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Abstract

Understanding the transport and fate of suspended sediment exported by rivers is
crucial for the management of sensitive marine ecosystems. Sediment transport and
fate can vary considerably depending on the geophysical characteristics of the coastal
environment. Fine sediment transport was studied in a setting in between “open”
(uninterrupted coasts) and “semi-enclosed” (bays) coastal systems, namely a “semi-
open” system of shallow coastal water with long (~ 20 km) stretches of open coasts
separated by capes and headlands. The case study was the large, seasonal, Burdekin
River that discharges to a wide continental shelf containing headlands and shallow
embayments adjacent to the Great Barrier Reef, Australia. A new three-dimensional
fine sediment module for the unstructured-mesh SLIM 3D hydrodynamic model was
developed. The model was successfully validated against available field data. The
results were compared to previous studies on the Burdekin River sediment transport
and differences were analysed. Wind direction and speed during river floods largely
control the dynamics and the fate of the fine sediment. Most (67% for 2007) of the
riverine fine sediment load is deposited near the river mouth; the remaining sedi-
ment is transported further afield in a riverine freshwater plume; that sediment can
reach sensitive marine ecosystems and should be a priority for management. Dur-
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ing the rest of the year, when the river flow has ceased, wind-driven resuspension
events redistribute the deposited sediment within embayments but generate negligi-
ble longshore transport. This study suggests that semi-open systems trap most of
the riverine fine sediment, somewhat like semi-enclosed systems.

Keywords: fine sediment transport, semi-open system, settling and resuspension,
Burdekin River in the Great Barrier Reef, SLIM 3D, unstructured mesh

1. Introduction

Increased loads of riverine suspended sediment due to watershed development
(Syvitski et al., 2005; Milliman and Farnsworth, 2011) cause considerable impacts
on sensitive marine ecosystems including coral reefs (Fabricius, 2005; Bartley et al.,
2014) and seagrass meadows (Restrepo et al., 2006). These impacts include sedimen-
tation (Weber et al., 2012; Flores et al., 2012; Cabaco et al., 2008), elevated turbidity
reducing photic depth (Fabricius et al., 2005, 2013, 2014; Petus et al., 2014), and
stressors associated with pollutants attached to sediment such as nutrients, pesticides
and trace metals (Weber et al., 2006; Harrington et al., 2005).

The understanding of the delivery, transport and final fate of terrestrial sediment
is crucial to predict the impacts of sediment on marine ecosystems. The fate of river-
ine sediment exported to the ocean depends on the width and depth of the continental
shelf, the presence of an offshore canyon and the geomorphology of the coastline. The
different regions can be differentiated between open and semi-enclosed systems. In
open systems the exported river sediment moves long distances (hundreds to thou-
sands of kilometres) along or across the continental shelf. In these cases, the fate of
the sediment exported from the river is influenced by the offshore bathymetry. For
example, the Eel (Puig et al., 2003, California) and Sepik (Kuehl et al., 2004, Papua
New Guinea) Rivers discharge sediment across a narrow and steep shelf, where this
sediment is then transported through a canyon to the deep ocean. In contrast, the
Yangtze (Liu et al., 2007), Amazon (Froidefond et al., 1988) and Mekong (Xue et al.,
2010) Rivers discharge to a wide and shallow shelf where the sediment is transported
longshore by coastal currents and is largely deposited close to the coastline, but
far from the river mouth. For semi-enclosed systems such as the La Sa Fua River
(Wolanski et al., 2003, Guam), nearly 100% of the river sediment is deposited into
a sheltered embayment near the mouth, although large storms (i.e. typhoons) can
flush sediment out of the bay. Somewhere in between open and semi-enclosed sys-
tems, one defines semi-open systems, where the open coast is cut by numerous capes
and headlands. The bays are more open to the sea than in semi-enclosed systems.
There is consequently more interaction between the bays and the open sea. But the



capes and headlands prevent coastal currents from transporting the sediment long
distances. An example of such a system is the Great Barrier Reef (GBR), where
riverine sediment is discharged to a wide and shallow continental shelf containing
numerous headlands and embayments. The sediment transport and fate in such a
system are less well understood.

The Burdekin River (Fig. 1) is the largest supplier of suspended sediment to the
Great Barrier Reef off north-eastern Australia with an average annual contribution of
approximatively 4 Mt (1 Mt is 10° kg) per year, or 28% of the total sediment export
to the GBR (Kroon et al., 2012). Burdekin River sediment loads have increased by
a factor of 5 to 10 since European settlement (~1850) (Bartley et al., 2014). The
annual loads are highly variable from year to year, due to the rainfall variability in
its dry tropical watershed, with a range from 4 - 1073 to 15 Mt per year, between
1987 and 2010 (Kuhnert et al., 2012). A recent study found a significant relationship
between Burdekin discharge, total phosphorus and suspended sediment loads with
photic depth in Cleveland Bay (Fabricius et al., 2014), implying that the river has a
considerable influence on the health and biodiversity of coral reefs (Roff et al., 2013;
Clark et al., 2014) and seagrass meadows (Devlin et al., 2013; Petus et al., 2014) in
the region. Indeed, several studies have shown that land use change and climatic
variability in the Burdekin catchment are recorded in coral cores (Isdale et al., 1998;
McCulloch et al., 2003; Hendy et al., 2003; Lewis et al., 2007; Lough, 2007).

