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On inner continental shelves, a variety of coarse grained bedforms, such as

gravel dunes, are shaped by hydrodynamic andmorphodynamic processes. The

formation and evolution of bedforms reflect a balance between seabed and

coastal morphology, sediment type and availability, and regional

hydrodynamics. Yet, observing bedform evolution directly in the marine

environment is rare, mostly due to the lack of repeat seafloor mapping

surveys. In this study we use repeat bathymetry from 3 surveys over 4 years

from thewestern Cook Strait/TeMoana-o-Raukawakawa region, NewZealand/

Aotearoa. We integrate seabed morphology characterisation with sediment

classification and regional hydrodynamicmodelling, to investigate the evolution

of gravel dunes under multi-directional current conditions. The repeat seafloor

mapping reveals morphological changes to plan-view dune geometry and

bifurcation of crestlines, with maximum observed vertical changes up to 3 m

at water depths between 60 and 80m. However, no dune migration was

detected. Our hydrodynamic model shows that the most prominent

morphological changes over the gravel dunes are spatially correlated with

eddy formation, and high multi-directional near-bottom currents, reaching

maximum speeds of ~4 m s−1 and bottom stress of >25 Nm−2 in each tidal cycle.

We demonstrate that the average hydrodynamic conditions in this region are

capable of mobilising coarse-grained sediment (i.e., sand to gravel), indicating

that the observed morphological changes over multi-year time scales are a

result of continuous remobilisation by currents, rather than extreme or storm

events. Our findings demonstrate the highly dynamic nature of the seabed in

Cook Strait, and the need for regular, repeat mapping surveys to ensure up-to-

date seabed morphology information.
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1 Introduction

Coarse-sediment bedforms, such as gravel dunes, are common

features on continental shelves globally (Carling, 1999; Flemming,

2000a). The formation and evolution of gravel dunes in marine

environments is complex and depends on regional hydrodynamic

conditions and geological setting. Gravel dunes are generally

distributed in areas with low to moderate continental sediment

inputs and moderate to high-energy conditions (Lo Iacono &

Guillén, 2008; Li et al., 2014). Waves generated during low-

frequency high-energy storm events appear to be the main

forcing mechanism of gravel dunes observed near or connected to

the coastlines (Lo Iacono & Guillén, 2008). Below the wave base,

bottom currents play a key role in initiating coarse sediment motion

and in dune evolution with increasing flow velocity (Flemming,

2000b).

The depth,morphology and orientation of seafloor bedforms can

be captured with multibeam bathymetry, and this information is

often used to infer submarine sediment transport processes (Lobo

et al., 2000; Lamarche et al., 2011; Hughes-Clarke, 2012; Damen et al.,

2018; Mitchell et al., 2021). However, morphological changes in

bedforms cannot be observed in a single bathymetric dataset, and in

the absence of direct observations, numerical or physical modelling

experiments are needed to simulate bedform evolution and test

potential driving mechanisms (Venditti et al., 2005; Doré et al.,

2016; Wang et al., 2019). Having a precise knowledge of the

continuous seabed changes worldwide should be accounted for in

any assessment of modern and future offshore infrastructure (e.g.,

submarine cables, tidal turbines, wind power systems) and for

navigational safety (Langhorne, 1977; Whitehouse et al., 2000;

Stevens et al., 2012; Barrie &Conway, 2014;Majdi Nasab et al., 2021).

In this study we examine morphological changes in gravel dunes

located in the western Cook Strait/Te Moana-o-Raukawakawa,

New Zealand/Aotearoa. We use repeat multibeam datasets over

multi-year (3-year and 1-year) periods. In conjunction with the

bathymetric dataset, we analyse seabed sediment samples and run

our hydrodynamic numerical model. Our aim is to determine

whether the observed morphological changes can be accounted

for within the average regional hydrodynamic context or are

more likely to be associated with infrequent storm events. Our

research contributes to a better understanding of the influence of

multi-directional near-bottom currents on the morphological

evolution of coarse-grained bedforms. Our results demonstrate the

importance of daily current action in shaping continental shelves in

Cook Strait.

1.1 Regional setting

The study area is located in the western Cook Strait/Te

Moana-o-Raukawakawa, adjacent to the outer Queen

Charlotte Sound/Tōtaranui (QCS), north-east of the South

Island/Te Waipounamu of New Zealand/Aotearoa (Figure 1).

