data types:
multibeam sonar bathymetry/backscatter, grain-size grab samples, video from ROV and
sediment cores.
It was found that sections of the shallow strait margin areas contained mud or rippled
muddy sand that, towards the primary strait flow axis, transitioned to sand and gravel. In the
high-energy strait thalweg, there were extensive areas with a lag pavement of gravel- through
boulder-sized material. This substrate developed from the current-driven winnowing of
Pleistocene deposits. In some high-energy areas, the erosion of ice-proximal glacial marine clay
(or mud-rich diamict) resulted in the in-situ concentration of gravel, cobbles and boulders into a
scalloped bedform texture. These poorly understood bedforms typically had wavelengths on
the scale of several 10s of m (<75 m), and heights usually <2-2.5 m.
Dune-bedded deposits may exist as isolated banner bank-type landforms where the
primary along-strait tidal flow is disturbed by channel irregularities (e.g., headlands). The most
prominent example in the study area, the Boundary Passage Dune Complex (BPDC), is a banner
bank composed of coarse sand to very fine pebbles. Beneath the dunes, a seismically observed
“core” unit (7-8 m thick) was found to overlie a probable diamict basal reflector. The relatively
flat upper surface of the core unit may be indicative of past erosion (e.g., Bastos et al., 2003).
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In the central BPDC, a dune reached impressive dimensions (hmax = 24 m, λmax = 287 m).
This area was a zone of sediment transport convergence. Across the bank, dune morphologies,
internal seismic structures and modelling results each suggested a bi-lateral opposition of net
sediment transport direction about either side of the complex’s long-axis. Along the northwestern complex flank (thalweg side), net mobility was in the peak flood direction – towards
the northeast. Along the south-eastern flank, parallel to an adjoining bedrock ridge, net
transport was towards the southwest – the peak ebb direction. At a coarser simulated grainsize
(likely greater than very coarse sand), these opposing net transport (residual mobility) zones
assumed a shear-zone configuration, rather than the eddy-like structure apparent at finer
grainsizes.
In the wide southern SOG, just north of Boundary Passage and the dune complex, a
transition in seabed substrate (coarse lag, to sand and mud) was reflective of decreasing tidal
current speeds. In this area, south of the Fraser River, two broad sedimentological zones were
observed: 1) a coarse-grained band of lag materials along the north-eastern side of the Gulf
Islands and near the Boundary Passage flow constriction; and 2) a region of elevated mud and
sand that in-filled most of the southern strait, termed the “Fraser Swell.”
Across the swell, variations in backscatter, roughness and grain size were consistent
with the tidal winnowing and erosion of seabed deposits (as initially suggested by Hill et al.,
2008). The strong flood-streams and large counter-clockwise rotational eddies that were
modelled over the swell must have dictated its geomorphology. The findings of Chapter 2
suggest that some proportion of the deposited Fraser Swell and delta material was derived
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from sediment flushed from the narrow intra-archipelago connecting straits since deglaciation.
Immediately north of Boundary Passage, flood currents likely inhibited mud accumulation, and
may be driving swell erosion (at least locally).
The findings of this study were extended to the adjustment of tidal strait facies models.
In previous research, an important pair of tidal strait network characteristics were overlooked:
1) the most volumetrically substantial sand and gravel dune-bedded deposits may be banner
bank-type landforms associated with the local modification of flow by channel obstacles, and 2)
regional bottom sediment transport pathways may be driven by increasing flood tide
dominance in the direction of the more inshore basin. With respect to the second argument,
estuarine saline inflow could amplify this trend in deeper channel locations, but fresher nearsurface outflow could counteract it in some shallow areas.
5.1.3 Chapter 4 – Bathymetric change detection at a tidal strait dune-complex

MultiBeam EchoSounder (MBES) systems permit repetitive bathymetric surveys of wide
bands of seafloor. Chapter 4 demonstrated the rigorous areal detection and volumetric
computation of bathymetric (elevation) change using a collection of 8 repeat MBES surveys
spanning ~10-years (2001-2011). The results were interpreted to describe the morphodynamic
behaviour of the study site, the BPDC. Despite the present limitations of bathymetric change
detection with repeat MBES, this study inferred bedload transport pathways around the BPDC
based on the relationship between dune-form and paired zones of detected erosion and
deposition. Overall, there was a clockwise-rotational pattern of dune migration (net bedload

218
transport) around the outer regions of the complex. In the bank’s interior, net bedload
movement was towards the largest dune from both the SW and NE.