The vast majority of suspended sediment exported from the Burdekin River is de-
livered during elevated flow conditions of short duration (i.e. commonly a few weeks)
which coincide with NE Australia’s summer wet season (December to April). These
elevated Burdekin River flows form freshwater plumes in the GBR lagoon which can
be traced hundreds of kilometres from the river mouth (King et al., 2001; Devlin and
Brodie, 2005). While the movements of freshwater and suspended sediment in Bur-
dekin flood plumes have been well documented (Wolanski and Jones, 1981; Wolanski
and van Senden, 1983; Devlin and Brodie, 2005; Bainbridge et al., 2012), the fate of
the newly delivered suspended sediment is disputed.

Sediment budgeting work initially suggested that the majority of suspended sedi-
ment loads (~ 90%) delivered from the Burdekin River was primarily deposited close
to the river mouth (Devlin and Brodie, 2005; Bainbridge et al., 2012) before being
resuspended and moved hundreds of kilometres northward and longshore with the
prevailing coastal wind-driven currents into Bowling Green, Cleveland and Halifax
Bays (Woolfe and Larcombe, 1998; Orpin et al., 2004). However, recent research
using newly collected and dated sediment cores has challenged this hypothesis and
concluded that “very little” sediment delivered from the Burdekin River moves past
Upstart Bay (Lewis et al., 2014). Under this scenario, most of the sediment transport
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Fig. 1: Burdekin Region. Left: In order to compute sediment budgets, five zones were defined:
Upstart, Bowling Green, Cleveland and Abbot Bays, and the middle-shelf offshore Abbot Bay.
Right: Unstructured Mesh used by SLIM 3D: top view (top) and vertical cut (bottom). The
mesh was discretized into ~ 8,000 horizontal elements and extruded in 8 vertical layers. The
mesh horizontal resolution is increased close to the coastline, in shallow waters, and in Upstart
and Bowling Green Bays. The first four top vertical layers have a constant depth, the others are

adapted to the bathymetry as o-layers.



outside Upstart Bay occurs during times of high river discharge. These conflicting
conclusions considerably influence the management strategies for controlling sedi-
ment erosion in the Burdekin watershed as the emphasis for catchment prioritisation
needs to be placed on the sediment that moves longer distances and has the poten-
tial to impact sensitive marine ecosystems (Bartley et al., 2014). Specifically, if the
sediment that is transported past Upstart Bay occurs only during large river flow
events, then the subsequent long shore drift process becomes unimportant, and man-
agement should target the fine (< 15.6 pm) organic rich material that travels large
distances in Burdekin River flood plumes (Bainbridge et al., 2012). Hence the key
research questions are as follows: where is the suspended sediment discharged from
the Burdekin River deposited in the marine environment and when does this occur?

This study used numerical modelling to examine the delivery, transport and fate
of suspended sediment delivered from the Burdekin in the 2007 calendar year. Sec-
tion 2 describes the numerical model used in this study: SLIM 3D, and details the
different data used. Section 3 validates the model, explains the sediment transport
process and gives the budget of the sediment delivered by the Burdekin River. These
results are discussed in Section 4 before concluding in Section 5.

2. Methods

2.1. Numerical modelling

SLIM 3D! is a baroclinic discontinuous Galerkin finite element model for coastal
flows (Kérné et al., 2013; Blaise et al., 2010; Comblen et al., 2010). This model
enables the use of unstructured grids, which greatly enhances the quality of simula-
tions in the case of a domain with complex topography and large velocity and density
variations, such as the Burdekin region. The physical equations dealt with and the
parametrizations used are detailed in Appendix A.1. SLIM 3D has already been ap-
plied to the Rhine River plume, in an idealised set up (Kérné et al., 2013). However,
it has never been used in such a complex region. 2D sediment module coupled with
the 2D version of SLIM has already been used in many studies (Lambrechts et al.,
2010; Gourgue et al., 2013; Elskens et al., 2014; de Brauwere et al., 2014; Pham Van
et al., 2014), but there was no 3D sediment module in SLIM 3D before this study.

The fine sediment module is the 3D extension of the 2D module used by Lam-
brechts et al. (2010) in a study of the sediment budget in Cleveland Bay, NE Aus-
tralia. The key aspects of this model of flocculating fine sediment are as follows

(Fig. 2):
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Fig. 2: Schematic representation of the processes involved in the transport of the sediment: flood
event during wet season (left) and resuspension event during dry season (right).

1. The suspended sediment concentration is represented as a passive tracer that

is transported by the water currents. At the open boundaries, sediment leaves
the domain with currents pointing outward, but there is no inflow of sediment
with currents pointing inward.