The Cook Strait is a narrow (~22 km wide and up to 350 m

deep) passage of water, separating New Zealand’s North/Te Ika-

a-Māui and South/Te Waipounamu Islands (Figure 1). Cook

Strait is subject to some of the strongest currents in the world,

reaching flows as high as 3.4 m s−1 during spring tides (Heath,

1978; Vennell et al., 1991; Vennell, 1994; Stanton et al., 2001;

Stevens et al., 2012). These velocities are caused by a phase

difference (i.e., timing of tidal heights) between the tides on either

side of Cook Strait (Walters et al., 2010; Stevens, 2014). The

strong Cook Strait currents impact the adjacent regions,

including the QCS, where near-bottom (~5 m above seabed)

currents can reach speeds of >1 m s−1 (Hadfield et al., 2014), with

maximum values of ~2.3 m s−1 during spring tide (Plew &

Stevens, 2013).

TheQCS located in the greaterMarlborough Sounds/Te Tau Ihu

o te Waka a Māui area, a large network of sea-drowned valleys, part

of a tectonic block bounded to the south by the Wairau Fault (or

VernonFault) and to thewest by theWaimea-Flaxmore Fault System

(Nicol, 2011), both E-NE striking faults. Following this NE-SW

orientation, we observe a field of bedforms on the eastern side of

Cape Koamaru (dashed line in the inset in Figure 1), and a

submerged ridge extending at least 10 km seawards toward Cook

Strait (Figure 1). This ridge is bordered on both sides by troughs that

descend to 250m water depth (Watson et al., 2020). To the south-

east of the bedforms, TheBrothers islands (Figure 1) are the emergent

expression of a similar NE trending submarine ridges, rising to

~240m height above seabed. The composition and formation of

these ridges have not been constrained as they have never been

sampled (Watson et al., 2020).

The Marlborough Sounds region has been subject to regional

subsidence, tilting, and sea-level fluctuations since the last-glacial

maximum (~18 ka) (Lauder, 1970; Lauder, 1987; Craw et al.,

2010; Nicol, 2011). The QCS is one of the main inlets of this area,

with an intricate and complex coastline, and characterised by

post-glacial sediment deposition, with sediment thickness up to

400 m at the valley axis (Lauder, 1970; Singh, 2001; Nicol, 2011).

No large rivers flow into QCS, however continuous changes in

land-use and modifications of the coastline have led to large

quantities of sediment run-off, increasing the input of fine

sediment in the inner valley (Heath, 1974; Lauder, 1987;

Urlich, 2015). This fine sediment grades from clay and silts to

fine sand, to coarse substrates characterising the outer region of

QCS, adjacent to Cook Strait (Boyce, 1971; Lewis & Mitchell,

1981; Lauder, 1987).

2 Materials and methods

2.1 Bathymetry, backscatter, video
footage and sediment samples

Baseline multibeam acoustic data (multibeam bathymetry

and seafloor backscatter), and ground-truth data (video footage
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and sediment samples) used in this study were collected in

2017 as a part of the HS51 hydrographic survey, carried out

by National Institute of Water & Atmospheric Research Limited

(NIWA) and Discovery Marine Limited (DML) on behalf of

Marlborough District Council (Figure 1). The second and third

bathymetry surveys were conducted in July 2020 and May

2021 using the Kongsberg EM 2040D multibeam echosounder

systems on RV Kaharoa and on RV Ikatere. We designed the

repeat mapping surveys to specifically target the field of

sedimentary bedforms that were detected in the original

bathymetry survey (Figure 1). All bathymetric datasets from

the three surveys were processed using QPS Qimera software

(V 2.3.5) and were gridded at 2 m horizontal resolution. For

details pertaining to acquisition and processing of the

bathymetric data, and grain size distribution analyses, refer to

Neil et al. (2018); and Watson et al. (2020).

2.2 Hydrodynamic model

The Regional Ocean Modelling System (ROMS, Haidvogel

et al., 2008) was set up for a domain in the QCS to provide time-

varying, depth-resolved estimates of current speed and direction.