Three Geomorphic Change Detection (GCD) techniques involving DEMs of Difference
(DoDs) were explored: 1) the use of no vertical change detection threshold; 2) a probabilistic ttest at the 68% confidence limit that takes into account the magnitude of elevation change at
each pixel and a spatially variable estimate of uncertainty (e.g., Brasington et al., 2003; Lane et
al., 2003; Wheaton, 2008; Schimel et al., 2015) derived from the CUBE algorithm (Calder and
Mayer, 2003; Schimel et al., 2015); and 3) the identification of significant change clusters using
the local Moran’s Ii spatial autocorrelation statistic (Eamer and Walker, 2013; Walker et al.,
2013). This was the first marine GCD application of technique 3 and the second of technique 2.
For each of the three methods, volumetric change confidence intervals were calculated using
spatially variable propagated CUBE depth uncertainty surfaces. The CUBE algorithm and its
outputs are widely available to hydrographic data processors.
Given the technique configurations specific to this study, the 68% probability threshold
(technique 2) produced the most conservative volumetric change results. If a higher threshold
had been used, such as a 95% confidence limit (Schimel et al., 2015), the detected change areas
would have been too minor to be useful. This was due to the high CUBE uncertainty of the
MBES-derived elevation surfaces in the relatively deep study area (~165-251 m).
In contrast to the probability threshold approach, the local Moran’s Ii test (technique 3)
detected larger areas of plausible bathymetric change. Although local Moran’s Ii offers an
alternative route to recovering meaningful geomorphic change, its results are sensitive to the
choice of analysis neighbourhood size (i.e., spatial weight; e.g., Eamer and Walker, 2013).
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Researchers may wish to use the local Moran’s Ii statistic to detect clusters of seabed change
under two main circumstances. The first is when spatially variable t-tests are not feasible
because DEM uncertainty values are unavailable to propagate (although vertical error estimates
may still be obtained from seabed areas thought to be static between surveys). The second is
when propagated DEM uncertainties are too large for probabilistic thresholding to be practical.
The consideration of volumetric confidence intervals can sensibly restrain seabed
change interpretations and convey valuable information about data accuracy. In the BPDC, the
CUBE-derived DEM and propagated DoD uncertainty values were extremely large: 0.7-3.1 m,
and 1.1-3.4 m, respectively. This high uncertainty resulted in the large volumetric confidence
intervals that accompanied the apparent values of erosion and deposition computed with each
technique. The problem of large volumetric uncertainties was worsened by their addition in
sum to produce net volumetric change uncertainties that were too large to reliably define the
BPDC’s sediment balance in every circumstance. Both techniques 2 and 3 rejected areas of
bathymetric change with a low signal-to-noise ratio, thereby reducing the size of volumetric
change confidence intervals – a benefit of these GCD techniques over the use of no vertical
change detection threshold (filter).
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5.2 Suggestions for future research
5.2.1 Bathymetric change detection

Studies of seabed elevation change, across a broad range of disciplines, should adopt
both bathymetric change detection (i.e., GCD) techniques and the use of vertical uncertainty
estimates in the computation of volumetric change. These are necessary steps to confidently
assert that apparent seabed changes are real. Unfortunately, there is presently a high degree of
uncertainty associated with MBES measurements (beyond shallow and low-gradient
environments) compared to modern land surveying systems.
It is rational to expect future advances in the accuracy, precision and functionality of
various technologies relevant to remote seabed surveying: sonar, inertial monitoring, satellite
navigation and other geospatial positioning approaches, water column characterisation and
autonomous platforms (vehicles). In the meantime, researchers should attempt to maximise
the accuracy of their multibeam sonar surveys through good planning and practices. This
includes closely spaced ship track-lines in repeat survey areas, allowing for greater sounding
density and the exclusion of high angle beams. Sound speed velocity variations in the water
column lead to acoustic refraction, especially in the outer-most beams generated by MBES
systems. A Moving Vessel Profiler (MVP) can be used for the collection of continuous sound
speed velocity measurements during a survey, facilitating the computation of more accurate
bathymetric surfaces.
In Chapter 4, DEM offsets contributed major elevation change errors during all but two
intervals. It is likely that inaccuracies in tidal correction were the main contributing factor.
Going forward, it is worth evaluating the use of vertical corrections directly obtained from
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survey vessel GPS height data (e.g., Smoothed Best Estimate of Trajectory, SBET; Real Time
Kinematic, RTK; Post Processed Kinematic, PPK, etc.) instead of from a loaded tide file (gauge,
staff, prediction, etc.). Both options are possible when processing hydrographic data with
CARIS.