. Over the whole domain, a vertical settling velocity is added to the hydrody-
namical vertical velocity. This velocity is proportional to the sediment concen-
tration, as it is characteristic of cohesive sediment (Lambrechts et al., 2010).
The sediment plume is then much smaller than the freshwater plume.

. At the bottom boundary, i.e. on the sea floor, the suspended sediment can settle
to become deposited sediment if the weather conditions are calm. Otherwise,
the deposited sediment erodes to become suspended sediment. This erosion is
due to either wave induced fluidisation of the mud, or entrainment.

Model equations are detailed in Appendix A.2. The sediment model is sensitive
to key parameters such as the settling velocity. In this study, the parameters are
directly adapted from those of Lambrechts et al. (2010), which were calibrated in the
same region (Cleveland Bay).

In order to draw budgets and analyse the proportion of suspended and deposited

sediment in the different bays, the region was divided into the five following zones:
Upstart, Bowling Green, Cleveland and Abbot Bays (Fig. 1), extending to the 22 m
isobath (Larcombe and Carter, 2004; Belperio, 1983), where the majority of the
terrigenous sediment deposition and resuspension occurs (Orpin et al.; 1999), and
the middle-shelf region offshore Abbot Bay extending from the 22 m to the 40 m
isobath.



The region was discretized into ~ 8,000 triangular elements, whose size varies
between 500 m and 7 km. The horizontal mesh size is a function of the distance to
the coast and the bathymetry: the closer to the coast and the shallower, the thinner
the mesh. Moreover, the resolution is increased in Upstart and Bowling Green Bays,
where the sediment was expected to go. Those horizontal elements were extruded to
build 8 vertical layers in all the domain. In order to resolve correctly the freshwater
plume, the vertical discretization is thinner close to the surface. The first four top
layers are at constant depth, which is important to preserve the vertical profile of the
plume. The next four layers are adapted to the bathymetry as o-layers. The four
thin top layers are necessary to resolve correctly the plume dynamics. Without them,
the plume would be too thick and would not extend far enough from the river mouth.
The bottom layers have a coarser resolution in deeper areas. However the sediment
is not deposited in the deepest regions where the vertical resolution is the worst. The
loss of resolution in mid-depth regions where sediment is deposited does not seem to
affect the results. Therefore the 3D mesh has ~ 65,000 prismatic elements (Fig. 1).
The horizontal mesh was generated using GMSH software (Geuzaine and Remacle,
2009).

2.2. Data acquisition

To either run the model or validate the simulation results, various data were
necessary. This section gives details on the data used in this study.

Bathymetry. The bathymetry is a smoothed linear interpolation from the Project
3DGBR dataset, with a resolution of 100 m (Beaman, 2010). The smoothing was
achieved with a diffusion operator. It removed the unresolved features of the bathymetry.
The error introduced by this operation was smaller than 5% on more than 97% of
the domain. FError was mainly introduced at the reefs close to the north-east open
boundary.

Wind. Wind data were taken from the NCEP Climate Forecast System Reanalysis
(Saha et al., 2010), with a temporal resolution of 6 hours, and a spatial resolution of
0.3° x 0.3°. The wind shadow observed downwind in the Cleveland, Bowling Green
and Upstart Bays are not resolved in these data. Wind shadows of 8 km were added
to NCEP wind data in order to reproduce the pattern of wind resuspension observed
in the data. The main winds in this region are the trade winds, blowing from the
south-east. While they generally do not exceed 5ms™!, they can occasionally reach

more than 10ms~1!.
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Fig. 3: Burdekin River water and sediment discharge at Clare station for 2007. In blue: volumetric
flow rate (with scale on the left); in dashed red: river sediment flux (with scale on the right).

Tides. At open sea boundaries, tidal forcing was applied using the OSU TOPEX/
Poseidon Global Inverse Solution TPXO 7.2 dataset (Egbert and Erofeeva, 2002),
with a spatial resolution of 1/4°. The tidal range in the region is about 3m.

Burdekin river flow and sediment loads. The water flow discharged at the Burdekin
River mouth was forced using the daily data measured at the 120006B Clare station,
40 km upstream from the river mouth (DNRM, 2014). The volumetric flow rate
was under 100m?s~! most of the year, except for a large flood event in February,
during which the flow rate exceeded 8000m?®s™' (Fig. 3). A much smaller wet event
occurred in July. The sediment concentration at the river was imposed using data
collected at Inkerman Bridge, ~ 26 km downstream of Clare Station (Bainbridge
et al., 2007) (Fig. 3). The load of sediment discharged by the river in 2007 is typical
of an average year (~ 6 Mt). Every year, the river is almost dry all the time except
for a big flood event during summer.

Photic depth. The photic depth is a measure of water clarity. The fine sediment
concentration predicted by the model was compared with photic depth data deter-
mined from satellite observation (Weeks et al., 2012), with a spatial resolution of
1km x 1km. The photic depth was converted to sediment concentration following
Wolanski and Elliott (2015): C' = 6600 ("2, where C'is the sediment concentration
(mg/1) and ( is the photic depth (m).