The model had a horizontal resolution of 100 m and a terrain-

following sigma-coordinate scheme was used in the vertical with

20 layers to provide a varying vertical resolution of 0.1 m–28 m

(see further details in Supporting Information, Supplementary

Figure S4). The velocities presented in the results are from the

bottom sigma layer which is situated about 5 m above the

seafloor in the study region. Two components of velocity (u

and v) are reported for flows into and out of QCS (for

u-component) and perpendicular to this, along the QCS

entrance (for v-component). A positive u value indicates flows

out of QCS, towards Cook Strait (approx. north-eastward) and a

positive v value indicates a flow direction along the entrance to

QCS (approx. north-westward).

The bottom stress is given by a formulation calculated as:

stress � ρ0pCdpμp
∣∣∣∣μ∣∣∣∣ (1)

Where μ is the bottom velocity, ρ0 is ocean water density, and Cd

is a drag coefficient given by:

Cd � K

log zb/zob( )( )
2̂

(2)

Where K is the von Karman constant (0.4), Zb is the thickness of

the bottom grid cell, zob is a roughness length, here set to 0.4 mm.

The model initial state and boundary conditions for

temperature, salinity, and non-tidal currents came from a

larger 2 km-scale Cook Strait model (Chiswell et al., 2019;

Hadfield & Stevens, 2020) and tidal currents for 13 tidal

constituents (M2, S2, N2, K2, Kl, 01, PI, Ql, 2N2, MU2, NU2,

FIGURE 1
Regional bathymetric map of the western Cook Strait/Te Moana-o-Raukawakawa and outer Queen Charlotte Sound/Tōtaranui (QCS) region
(satellite imagery source: Esri). High resolution multibeam data collected during the HS51 survey is overlain within the QCS region. Arrows indicate
the predominant tidal current directions along Cook Strait and across the entrance of QCS. Black dashed box delimits the study area, shown in detail
in the zoom-in inset. Zoom-in inset shows the bathymetric map of the study site, with the 2-m resolution HS51 bathymetry data collected in
2017.
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L2, T2) came from the NIWA New Zealand region tidal model

(Walters et al., 2001). Surface wind stress came from the

New Zealand Limited Area Model (NZLAM) (Webster et al.,

2008) and surface heat fluxes from National Centre for

Environmental Prediction (NCEP) models (Kalnay et al.,

1996). Surface freshwater fluxes were calculated by subtracting

NCEP modelled evaporation from locally collected rainfall data

(NIWA, 2014). Freshwater input from land runoff was estimated

using land-rainfall data.

Mean, max, fifth, and 95th percentiles were calculated for

each of u-component and v-component at each grid cell using

models’ snapshots at 30-min intervals over 40 days, between

24 May 2021 and 3 July 2021. The 95th percentile represents the

strongest NE flows (for u-component) and NW flows (for

v-component) velocities. The fifth percentile represents the

strongest SW flows (for u-component) and SE flows (for

v-component) velocities. Since tidal currents dominate the

flow in this region (Walters et al., 2010), particularly at the

entrance to the QCS, seasonal and interannual variabilities not

captured in the shorter model run (e.g., variabilities in the wind-

driven flow) will not have a large influence on the results

presented here. Near the location of the bedforms fields, the

mean significant wave height and wave period within the time

series from 1993 to 2019, is ~1.3 m and 5.7 s, respectively

(Albuquerque et al., 2021a, 2022). The calculated mean wave

base depth is 25 m, which is shallower than the water depth

where we observe the bedforms, between 50 and 120 m.

2.3 Geomorphometric analyses

Bathymetric derivatives (i.e., slope, curvature, aspect) were

created using the Benthic Terrain Modeller (BTM) tool in ArcGIS

software (Walbridge et al., 2018) (Supplementary Figure S1). We

delineated the crest of the dunes using the bathymetric position index

(BPI). BPI is a measure of the elevation of a focal point compared to

the mean elevation of the neighbouring cells within a user-defined

area (computed using the BTM tool, using the Build Fine-Scale BPI,

with inner and outer radius of 8 and 11, respectively, and scale factor

(automatically computed) 22). The obtained BPI values represent the

locations of bedforms crests (BPI >0, locations that are higher than
the average of their surroundings; Figure 2A) and troughs (BPI <0,
locations that are lower than the surroundings). The bedforms crest

and trough locations (Figure 2B) were extracted from bathymetric

transects orthogonal to the crest lines, spaced 2 m from one another

(i.e., bathymetric grid resolution, see further details in Supporting

Information, Supplementary Figure S4), from bathymetric grids

(2017, 2020 and 2021). The 2-D spectral method Fourier

decomposition analyses (following the method described by

(Damen et al., 2018)) was used to calculate the geometric

parameters, including height (h), wavelength (L) and asymmetry

index (AI = (L2−L1)/L) (Figure 2B).