The BPDC is situated between multiple tide stations and is thus a favourable location to
process multibeam data using a continuous vertical datum. The Canadian Hydrographic Service
is developing such a model to serve in place of tide station dependent zones. In the older
approach, vertical steps often result between zones.
If these tactics do not satisfactorily minimise the vertical offsets between repeat seabed
elevation surfaces, it will be prudent to explore additional post-processing steps to achieve
good inter-survey registration. This could involve translating (shifting), or otherwise
transforming, one DEM relative to another to minimise error at seabed locations deemed static.
In this pursuit, the extensive literature on land surveying and remote-sensing may provide
guidance.
5.2.2 Tidal strait facies model refinement

As was suggested in Chapter 3, some minor modifications to the Longhitano (2013) tidal
strait facies classification scheme can be evaluated in future studies at a variety of sites, both
modern and ancient: A) scour and lag zones of the primary flow; B) depositional zones of the
primary along-strait flow, or by current perturbation; C) strait-end zones — transition areas
with larger marine basins; and D) strait margin zones — shallow areas of lesser maximum tidal
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current influence and/or locations where non-tidal morphodynamic processes are of
heightened importance.
Within the Central Salish Sea, Zone A (scour and lag of the primary flow) could be
subdivided as: A1) exposed bedrock basement, headlands and sills/ridges; A2) scour and lag
troughs (e.g., the trough system adjacent to the submerged Saturna Ridge); A3) scalloped
bedform texture depressions (alternating indurated-clay ridges and coarse lag fill) — in some
circumstances these could represent the initial stage in the development of scour and lag
troughs; A4) scour and lag channels (e.g., the entire deep eastern side of Haro Strait and
sections of Boundary Passage) — these zones could result from the expansion and merger of
scour-troughs; and A5) scour and lag plains/platforms (i.e., elevated areas outside a deep strait
thalweg that are swept by strong, sediment winnowing, currents).
Depositional zones of the primary flow (Zone B) could be expressed as the regionally
extensive gravel sand and mud deposits described by Longhitano (2013), which can fill straits
during periods of sea-level adjustment: strait-centre proximal gravel bedforms; 3D dunes; 2D
dunes; rippled sand sheets; and strait-centre distal mudstones. To realise this pattern over a
substantial area, strait geometry must be simple (i.e., hourglass-shaped) and sediment supply
must be adequate (e.g., direct fluvial input or high in-situ carbonate production).
Within the central Salish Sea, the most prominent dune-bedded zones are isolated
banks and dune fields. Their positions are controlled by perturbation of the primary flow by
channel irregularities. In addition to the BPDC, these include: a field of giant dunes (Mosher and
Thomson, 2000) trapped in an erosional depression where flood tidal energy is greatly
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dissipated (Foreman et al., 2004) on the Victoria Sill in the eastern SJDF; and a large and
conventional banner bank system in the flood-lee of a high energy headland at the southern
entrance to Haro Strait, near Victoria (Barrie et al., 2009). There are however, some narrow
flow constrictions between the San Juan Islands where the geomorphology more closely
resembles that described by Longhitano (2013).
Through examination of the southern-most SOG, it was shown that the larger basin
component of Zone C (strait-end zones) could be heavily influenced by their proximity to
narrow tidal straits. Currents exiting Boundary Passage and Rosario Strait have likely reworked
Pleistocene deposits and continue to influence the asymmetric development of the Fraser Delta
by winnowing its southern submarine reaches and diverting the Fraser River’s plume
northwards (e.g., Murty and Roberts, 1989; Ayranci and Dashtgard, 2016). With respect to the
strait margin (Zone D), low-energy (mud-depositional) areas were mapped adjacent to
Boundary Passage in bays, channels and inlets.
Within tidal strait networks, the modulation of tidal currents by estuarine circulation
and waves remains an open research topic. For instance, in the western Haro Strait marginal
zone, the relatively shallow area along Vancouver Island north of Victoria, sediment dynamics
must be influenced by: tidal currents, net shallow brackish outflow southwards from the SOG,
and occasional wave and/or storm surge events. In this area, waves result in coastal bluff
erosion and the northwards development of spit formations by longshore drift.
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5.2.3 Morphodynamics of banner banks and giant dunes

Within the BPDC, there was a clockwise-rotational sediment recirculation pattern
around the outer regions of the complex (Chapters 3 and 4). In the interior of the bank, there
was net bedload transport towards the largest dune from both its SW and NE. This conceptual
model is consistent with the simulated currents and sediment mobility across BPDC (Chapter 3).