Plume suspended sediment and salinity. During the flood event, sea surface sus-
pended sediment concentration and salinity measurements were taken at various
locations on February 6th and 7th, 2007 (Bainbridge et al., 2007). Those data were
used for model validation.

Cyclone Yasi wind conditions. To study the transport of sediment under cyclone
conditions, the wind conditions during Tropical Cyclone Yasi were used. Yasi was a
category 5 tropical cyclone that struck the Burdekin region on February 3rd, 2011.
During three days, 10 minute-averaged wind speed was above 10ms™!, and during
a few hours, it was above 20ms™!, blowing most of the time towards the west and
north-west. Data used in this study were 10 minute-averaged wind speed measured at
Hardy Reef platform, from the Australian Institute of Marine Science (AIMS, 2014).
Other data necessary for the “cyclone condition” run, such as initial conditions, river
flow and tides were taken running the model in April 2007 (conditions after the flood
event).

2007 year data. Apart from Cyclone Yasi data, all the data were taken during the
2007 calendar year. This year was chosen because it represents well an average year
and for the large amount of data available. January 1st and December 31st are the
initial and end times of the simulation. This allows the model to be in regime when
the flood event begins.

3. Results

3.1. Sediment dynamics quick summary

The regional hydrodynamics and sediment dynamics were simulated from Jan-
uary 1st, 2007 to December 31st, 2007 with SLIM 3D. The flood event began in early
February. Most of the sediment (67%) settled within Upstart Bay. Driven by the
northerly wind (Fig. 4), the remaining part drifted to Abbot Bay, and further away.
Later, during south-easterly (SE) wind the sediment was pushed northwards along
the coast. After the flood event, the sediment mass released at the Burdekin mouth
was negligible. During a few subsequent SE wind events (Fig. 7), settled sediment
was resuspended and pushed northwards. Part of it was deposited just to the north
of Cape Bowling Green, since this region is sheltered from SE winds.

3.2. Flood season modelling results

Fig. 4 shows the comparison between the simulation results and satellite images
of the plume during the flood event of February 2007. At this time, a slight northerly
wind (3-5 ms™!) pushed the plume southward. For February 11, vertical cuts of the



simulated sediment concentration and salinity are shown on Fig. 5. The model closely
matched the outer extent of the flood plume, although the finer-scale features of the
primary plume (i.e. close to the river mouth) shown by the true color satellite image
were not reproduced by the model (Fig. 4). The true color satellite image did not
provide a quantitative measure of salinity or suspended sediment concentration. The
measurements of sediment concentration and salinity from the surface of the plume
compared reasonably well with those produced by SLIM 3D with some exceptions
(Fig. 6). The latter occurred mostly near the river mouth where measured suspended
sediment concentrations and salinity were highly variable.

There is no data about the vertical distribution of salinity and suspended sedi-
ment. However, a wrong vertical salinity profile would perturb the horizontal plume
velocity, which in turn would deteriorate the sea surface salinity and sediment concen-
tration. Similarly correct deposition areas could not be obtained without a plausible
vertical sediment distribution. Moreover, the salinity and sediment concentration
vertical distributions presented on Fig. 5 are in qualitative agreement with the 2011
Burdekin Plume samples presented in Bainbridge et al. (2012): beyond 11 km from
the river mouth, the salinity plume is still clearly marked, with a large difference be-
tween the surface and 5 m depth salinity. The sediment roughly follows the salinity
dynamics for the first 9 km but is mixed on the vertical from the 11th km.

3.3. Dry season modelling results

Under the larger resuspension events which occurred in 2007, SLIM 3D outputs
were comparable to the processed photic depth data. In particular the model was
able to reproduce the width and magnitude of the sediment resuspension event that
occurred during the strong SE (the prevalent winds in the region) winds (10 m s™')
on April 810 (Fig. 7 (left)) as well as several other SE wind events that occurred
in 2007 (similar to Fig. 7 (left), not shown.). The model performed reasonably well
for a comparatively weaker northerly wind (~ 5 m s™!) which occurred in Octo-
ber (Fig. 7 (right)).

3.4. Global sediment budget

The model computed the fate of the 6 Mt of suspended sediment delivered from
the Burdekin River in 2007. The model predicted that 86% of the suspended sediment
load delivered by the Burdekin River was deposited within the modelling domain,
with another 2% of the load remaining in suspension in the area. The remaining
12% of the load left the modelling domain through the open boundaries. 67% of the
load delivered from the Burdekin was deposited and retained within Upstart Bay.
The remaining deposited sediment load occurred in Abbot Bay, on the inner-shelf

10
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Fig. 4: Comparison between true color satellite Ihages, sea surface suspended sediment concentra-
tion (SSC) and sea surface salinity during the flood event on February 10 (top) and February 11
(bottom). Wind speed and direction are shown in the compass.
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Fig. 5: Vertical cut of suspended sediment concentration (top) and salinity (bottom) for the flood
event on February 11 (same event as that represented at the bottom of Fig. 4). Left: sea surface
suspended sediment concentration and salinity, respectively. The cut location is illustrated with a
dashed line. Right: vertical cuts. Wind speed and direction are shown in the compass.
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Fig. 7: Comparison between surface sediment concentration from processed satellite data (1st and
3rd map) and SLIM 3D simulation (2nd and 4th map) for the April 8-10 period (left) and the
October 11-13 period (right), respectively. Satellite data are shown where available. Wind speed
and direction are shown in the compass.