3 Results

Multibeam bathymetry data reveal a field of bedforms located

south-east of Cape Koamaru (Figure 1), between 60 and 100 m

water depth, and less than 1 km away from the coastline. The

observed dunes appear to be intertwined in plan-view, forming a

braided dune field (Figure 3). These bedforms have a symmetrical

shape with heights ranging from 2 to 20 m, wavelengths from

~50–250 m, and crestline lengths from 100 m to >800 m,

decreasing towards the NE. The dune crests are curvilinear

and change orientation from E-W to an NNE-SSW, which

produces the distinctive braided shape (Figure 3).

Secondary bedforms, here referred to as superimposed

megaripples, are observed over the dunes, on the northern and

FIGURE 2
(A) Bathymetric position index (BPI) overlain over greyscale slope map, detecting the gravel dune crests in blue (BPI >0). (B) Schematic
representation of the measurements extracted for each megaripple, used to calculate key geometric parameters.
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southern flanks of the braided dune field (Figure 3). Superimposed

megaripples have wavelengths ranging from ~6 to ~24m, with

maximum heights of ~2 m, decreasing in size (wavelength and

height) with distance away from the dune field (i.e., towards the

north and the south) and from the coastline (i.e., to the east; Figure 3).

The sediment samples collected closest to shore show

predominantly gravel sized sediments (i.e., D-21 sample, classified

as very coarse sand (if using the method of moments) and very fine

gravel (following the Folk and Ward method), see details in

Supplementary Table S1, Supplementary Figure S2 and Figure 3).

Further offshore, sediments are composed entirely of cobbles (i.e., D-1

and D-23 samples; Figure 3). As such, particle size analyses (i.e., laser

grain size distribution) was not performed on these sample. Video

footage shows that the dunes are composed of cobble to gravel-sized

grains, and the superimposed megaripples comprise a mix of gravel

and sand-sized grains (i.e., V3 and V1, respectively; Figure 3).

Differential erosion and deposition are detected in the

northern and southern sides of the dunes in both repeat

mapping surveys (Figure 4). Up to 5 m of erosion was

detected during in the south-west of the dune field over the 3-

year period between 2017 and 2020.

Deposition is the highest over the same region close to the coast

(Figure 4A). However, the maximum erosion (i.e., >5m vertically)

during this period is detected over the crest of the dunes, both close to

the coast and on the easternmost extent (Figure 4A). During the 1-

year period between 2020 and 2021, we measure more erosion than

deposition, with the highest erosion concentrating in the same

locations along dune crests in the south-western and eastern

portion of the bedform field (Figure 4B).

When comparing all bathymetric datasets, the most

distinctive change in dune morphology occurs near the coast,

on the western side of the gravel dunes (Figure 5, 6). Here, we

observe bifurcation of dune crests forming two smaller dunes of

shorter crest length (between ~300 and 400 m) between 2017 and

2020. This dune crest then reforms between 2020 and 2021.

However, we do not observe overall dune migration (Figure 5).

3.1 Multi-directional tidal bottom currents

The hydrodynamic model outputs show mean near-bottom

currents (~5 m above the seafloor) reaching speeds of >2 m s−1

FIGURE 3
Map of the bedforms field located SE of the Cape Koamaru (see location in Figure 1) indicating the location of sampling sites and video footage,
with photographs of the sediment samples and seafloor images. Dashed black line limits the re-mapped area and 10 m contour depths are shown as
thin grey lines. Greyscale shaded relief uses slope (rather than hillshade) to represent seafloor features, to reduce bias from artificial light source
elevation and azimuth.
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FIGURE 4
Multibeam seafloor slope map with overlaid magnitude of erosion and deposition measured by differencing (A) the 2017 and 2020 surveys (3-
year time interval), and (B) the 2020 and 2021 surveys (1-year time interval). (Note: uncertainty in bathymetry datasets at this depth is up to ±0.2 m
and has been left transparent in these figures to represent this). For depth information of the area, refer to Figure 3 showing depth contour lines
(spaced 10 m). Greyscale shaded relief uses slope (rather than hillshade) to represent seafloor features, to reduce bias from artificial light source
elevation and azimuth.
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(Figure 7). The strongest flows, with maximum values of

~4 m s−1, occur along the north and eastern sides of Cape

Koamaru (Figure 7A, B), coinciding with the areas where the

modelled bed shear stress reaches maximum values of >20 N m−2

(Figures 7C, D).