Dunes were more symmetrical in the central interior of the BPDC, where net transport
approached zero towards a modelled coarse-grain residual mobility shear zone that aligned
with the BPDC’s long axis. It is unclear whether these findings challenge the notion that it is
migrating transient tidal eddies that are what is critical to banner bank morphodynamics (e.g.,
Signell and Harris, 2000; Bastos et al., 2003; Berthot and Pattiaratchi, 2006a,b; Li et al., 2014),
and not simply the existence of opposing net-bedload transport pathways, especially at coarser
grain sizes, on either side of a bank location. More banner bank case studies, involving both 3D
hydrodynamic/sediment transport modelling and field measurements, are needed.
The BPDC and other sites in the Salish Sea, such as the one reported by Mosher and
Thomson (2000), contain giant trochoidal dunes. A hypothesis can be put forward that these
are the subaqueous analogues of aeolian reversing dunes with incipient secondary arms
(central dune face accumulations). Comparable 3D hydrodynamic flow structures will need to
be modelled and measured (e.g., with Acoustic Doppler Current Profiler, ADCP) to test the
applicability of this morphodynamic model to the formation of giant marine trochoidal dunes.
In bimodal wind regimes, when winds are perpendicular to the dune crest, reversing
dunes result (Lancaster, 1989). Crescentic dunes migrating into areas of more symmetrically

225
opposed winds may first develop a reversing ridge at their crest (Lancaster, 1989). Reversing
dunes then accrete vertically and convergent lee-side secondary flow cells can result. These
cells are due to flow separation in the lee-side wake region, which leads to the inflow of air
around the outer tips (end-points) of a dune’s crest; thereby moving sand towards the dune
centre (Lancaster, 1989). This process can lead to the onset of star dune (pyramidal)
morphology – secondary arms extending away from the primary crest (Lancaster, 1989). Star
dune arms are better developed when the wind regime is more complex than simply bimodal
(Lancaster, 1989).
There are intriguing similarities between reversing/star dune systems in terrestrial sand
seas and current-generated marine banks/dune fields associated with bathymetric
irregularities. Topography can modify primary wind regimes and increase directional variability
(e.g., Mainguet and Callot, 1978; McKee, 1982; Lancaster, 1983). It can also create sediment
transport traps (e.g., Sharp, 1966; Nielson and Kocurek, 1987; Andrews, 1981).
5.2.4 Sediment transport pathways in the Salish Sea – past and present

Only a handful of sedimentary cores, spanning a large area in the central Salish Sea,
were described and interpreted in Chapter 3. However, it was still possible to partially
reconstruct the post-glacial current history in the region. It was suggested that final ice-retreat
across the San Juan Islands region was spatially variable and that marine encroachment formed
a regional channel network that probably had a different configuration than present.
Surprisingly, low energy glacial marine sedimentation persisted for centuries in central
Boundary Passage after the onset of high-energy current reworking of Pleistocene deposits
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near eastern-most Boundary Passage. Additional cores, with dates, are needed to better
resolve past currents and sediment transport pathways. Spatial-temporal variability in sediment
transport patterns probably related to factors of relative sea level change, local differences in
ice-retreat, and sediment infill. The analysis of sedimentary structures may allow past transport
vectors to be inferred and the local importance of waves, relative to currents, to be interpreted.
In the southern-most SOG, it is puzzling how the Fraser Swell (Chapter 3) developed in
the first place, given: 1) the onset of strong tidal currents was quite early – in at least parts of
the central Salish Sea, it coincided with deglaciation; and 2) the presumed primary sediment
source was further from the modern swell position – the Fraser River delta spent the Holocene
prograding towards its present SOG basin position (Fig. 1.09 in Chapter 1; e.g., Clague et al.,
1983; Clague et al., 1991; Clague, 1998).
If the section of the Fraser Swell that appears to be undergoing modern erosion north of
the Boundary Passage flow-constriction has long been subject to strong currents emanating
from the San Juan Islands region, it is uncertain how fine-grained sediment accumulated there
initially. The underlying material around the swell’s scalloped bedform texture might be glacial
marine – having settled there during an initial quiescent period (perhaps sub-glacially).
Alternatively, sediment may have been tidally flushed to that location from the erosion of
infilled channels amongst the San Juan Islands (e.g., Rosario Strait) before Boundary Passage
had been fully cleared of ice/sediment, becoming the source of strong flood streams.