14



(6%) and the middle-shelf (7%), Bowling Green (5%) and Cleveland (0.09%) Bays
(Fig. 8 (top)). 1% of the sediment was deposited in the domain outside one of the
five previously defined zones.

The sediment deposited in the bays was infrequently resuspended during strong
wind events in the dry season when the river flow was negligible (Fig. 8 (bottom)).
During these wind-driven resuspension events, the sediment was not transported
from bay to bay, but was slightly redistributed within the bays. The sediment accu-
mulation from the 2007 Burdekin discharge event varied between 10 and 50 mm at
the mouth of the Burdekin River in Upstart Bay (Fig. 9 (right)), and varied between
1 and 3 mm offshore near Cape Bowling Green. Deposition up to 1 mm in thickness
was modelled to have occurred in parts of Abbot Bay.

3.5. Sediment transport under cyclone conditions

Fig. 10 shows the comparison between the deposited sediment prior to and after
tropical cyclone Yaso. The results show all the deposited sediment left Abbot Bay:
99.9% of the deposited sediment in the inner-shelf part of the Bay left it, and 79%
left the middle-shelf part of the Bay. The sediment from Upstart Bay was pushed
northwards along the coast, and around 20% of if moved to Bowling Green Bay, where
most (75%) of it remained in suspension at the end of simulation, and 25% was re-
deposited north of Cape Bowling Green, in a similar area to the main depositional
zone in this bay.

4. Discussion

4.1. Model

The flood event was reliably simulated by SLIM 3D. The model was verified
reasonably well with both the satellite data from the 10-11th of February and the
suspended sediment concentration and salinity dataset from the 6-7th of February
(Figs. 4 and 6). The plume is driven by the vertical salinity profile and the sediment
deposition and resupension fluxes at the bottom are functions of the sediment ver-
tical distribution. Those two vertical features, essential to understand the sediment
dynamics, are captured explicitly while more parametrisations would be required in
a 2D model. In this semi-open system the use of an unstructured grid was necessary
to increase the resolution in the deposition areas and to capture the coastlines. The
discontinuous Galerkin finite element approach allowed for an accurate modelling of
the transport processes and an easy implementation on a parallel computer cluster.

However, the model could not reproduce the fine small-scale features observed,
particularly close to the river mouth. But the spatial and temporal resolution of

15
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Fig. 8: Burdekin River sediment mass budget. Left: in blue: total mass deposited on the sea bed
in 2007; in red: total suspended sediment mass. The brown dashed line represents the accumulated
sediment mass released by the Burdekin River. Right: map of the sediment budget distribution at
the end of the year. Except for the 2% which are still in suspension and the 12% which left the
modelling domain, all the numbers refer to deposited sediment.
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Fig. 9: Deposited sediment at the end of year 2007 modelled by SLIM 3D, and compared to core
data from Orpin et al. (2004) and Lewis et al. (2014). On the left map, the grey zone represents the
deposition region defined by Orpin et al. (2004). On the central map, five sediment accumulation
rates have been measured by Lewis et al. (2014) (points ‘a’ to ‘e’). Large green circles represent high
accumulation rates, medium green circles represent smaller rates and red circles represent negligible
rates. On the right map, the thickness of the sediment deposit at the end of 2007 is shown, and blue
and red lines represent the boundary of the zones where 50% and 80% of the sediment is deposited,
respectively. The table compares the deposition areas of the three studies (the size of the circles
for Orpin et al. (2004) is subjective, since accumulation rate is not quantified).
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cyclone, respectively.
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flood plumes are highly dynamic: large changes in salinity and suspended sediment
concentration can occur over a scale of a few metres, i.e. a length scale that the
model cannot resolve. Furthermore, the river discharge can also change rapidly in
time and hence the daily resolution used in the data input to the model would not be
able to capture those changes. Despite these fine scale discrepancies, which cannot be
avoided using a model at this scale, SLIM 3D performed very well in characterising
the salinity and suspended sediment dynamics in the flood plume over the period
examined.