The tidal bottom currents are the strongest in the study

region, SE of Cape Koamaru (Figure 8). The strongest positive

velocities (the 95th percentile) indicate the strength of the tides in

the north-westward (Figure 8B) and north-eastward (Figure 8E)

direction. The strongest negative velocities (the fifth percentile)

indicate the strength of the tides in the south-eastward

(Figure 8A) and south-westward (Figure 8D) direction. To the

SE of Cape Koamaru, the tidal currents in the north-west/south-

east direction tend to be stronger than the currents in north-east/

south-west direction. Tidal current velocities are sometimes non-

symmetrical, where one tidal direction has stronger velocities

than the opposing one. These non-linearities can be seen in the

difference between the 5th and 95th percentiles (Figures 8C, 8F)

with notable asymmetries SE of Cape Koamaru. In the western

half of the SE Cape Koamaru, tidal currents are stronger in the

FIGURE 5
Morphological evolution of dunes represented by the dunes crest digitised on the threemultibeammaps from the 2017 (blue), 2020 (green) and
2021 (red) surveys. Lower panel shows the bathymetric profiles (A-A′) extracted from the three multibeam datasets. For depth information of the
area, refer to Figure 3 showing depth contour lines (spaced 10 m). Greyscale shaded relief uses slope (rather than hillshade) to represent seafloor
features, to reduce bias from artificial light source elevation and azimuth.

Frontiers in Earth Science frontiersin.org07

Ribó et al. 10.3389/feart.2022.1045716

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1045716


FIGURE 6
Detail of dunes with superimposedmegaripplesmapped in 2017 (left), 2020 (central) and 2021 (right), close to shore (A), and seaward at the end
of the bedform field (B) (see location of zoom-in areas in Figure 5). Black arrows point to locations with the most prominent morphological changes
between the three surveys. (Note: due to substantially deteriorated sea state during the 2020 survey, there is additional artifacts in this dataset,
manifesting as linear outer beam noise that remains even after processing the data). For depth information of the area, refer to Figure 3 showing
depth contour lines (spaced 10 m). Greyscale shaded relief uses slope (rather than hillshade) to represent seafloor features, to reduce bias from
artificial light source elevation and azimuth.

FIGURE 7
Modelled mean (A) and maximum (B) near-bottom current speed (m s−1). Modelled mean (C) and maximum (D) bottom stress (N m−2) in the
study area. Black dashed lines outline the area where the bedforms are located (see Figure 1 for reference).
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northerly direction than the southerly direction (with a

difference in the 5th and 95th percentiles of 1 m s−1). Whilst

less pronounced, there is a stronger southeastward than

northwestward tidal flow in the middle of the SE Cape

Koamaru (with a difference in the 5th and 95th percentiles of

~0.2 m s−1).

4 Discussion

4.1 Continuous or storm-driven shaping of
bedforms?

Here we analysed the morphological changes observed across

multiple multibeam surveys over a coarse-sediment bedform

field, in water depths of 50–120 m (Figures 3–6). The study

region is characterised by multi-directional near-bottom

currents, due to the combination of two dominant tidal

current flows: NW-SE directed Cook Strait tidal flow, and

NE-SW directed tidal flow at the outer QCS (Figures 1, 8).

Our hydrodynamic model reveals that ocean currents SE of

Cape Koamaru interact with the complex coastal morphology

(e.g., presence of headlands or promontories), and seafloor

roughness (i.e., erosional scours/moats, see details in seafloor

slope and backscatter information (seafloor hardness) in

Supplementary Figures S1, S2), to create eddies, jets and non-

linearities in the flow (Figure 9). During each tidal cycle near-

bottom currents reach velocities of up to ~4 m s−1 (Figures 7–9)

and bottom stress of up to 25 N m−2 (Figure 7). Near-bottom

currents within the eddies reach values >1 m s−1 soon after

formation and increase to up to ~4 m s−1 (Figures 7, 9), as the

eddies move northwards and southwards (Figures 9, 10),

following the dominant direction of the tidal flow in Cook

Strait (Stevens, 2014). Eddy formation occurs adjacent to the

coast, south of the SE Cape Koamaru, and near the bedform field

(Figure 9). This area is also where the most prominent changes in

dune morphology are observed using repeat seafloor mapping

over both one- and three- year intervals (Figures 3–5).