With respect to modern sedimentation, regional transport simulations should
incorporate 3D hydrodynamics and test the sensitivity of sediment transport to a range of
oceanographic phenomena. It is becoming increasingly viable to simulate 3D baroclinic
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oceanographic processes and the sediment transport pathways they create. The SalishSeaCast
NEMO framework model, currently under development (Soontiens et al., 2016; Soontiens and
Allen, 2017), or other similar models, may facilitate a sensitivity assessment of sediment
dispersal rates and patterns due to a variety of processes. The simulated physical
oceanographic scenarios driving sediment transport should involve deep saline inflow events,
surface brackish water export, waves, storm surges, internal tides and even tsunamis. More
accurate Lagrangian particle dispersal simulations could be achieved with a geologically-based
bed roughness map of the Salish Sea. The calibration of such a map may require both current
surveys, and field studies with tracer particles.
5.2.5 Possible role of tsunamis in shaping tidal strait networks

During a tsunami, very fast inflow and outflow jets can develop around headlands,
within channels, at inlet mouths and near the entrances to restricted embayments (e.g., Gica et
al., 2013; Lynett et al., 2012). In the central Salish Sea, this is well illustrated in Fig. 1.07
(Chapter 1), which maps the the simulated maximum tsunami currents amongst the San Juan
Islands (Gica et al., 2013). In some semi-confined areas of the central Salish Sea, the simulated
ponding of water resulted in strong outflow jets from rapid tsunami withdrawal after the initial
wave (Brady et al., 2013). These brief, but highly energetic flows could erode the seabed and
coastline, thereby flushing sediment into the deeper channels that are the domain of tidal
transport pathways.
Coastal tsunami deposits have been described at Washington State locations around the
Salish Sea (e.g., Atwater and Moore, 1992; Bourgeois and Johnson, 2001; Williams et al., 2005).
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Such records may relate to large Cascadia Subduction Zone (CSZ) earthquakes, or possibly to
tsunamis generated by movement at local shallow crustal faults beneath the Salish Sea (e.g.,
Barrie and Greene, 2015). Along the CSZ, large megathrust earthquakes (Mw ≈ 9.0) and their
associated tsunamis, have an average reoccurrence timeframe of 300-700 years (e.g., Petersen
et al., 2002; Brady et al., 2013). On this basis, it can be hypothesised that the sedimentary bed
surface throughout the Salish Sea has typically had ample time to recover post mega-thrust
tsunami – due to reworking by normal currents or burial by suspension-settling. It is therefore
expected that modern seafloor landforms are out of geomorphic-adjustment with the
extremely strong flows that can be created by major tsunamis.
Globally, the clear majority of Quaternary tsunami deposit research has been conducted
in the onshore realm, which includes coastal lakes and wetlands (Bourgeois, 2009). Although
speculation about the offshore seabed influence of tsunamis has been made (e.g., Shepard et
al., 1950; Reimnitz and Marshall, 1965), its attribution is remarkably rare (e.g., van den Bergh et
al., 2003). The paucity of seabed tsunami studies may simply relate to the immaturity of the
field and the expense of marine surveys. However, Bourgeois (2009) persuasively argued the
positive identification of continental shelf tsunami deposits, possibly laden with terrestrial
debris, is challenging due to the likelihood they have an appearance resembling those from the
return flow of a storm-surge (e.g., Aigner and Reineck, 1982), or from a flooding river mouth
(e.g., Wheatcroft and Borgeld, 2000).
In deep water far from shore, evidence of tsunamis may be restricted to tsunamiinduced turbidites (e.g., Bourgeois, 2009; Pickering et al., 1991). This is a trigger attribution that
seems difficult, or impossible, to confidently make. In shallower offshore locations, the
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preservation of tsunami deposits may be an issue. It has been hypothesised that shelf tsunami
deposits are subject to extensive reworking by storm waves and currents (e.g., Bourgeois et al.,
1988; Weiss and Bahlburg, 2006). However, there is a possibility that stratigraphic evidence of
tsunamis may exist within some offshore Holocene sequence locations in the Salish Sea.