4.2. Burdekin sediment dynamics

The model showed that during the dry season, when river flow is negligible,
strong winds are necessary to resuspend and transport sediment in coastal waters.
It suggested that sediment fluxes from bay to bay are negligible. The finding that
67% of the 6 Mt of suspended sediment delivered in the 2007 flow event remains in
Upstart Bay provides the first quantification of the partitioning and fate of sediment
delivered from the Burdekin River (Fig. 8) and agrees with the assertion of Lewis
et al. (2014) that “most” sediment is retained within the bay. This value is much
higher than that suggested by Orpin et al. (2004) who estimated that only 10% of
the Burdekin sediment load is deposited in Upstart Bay, although that study was
limited by the chronology of sediment cores.

The model highlighted key depositional areas of the suspended sediment delivered
from the Burdekin River that closely resemble some of the areas previously identified
by Orpin et al. (2004) who collected benthic sediment grab samples (see Fig. 9 (left)).
However, the model suggested that other mud-rich areas highlighted in Orpin et al.
(2004), such as the southern inshore area of Bowling Green Bay and the middle of
Bowling Green Bay, are currently zones of minor deposition (less than 1 mm year™').
Also, the area to the east of Cape Cleveland does not appear to be a zone of current
sediment deposition from the Burdekin River. Indeed a sediment core collected from
this location (point ‘e’ on Fig. 9) only revealed a thin (7 cm) veneer of Holocene
sediment (Lewis, unpublished data). Furthermore, Abbot Bay was not sampled by
Orpin et al. (2004) and should be the target for further investigation based on our
SLIM 3D results. The calculations of Orpin et al. (2004) are likely to be relevant
over the longer Holocene period (past 7000 years), during which the Burdekin River
discharged into both Bowling Green and Upstart Bays and constructed at least 13
different delta lobes (Fielding et al., 2006). However, the findings of Orpin et al.
(2004) do not conform for the past 1000 years, since the Burdekin channel last
avulsed to discharge into Upstart Bay, which also led to the formation of the Cape
Bowling Green sand spit which now differentiates Bowling Green and Upstart Bays
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(Fielding et al., 2006).

The modelling results provide clear guidance on the depositional areas for re-
cent suspended sediment delivered from the Burdekin River and hence provide loca-
tions where the collection of sediment cores should be targeted. The accumulation
rates modelled for the 2007 Burdekin River flow event matched closely with those
found in the available sediment core data calculated over longer timescales (100 to
200 years, (Lewis et al., 2014)) and provide some validation of the model. Indeed,
Lewis et al. (2014) measured an average accumulation rate of 25 mm year™! over
the past 100 years in Upstart Bay (point ‘a’ in Fig. 9). While the position of the
sediment core (point ‘a’ in Fig. 9) is within a zone identified by the model to have
little accumulation, it is less than 6 km from the modelled 25 mm zone. The peak
discharge period in the 2007 Burdekin River flood coincided with a northerly wind
which may account for this slight variation in the sediment depositional area. Max-
imum sediment accumulation in Bowling Green Bay occurred to the west of the tip
of Cape Bowling Green and was modelled to be of the order of 1 to 3 mm. This
value is lower, but of the same order of magnitude of the average accumulation in a
sediment core (9 mm year~! over the past 200 years: point ‘b’ in Fig. 9) collected
from this area (Lewis et al., 2014). Accumulation rates calculated in sediment cores
from the southern inshore area of Bowling Green Bay (point ‘¢’ in Fig. 9) and the
west of Cape Cleveland (point ‘d’ in Fig. 9) show negligible recent sediment depo-
sition. In these areas the model suggests accumulation of less than 0.3 mm and 0.1
mm, respectively, of the sediment delivered in the 2007 Burdekin flow event.

It is noteworthy that the sediment load delivered from the Burdekin River over
the past hundred years has changed with land use changes in the catchment (Lewis
et al., 2007), climatic/hydrological changes (Lough et al., 2015) and dam construction
(Bainbridge et al., 2014). Hence, the long-term accumulation data in the sediment
cores cannot be directly compared to the modelling results for one year. The long-
term loads based on ~25 years of monitoring data (Kuhnert et al., 2012) suggest
that the mean load over this time is in the order of 4 Mt, which is thought to have
increased by a factor 5 to 10 since catchment modification from the 1850s; in fact
the Burdekin Falls Dam constructed in 1987 traps a large proportion of sediment
(Bainbridge et al., 2014) and hence the loads delivered to the end of river over a
period prior to 1987 would likely have been larger than today. In that regard, the
annual mean sediment loads delivered from the Burdekin River over the past hundred
years are likely to be of the order of 2 to 8 Mt and so the accumulation rate data in
the cores were expected to be within an order of magnitude of the modelled sediment
deposition rate.
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4.3. Management prioritisation

The results from SLIM 3D provide information relevant to the management pri-
oritisation of suspended sediment delivered from the Burdekin River. Specifically the
model shows that the Burdekin sediment that travels past Upstart Bay into areas of
sensitive marine ecosystems such as seagrass meadows and coral reefs occur during
flood plumes. Hence it is this sediment in the flood plumes that needs to be better
characterised and sourced to a specific catchment area or soil type. Bainbridge et al.
(2012) showed that the suspended sediment in the Burdekin flood plumes becomes
more organic-rich as the plume moves past Upstart Bay and is composed of clay
and fine silt material (< 15.6pm). While SLIM 3D cannot model the biological
material formed in the plume, such as bacterial mucus and phytoplankton, it does
reveal the fate of the “mineral” sediment which is likely coupled with this biological
material (Bainbridge et al., 2012). Further insights into the transport and fate of
suspended sediment from the Burdekin River will be gained by modelling larger flow
and sediment load events as well as wind-driven resuspension events that occur at
different times of the year to examine the movement and compaction potential of
this newly delivered sediment. Future studies could also model different sediment
types (e.g. different particle sizes and different densities) to examine if there is a
compositional difference between the sediment retained within Upstart Bay and the
sediment transported further afield.