To the northwest of Cape Koamaru, the fast NW-SE flowing

Cook Strait tidal currents curve around the headland, merging

FIGURE 8
The 5th and 95th percentile for components of near-bottom currents along the entrance to QCS [top panels (A, B)] and into/out of QCS
[bottom panels (D, E)]. The difference between the 95th and fifth percentile for the u and v components to velocity is shown in panels (C, F). Brown
indicates a stronger positive (northeastward and northwestward) flow and blue indicates a stronger negative (southeastward and southwestward)
flow. The yellow arrows at the top left of each panel indicates the direction of the flow that is being shown in each panel [panels (A-C) show
currents flowing along the entrance of outer QCS; panels (D-F) show currents flow across the entrance of QCS]. Black dashed lines outline the area
where the bedforms are located (see Figure 1 for reference).
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into the NE-SW tidal currents flowing in and out of QCS (Figures

8–10). The spatial correlation between eddy development and

changes observed in the bedform field suggest that these

processes are related.

Our findings are comparable with the results from similar

studies in other regions, such as the study conducted in the Bay of

Fundy by Li et al. (2014). These authors support the concept that

the development and maintenance of coarse-sediment bedforms

around headlands is controlled by the variation of tidal current

speed and direction, bed shear stress and sediment transport

pattern through the course of the tidal cycle (Li et al., 2014).

Overall, the gravel dunes presented here are found in a regional

setting characterised by low continental sediment input and

high-energy conditions, analogous to the coarse-sediment

bedforms observed on many oceanic inner shelves around the

world, and specifically on the Atlantic margins and western

North American shelf (see examples in Lo Iacono and Guillén

(2008), their Figure 1).

Analyses of sediment movement thresholds (following

Soulsby (1997) calculations) indicate that the average near-

bottom currents in this area are strong enough to entrain and

transport the coarse-sediment (gravel) fraction and influence

the evolution of the coarse-sediment dunes (Figure 11).

Calculations of sediment mobilisation thresholds were

conducted using 1) the maximum and minimum values of

bottom stress extracted from the model outputs, calculated

specifically on each of the sampling sites (8.7 and 1.4 × 10–4 N/

m2, respectively; with corresponding maximum and minimum

FIGURE 9
Snapshots of modelled near-bottom currents over one tidal cycle (date and time indicated in title of each panel). Colourscale shows current
speed, black arrows are current flow vectors and indicate direction of flow.Magenta lines show the path of two eddies formed by the tidal flow.White
dashed lines outline the area where the bedforms are located (see Figure 1 for reference).
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near-bottom currents of 1.8 and 1.3 × 10–3 m/s), 2) grain size

density and 3) D50 measurements resulting from the grain size

analysis (i.e., 2,650 kg/m3 and 2,305.3 µm, respectively, for

sample D-21, classified as very coarse sand (if using the

method of moments) and very fine gravel (following the

Folk and Ward method), see details in Table S1). Our

results indicate that the strong near-bottom currents

combined with eddy formation, and the associated bottom

stresses reached in the study area, exceed the critical

thresholds of the gravel-sized sediments mobilisation

(Figure 11). Sediments adjacent to the gravel dunes are

composed of coarser fraction, i.e., cobbles of diameters

between 5–>10 cm (samples D-1 and D-23 in Figure 3).

Although this coarse fraction is below the threshold of

motion of sediment by near-bottom currents

(Supplementary Figure S5), the gravel fraction over the

dune field was mobilised even during average bed shear

stress conditions (Figure 11).

The results of this study show that the changes observed in

bedform morphology over three- and 1-year periods, are a result

of near constant reshaping by currents, rather than a result of

infrequent catastrophic events (e.g., storm). We here

demonstrate that the regular mobility of the seabed in this

region, in each tidal cycle, even at depths well below the wave

base (mean wave depths area ~25 m near the region where

bedforms are observed) (Albuquerque et al., 2021a, 2022).