Many channels and headlands in the central Salish Sea experience strong tidal currents
daily, so the sedimentological record of a tsunami is more likely to be preserved at locations
which are low energy with respect to tides, but high-energy during a tsunami. The following
candidate sites are indicated on the maximum tsunami speed map in Chapter 1 (Fig. 1.07; Gica
et al., 2013). Possible areas for future exploration, involving shallow seismic-reflection surveys
and sediment coring, include: the central to southern region of East Sound (maximum tidal
currents of 0.06-0.1 m s-1 and maximum tsunami flow of ~3-5 m s-1); Plumper Sound (max tide
<0.2-0.6 m s-1; tsunami ~2-3 m s-1), west of Saturna Island and north of Boundary Passage; and
the Lopez Sound area, where an extreme simulated tsunami jet extended westward from
Thatcher Pass (~11-12 m s-1 tsunami flow in the constriction; maximum tidal flow of 0.7-1.6
m s-1) into a basin with relatively low tidal currents (~4-8 m s-1 tsunami; <0.25-0.5 m s-1 tide)
(Gica et al., 2013; and the tidal modelling of Chapter 2).
Extreme tsunami streams (e.g., jets) can be expected to leave scars within cohesive mud
beds (scouring, including rip-up) and coarser granular beds. Pre-existing sand and gravel tidal
bedforms could be obliterated by very high sediment transport rates, involving direct
suspension. Although higher energy waves and tides have potential to rework tsunamigenerated seabed features, in some locations they may be stratigraphically preserved by low
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energy sedimentation during the centuries that can lie between major tsunamis (e.g., mudburial in a restricted embayment).
During the waning tsunami and immediate post-tsunami stages, suspension settling
would result in fining-upward (normally graded) deposits (e.g., Jaffe et al., 2012; Witter et al.,
2012). Sedimentary landforms would be affected by complex secondary flow patterns such as
eddies (e.g., Kihara and Matsuyama, 2010) and it seems likely that bedding and laminations
should display the influence of turbulence at smaller spatial scales (as is the case in turbidites).
Outflows from coastal areas may concentrate terrestrial debris (e.g., plant and anthropogenic
material) in bathymetric depressions.
The remarkable tsunami current speeds simulated in the central Salish Sea by Gica et al.
(2013) leave open the possibility that tsunamis, despite their rarity, have played an important
role in redistributing sediment – possibly flushing a large quantity from the channels of the
intra-archipelago region. The minimum flow speed for the erosion of consolidated clay is
merely ~1-3 m s-1 and the erosion of a cobble bed is possible by currents of only ~2-4 m s-1
(Hjulström, 1935; Sundborg, 1956). The non-linear relationship between flow speed and
sediment transport rate (Fig. 5.01) makes clear the tremendous ability of extreme flows, much
greater than those typical in tidal straits (<1-3 m s-1), to shape the seabed by sediment
dispersal.
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Potential coarse sand (d = 0.9 mm) sediment transport rate with
increasing current speed at a 50 m-deep coastal marine setting
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Figure 5.01. Potential sediment transport rates determined with several common methods for coarse sand
(diameter = 0.9 mm) with increasing current speed. Values were caclulated with the SedTrans05 model
(Neumeier et al., 2008). Inputs: water depth of 25 m; height of entered current values above the bed was 25 m;
the bed was assumed flat, with no ripples; no waves; sediment density of 2,650 kg m-3; water temperature of 8.5
°C; and salinity of 31 ‰ (i.e., estuarine conditions). Tsunamis are unpredictable and infrequent, so detailed
validation of sediment transport processes via field experiments has yet to occur. The transport curves shown are
probably unrealistic for more extreme currents (greater than several m s-1). There are some well-known limitations
associated with each of the methods in this graph: the ENGELUND-HANSEN formula is not endorsed for sediments
finer than 0.15 mm, the BAGNOLD formula was based on laboratory tests with grain sizes of 0.18-0.45 mm, the
YALIN equation is not recommended for sediments smaller than 0.2 mm, and the VAN RIJN formula was derived
from experiments using sediments with grain sizes of 0.2-2.0 mm.
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For coarse sand (~0.9 mm diameter) suspended load dominates flows greater than than
~5 m s-1, as can be interpreted by the dominance of total load over bedload in Fig. 5.01. For
currents of 11-12 m s-1, total load is an order of magnitude greater than bedload. However, the
specific transport rates (kg s-1 m-1) provided for very-high currents are likely inaccurate. The
validity of extrapolating the routinely used set of sediment transport formulations to the
extreme conditions possible during tsunamis, up to 12 m s-1, is doubtful and requires research
(e.g., Apotsos et al., 2011). Such formulations were created and calibrated for the
comparatively low velocities and sediment concentrations (e.g., <2 m s-1 and <150 kg m-3,
respectively; e.g., van Rijn, 2007) typical of fluvial, tidal and short-wave conditions.
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