4.4. Semi-open systems

The present study provides insights on the sediment deposition and fate for semi-
open systems. During the wet season, most of the sediment is deposited close to the
river mouth (Fig. 9). A long distance sediment transport occurs within freshwater
plumes during flood events but remains limited. During the dry season, while regular
wind events flush the sediment out of the exposed coastal areas, only exceptional
events, such as cyclones, are able to move the sediment out of the bays (Fig. 10).

Whilst the widely accepted long-shore drift process (e.g. Woolfe and Larcombe
(1998); Lambeck and Woolfe (2000); Orpin et al. (2004)) is critical for sand movement
along beaches (e.g. Pringle (1986); Muller et al. (2006)) in open systems, it is unlikely
to be a major process in the transport of mud-sized (< 63 pm) sediment in semi-
open systems. Such systems are sheltered and differ from open settings which allow
sediment to be transported hundreds to thousands of kilometres via longshore coastal
wind-driven currents (e.g. Mekong and Amazon Rivers). However, those systems
cannot be regarded as semi-enclosed systems, since a large fraction of the sediment
mass leaves the bay of the river mouth.
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5. Conclusions

SLIM 3D was used to model the transport and fate of suspended sediment deliv-
ered by a large tropical river to a semi-open system located on a shallow and wide
continental shelf. The model reproduced key sediment depositional areas identified in
previous studies and was able to closely reproduce the patterns and concentrations of
suspended sediment and salinity measured in both the flood plume and during large
resuspension events. Furthermore, the modelled sediment accumulation rates closely
matched the longer-term sediment accumulation rates measured in sediment cores
from the region. The model reveals that for such a system, most of the sediment
is deposited and retained in the bay near the river mouth while the suspended sed-
iment that travels longer distances is transported within freshwater plumes during
flood events. Wind resuspension processes only redistribute the sediment within the
embayments and do not move it from bay to bay, although the sediment is flushed
out of the exposed coastal areas. Cyclones are able to move the sediment out of the
bays.

It is suggested that for these semi-open systems, the management of the sediment
transported long distances in the flood plumes should be the priority for protecting
sensitive marine ecosystems. Future studies should examine sediment transport and
fate for other similar systems with different characteristics such as a narrower or
deeper shelf.
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Appendix A. SLIM 3D model details

Appendiz A.1. Hydrodynamic model

SLIM 3D (Kérna et al., 2013; Blaise et al., 2010; Comblen et al., 2010) solves the
3D hydrostatic Boussinesq equations. The unknowns are the following:

variable | definition
u horizontal velocity
w vertical velocity
n sea surface elevation
P pressure
0 density deviation
S, T salinity and temperature

Using the notations defined in Table A.1, the equations governing the unknowns
previously defined are:

' ou 0 (uw) 1
u a—f—Vh'(UU)‘FT'f‘fez/\u'f’%Vhp
0 ou
= Vh . (Vthu) + & (V@) s (Al)
ow
W : Vh-u+$—0, (AQ)
n
n: @—f-vh-/ udz =0, (A'?’)
ot _n
1 g ! /
p: —Vup =gV + 2=V, | pdcC, (A.4)
Po Po z
e p' = p(S,T) — po, (A.5)
. oS d(wS) 0 oS
S I + V- (uS) + 5 Vi - (5 ViS) + 9 (lia) : (A.6)

p is the density state equation defined by Jackett et al. (2006). Temperature equa-
tion is similar to salinity Equation A.6. Nevertheless, in this study, the influence of
temperature on density is neglected in front of salinity: density is only a function
of salinity. Coriolis factor f is constant over the domain. Horizontal viscosity vy,
follows the Smagorinsky parametrization (Smagorinsky, 1963; Blaise et al., 2007),
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Table A.1: Notations for the hydrodynamic model

variable | definition
f Coriolis factor
g gravitational acceleration
00 reference density
Un, K | horizontal viscosity and diffusivity
U, K vertical viscosity and diffusivity
T, 2 \C;%lfgﬁ%ga% S V%grilngt Sanzdi% ‘the vertical coord,
h bathymetry
e, vertical unit vector
Vi horizontal gradient operator

with parameters similar to those of Thomas et al. (2014) in their modelling of the
GBR. Horizontal diffusivity k; is constant, with the same value as in the application
SLIM 3D to an idealised setting of the Rhine region of freshwater influence (Kérna
et al., 2013). Finally, vertical eddy viscosity v and diffusivity x are determined from
the k — € turbulence closure model. For this turbulence closure model, GOTM (Bur-
chard et al., 1999), which has been coupled to SLIM 3D (Kérni et al., 2012), is used
here.
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Appendiz A.2. Sediment model