Only during high energy events (i.e., storms), the wave base

can reach maximum depths between 80 and ~100 m. Although

this is within the water depth in which we observe the bedforms

(Figure 3), these infrequent events are here assumed to not have

large influence on the continuous shaping of bedforms, mainly

caused by the entrainment of the coarse sediment due to the high

bottom stress reached in this area.

The evolution of bedform geometry and morphology

depends on the seabed slope and roughness, sediment

availability and grain size, and regional hydrodynamics,

including tidal characteristics and the associated residual

currents (Zang et al., 2011; Wang et al., 2019). In this study

we show the continuous morphological changes of the coarse-

sediment dunes are likely related to daily tidal cycles. We

recognise that there is an imbalance between the time scales

from the bathymetric datasets (i.e., multi-year seafloor changes)

and the hydrodynamic model outputs (i.e., hourly to daily

current patterns). Our analysis of coarse-sediment (gravel)

mobility in relation to near-bottom current velocity and

bottom stress (Figure 11), support that these dunes are

mobilised on timescales that are not currently captured with

bathymetry surveys. We recommend future research could focus

on more frequent re-mapping surveys, in-situ measurements

(e.g., mooring lines deployed over the bedforms, including

instruments such as current meters, turbidimeters and

cameras, continuously measuring hydrographic and sediment

FIGURE 10
Threshold of motion of sediments beneath currents (modified from Soulsby (1997), with θcr being the threshold Shields parameter and D* being
the dimensionless grain size) showing that the gravel forming the bedforms in the study region are continuously entrained in each tidal cycle. Red and
orange squares represent the maximum (95th percentile) and average bottom stress, respectively, in sampling site D-21 (see location of sample in
Figure 3) Note: only sample D21 collected over the gravel dune field was used for this analysis. This sample is composed of >86% of gravel (see
Table S1), and is over the threshold of motion of sediment, under maximum and average bottom stress conditions. Samples D1 and D23, collected
adjacent to the gravel dunes field (Figure 3), are cobbles with particle sizes ranging between 5 and 10cm; these particles are placed below the
threshold of motion of sediment (Supplementary Figure S5).
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dynamics parameters during several months), and/or less

frequent outputs of the hydrodynamics model (e.g., more

averaging of the outputs and even re-running the same model

with daily and monthly time-steps).

4.2 Regional hydrodynamics and bedform
evolution

The changes in bedform morphology recorded in this study

over multi-year periods (3-year and 1-year) are the first

documented in Cook Strait. However, no bedform migration

was detected within the timeframe of this study. We here present

a unique example of gravel dunes that are being re-sculpted (e.g.,

crest bifurcation, Figure 5), but remain broadly in the same

regional position. As such, they may have formed in a relict

setting, but are evolving under modern current conditions. These

gravel dunes were potentially formed during sea-level

fluctuations, where this part of Cook Strait would have

experienced subaerial, intertidal and subtidal settings, resulting

inmobilisation of gravel and even boulder size sediment (Lewis &

Mitchell, 1981; Lauder, 1987; Singh, 2001; Nicol, 2011). At

present-day conditions, in western Cook Strait we observe

high-energy multi-directional near-bottom tidal currents

(i.e., NW-SE flowing Cook Strait tidal currents curving

around the headland to form the NE-SW tidal currents

flowing in and out of QCS) combined with eddy formation,

resulting in high bottom stress (Figures 7–10). This enhances

coarse-grained sediment entrainment and mobilisation

(Figure 11), leading to changes to bedform morphology

observable in multibeam mapping surveys. In this modern

context, along with the sand and gravel-sized sediment, we

assume that the fine fraction is also entrained and mobilised

in each tidal cycle (unless trapped within the coarser grains’

lattice). The strong tidal near-bottom currents in this region are

likely transporting this fine fraction elsewhere preventing its

deposition over the bedforms (see seafloor classification and

backscatter map for details on regional seabed sediment type

distribution, Supplementary Figure S2).

The outcomes of this study support existing model evidence

that tidal currents in Cook Strait are predominantly stronger

than the inflow and outflow currents in the outer QCS (Figures 7,

8). To further investigate these tidal effects, a higher resolution

hydrodynamic model is more appropriate than a long-term

simulation that captures seasonal variability with lower

resolution outputs. While there are other oceanographic

processes, such as wind-driven currents (Walters et al., 2010;

Hadfield & Stevens, 2020), internal tides or the mean flow due

to differences in sea level height between the north-eastern and

the south-western side of Cook Strait (Walters et al., 2010); the

short period modelled here will not capture the seasonal

variability in these processes. Although seasonal variability is

not expected to alter the main findings here, it is expected that it

will create slight differences in the currents for each tidal cycle.

The expected effect of this will be a slight alteration in the size,

positioning, and intensity of the tidal currents and eddies

that form.

In Cook Strait, the tidal flow is the dominant transport

mechanism, with tidal amplitudes reaching just under 6 Sv with

a mean south-eastward flow of 0.42 ± 0.08 Sv (Hadfield &

Stevens, 2020). This residual flow is attributed to wind-

driven currents, the pressure gradient across Cook Strait,

and tidal rectification (Walters et al., 2010; Stevens, 2014;

Hadfield & Stevens, 2020). The modelling study performed

FIGURE 11
Modelled near-bottom currents at different times during a
tidal cycle on the 26th–27 May 2012 (when in-situ observations
were recorded (see details in Hadfield et al., 2014)), with the
bedforms SE of Cape Koamaru (bedform crests delineated in
blue) overlapped. Magenta arrows indicate predominant near-
bottom current direction in different sites, highlighting the
relationship between eddy formation, coastal morphology, and
seabed features.
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here is too short to investigate seasonal variability and event-

scale changes in this residual flow, but Stevens (2014) has

studied these processes in moorings situated in Cook Strait.

Stevens (2014) notes a seasonal variability with a flow of up to

0.08 Sv travelling north-westwards in the vicinity of our study

region during summer and autumn. This flow reached speeds of

up to 0.01 m s−1 above the average speed of 0.1 m s−1 and this

small variation might have a small impact in the NW-SE

components of flow shown in this study (Figures 7–10).

However, as the tidal flow in these directions reaches speeds

of up to 3 m s−1, a seasonal variability of the order of 0.1 m s−1 is

small in comparison. We expect that seasonal variability will

create slight differences in the currents for each tidal cycle,

which will manifest as a minor alteration of the size,

positioning, and intensity of the tidal currents and eddies

that form. Passing extreme events have a larger effect on the

currents with Stevens (2014) noting that these events have

depth-averaged currents reach speeds of 20% of the

maximum tidal currents. The effect of these storms on

bottom currents was not determined and is expected to be

less than the effect on the depth-averaged currents. However,

these storm events may accelerate and decelerate the tidal

currents at times.

The results presented in this study highlight that bedform

evolution is a complex interplay between the variations of

velocity and direction of the near-bottom tidal currents,

coastal geomorphology, bathymetry, and sediment type and

availability. In this context, we find that daily tidal currents in

the Cook Strait continental shelf are strong enough to shape

bedforms, such as gravel dunes, indicating this is a region with

highly dynamic seabed. Additional in-situ hydrodynamic

measurements, together with higher-resolution bathymetry

and sediment resuspension and transport modelling, would

assist in constraining the spatial and temporal evolution of

submarine bedforms.

5 Conclusion

In this study we assess the character of near-bottom currents

and the location of a gravel bedform field to unravel the

relationship between bedform evolution and near-bottom tidal

currents, eddy formation, coastal morphology, and seafloor

bathymetry.

Repeat multibeam bathymetric surveys reveal

morphological changes to gravel dunes over multi-year (3-

year and 1-year) periods, with the most prominent change

being dune crest bifurcation. However, no bedform

migration was detected in this area, within the timeframe

of this study.

The observed bedform evolution occur within the context of

strong multi-directional near-bottom currents. The most

significant morphological changes are observed in areas closest

to shore, coinciding where eddies are developed in each tidal

cycle, and where the near-bottom tidal currents and associated

bottom stress exceed the threshold of motion of coarse-grained

sediment. This study shows that coarse-grained (gravel)

bedforms located in highly energetic continental shelves, such

as Cook Strait, are continuously evolving over multi-year

timescales, without the effects of extreme events (e.g., storms).

These findings demonstrate the dynamic nature of the

continental shelf environment - critical information for

submarine cable placement, navigational pathways and the

integrity of offshore infrastructure.

This study presents new information about sediment

transport processes related to tidal currents in New Zealand/

Aotearoa; and provides new insights about the formation and

evolution of complex morpho-sedimentary patterns under

multi-directional current conditions in this and other regions

worldwide (Trentesaux and Garlan, 2000).
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