The sediment model is a 3D extension of the model developed by Lambrechts
et al. (2010). The sediment concentration C' is a passive tracer which is advected
and diffused. The main unknowns are:

variable | definition
C suspended sediment Concentration (mg 171)
D sediment Deposit concentration (mg m™2)
E Erosion and deposition flux (mg m™2 s71)

Using the variables and parameters defined in Table A.2 and A.3, the governing
equations are:

C:OonQ . % e i gzw”c) V- (1 VAC) 4 % G%) ,
OnT,: — H% _ B (A7)
D:OnTy: %—?ZE, (A.8)
E: E=a; Cw, max (1—$%0) —dpsg (a2 max (' —1,0)
tas (wﬂo)ﬁ exp (— o (H +1)/g — ) ) (A.9)

where (2 is the domain and I, the bottom boundary. Sediment depot D is only
defined at I',. At the open boundaries, sediment leaves the domain with currents
pointing outward, but there is no inflow of sediment with currents pointing inward.
In Equation A.9, the first term on the right hand side is the deposition flux, the
second term is the erosion flux due to entrainment, and the last term is due to wave
induced fluidisation of the mud.

The settling vertical velocity wy is defined by:

Wy = =<, Min(agC, wy). (A.10)
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Table A.2: Notations for the equations resolved by the sediment model

variable | definition
W settling vertical velocity (m s™!)
w wind velocity: w = (w,, w,) (m s7')
w wind speed: w = ||w]| (m s7!)
up bottom water velocity (m s™!)
Up bottom water speed: uy = ||up|| (m s71)
B up/ug
g gravitational acceleration (m s72)
Owew, | =115 w < wy, else 0
Op=>0 =1is D >0, else 0

Table A.3: Values of the different parameters used in the sediment model

variable | definition value
Wy settling speed threshold 2-107* ms™!
wo wind speed threshold 10m s7!
w wave frequency 1.57Hz
ao 10°m Imgts!
ai 1021 m™3
as Img m—2s7?
as aso + (CL31 - ago) <05 - %)
a wind orientation factor = (uy - w)/(upw)
aso 6.86 - 10> mg m=2 s}
as 3.528 - 10* mg m~2 s7!
o 0.905
f -0.0207
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Appendix B. Flood data

Table B.4: Comparison between measured (Bainbridge et al., 2007) and simulated sea surface
salinity and sea surface suspended sediment concentration.

Site ID  date latitude longitude Salinity SSC (mg/1)
data SLIM 3D | data SLIM 3D
1 Feb 06, 13:30 19°40.9" 147°37.5" | 1 1 348 287
2 Feb 06, 14:10 19°40.6° 147°38.6" | 10 2 11 263
3 Feb 06, 14:25 19°40.4> 147°38.7" | 21 3 10 252
4 Feb 06, 14:40 19°39.9" 147°38.8" | 21 oY 69 226
> Feb 06, 15:20 19°39.67 147°37.6 | 1 9 225 158
6 Feb 06, 15:35 19°39.1" 147°37.7" | 4 10 45 101
7 Feb 06, 15:40 19°38.6" 147°37.7" | 5 11 27 66
8 Feb 06, 15:55 19°38.2" 147°38.1" | 8 12 10 48
9 Feb 06, 16:40 19°29.6° 147°32.7" | 9 19 20 18
10 Feb 06, 16:50 19°28.2" 147°31.9" | 11 20 11 15
11 Feb 06, 17:05 19°26.57 147°30.7" | 15 20 8 12
12 Feb 06, 17:25 19°24.8" 147°29.8" | 18 21 36 10
13 Feb 06, 17:50 19°17.57 147°24.9” | 19 22 9 7
14 Feb 07, 7:20 19°18.2" 147°22.2" | 26 31 34 2
15 Feb 07, 7:45 19°17.0° 147°19.8" | 25 30 7 11
16 Feb 07, 8:13 19°16.5" 147°16.4" | 26 30 5 16
17 Feb 07, 8:35 19°15.57 147°14.4° | 26 30 2 17
18 Feb 07, 853 19°14.7" 147°12.1" | 28 29 4 11
19 Feb 07, 9:10 19°15.2" 147°9.3> | 30 29 6 8
20 Feb 07, 9:30 19°15.2" 147°4.3" | 27 29 3 8
21 Feb 07, 10:00 19°11.4> 147°3.0" | 29 29 3 17
22 Feb 07, 10:20 19°9.77  146°59.0” | 30 30 ) 9
23 Feb 07, 10:45 19°8.5"  146°54.8" | 30 31 7 7
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