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A measurement-to-modelling
approach to understand
catchment-to-reef processes:
sediment transport in a highly
turbid estuary
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LCSIRO Environment, Commonwealth Scientific and Industrial Research Organisation (CSIRO),
Brisbane, QLD, Australia, ?School of Biology & Environmental Science, Queensland University of
Technology, Brisbane, QLD, Australia, *Key Laboratory of Physical Oceanography, Ministry of
Education, Ocean University of China, Qingdao, China

As sediments carried by rivers enter coastal waters, fine particles can reduce the
amount of light that reaches the reef through light attenuation. The Fitzroy
Estuary - Keppel Bay (FE-KB), being the second-largest source of sediments to
the Great Barrier Reef (GBR) poses a significant threat to the GBR ecosystem
such as coral reefs and seagrass meadows, and biogeochemical cycles that
influence water clarity. While monitoring and modelling capabilities for
catchment and marine settings are now well-developed and operational, a
remaining key gap is to better understand and model the transport, dynamics
and fate of catchment derived material through tidally influenced sections of
rivers that discharge into the GBR. This study aims to reveal sediment transport in
the FE-KB estuary by continuously monitoring the seasonal variability over a
year-long period and build a high-resolution model to predict sediment budgets
under different scenarios of physical forcing and river conditions. Multiple data
sources, including field surveys, historical data, and numerical modelling were
used to obtain a detailed understanding of the sediment transport processes
during wet (high river flow) and dry (low-to-no river flow) seasons. The use of
high-resolution bathymetry and survey data for sediment model
parameterization allowed for accurate mapping of the morphological changes,
while numerical modeling provided insights into the hydrodynamic and sediment
transport processes in the estuary. Observation and model data confirm the
existence of a Turbidity Maximum Zone (TMZ) in the FE-KB (approximately 35 —
40 km from estuary head), where the topography plays a critical role in trapping
sediments. By utilizing the model, a closed sediment budget was calculated
under varying flow conditions and the results were used to determine the
estuarine trapping coefficient that ranges from 28% (during extreme wet
condition) to 100% (during dry condition) of the total catchment loads.
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Morphodynamic modelling demonstrated a persistent erosion pattern in the
upper reach of the FE. The lower FE and southern tidal creeks serve as a large
sediment storage basin during both wet and dry seasons, and sediment is
exported and deposited offshore during high river flow conditions.
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catchment to reef

1 Introduction

The Great Barrier Reef (GBR) is undergoing rapid decline
driven by degraded water quality resulting from poor catchment
load practices and changing climate patterns altering rainfall and
storm frequency and warmer sea surface temperatures (Brodie et al.,
2012; Furnas, 2003; Kroon et al., 2012). There is strong evidence
that following significant rainfall events flood plumes bringing high
particulate loads can have prolonged effects on photic depth and
turbidity in the GBR, that can lead to the decline of coral reefs and
seagrass meadows (Jones and Berkelmans, 2014; Lewis et al., 2015;
Wenger et al., 2016). The Reef 2050 Water Quality Improvement
Plan (Reef 2050 WQIP) has been implemented by the Australian
and Queensland Governments to reduce riverine pollutant loads,
including excess terrestrial sediments and nutrients, from entering
the GBR lagoon over the period 2015 - 2050 (Brodie et al., 2012). As
part of the Reef 2050 WQIP, the Paddock to Reef program identifies
sources of pollutants and sediment loads entering the GBR by
monitoring land management practices in catchments (Carroll
et al, 2012). To understand how riverine pollutant loads are
transported and distributed from the source to sink, it is
necessary to examine the various physical processes involved
from catchment to reef and how they affect the fate of these
materials. However, the current monitoring and modeling used to
track GBR water quality targets are subject to limitations, including
their ability to resolve the transport, dynamics and fate of
catchment derived material in the estuarine domain of GBR
catchments due to its complexity and variability. Estuaries are
highly dynamic ecosystems with constantly changing flows, tides
and sediment inputs that pose a challenge for monitoring and
modelling efforts to develop an integrated measurement-to-
modelling framework across the catchment-to-reef (Bainbridge
et al, 2018; Steven et al, 2020). Water quality impairments on
the GBR resulting from catchment inputs could be biased if the
processes in this domain are omitted, as sediment deposition and
erosion in the estuaries vary rapidly across catchments and
timescales. (Walsh and Nittrouer, 2009; Ganti et al., 2016; Livsey
et al., 2022).

To address the issue of degraded water quality in the GBR caused
by excess riverine sediment loads, dedicated monitoring and
modelling studies have been conducted, initially focusing on the
Fitzroy Estuary-Keppel Bay (FE-KB) region, and ultimately
expanding to the entire GBR region (Herzfeld et al.,, 2005;
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Margvelashvili et al., 2006; Robson et al., 2006; Webster and Ford,
2010; Margvelashvili et al., 2018; Steven et al., 2019; Steven et al.,
20205 Baird et al., 2021). The FE-KB contributes the second-largest
proportion of total suspended sediments to the GBR (Furnas, 2003),
and its diverse range of sediment types and ecological importance
makes it an ideal location to study sediment dynamics under river-
tide interactions. Sediment transport drivers in GBR estuaries have
pronounced seasonal variability (Crosswell et al., 2019), affecting
sediment budget calculations due to changes in river flow and tidal
currents. The annual total suspended solids (TSS) load from the
catchment was monitored at Rockhampton (Figure 1) and ranged
from 52 to 7000 kt. y’1 during 2009-2020 (Turner et al,, 2012; Turner
et al.,, 2013; Wallace et al., 2014; Wallace et al., 2015; Wallace et al.,
2016; Garzon-Garcia et al., 2015; Huggins et al., 2017). Lewis et al.
(2015) synthesized the research on sediment source, transport and
fate studies and summarized the current best estimate constrained by
the monitoring data that catchment-derived sediment export is
between 1.5 and 2.0 Mt. "' except for the occurrence of a major
flood event. Based on sediment core sampling (Bostock et al., 2007)
and plume monitoring of salinity, TSS and nutrients during a
moderate summer flood in 2003 with a maximum discharge rate of
4200 m*/s (Packett, 2017), the trapping efficiency of sediments within
the FE and KB was estimated to reach 50% - 90% of the total river
loads. Estimating trapping efficiency based on sediment cores can
pose challenges due to a failure to account for seasonal and
interannual variability in river discharge, as years with low river
discharge tend to deposit more sediment in the estuary compared to
years with high discharge.

In this study, we focused on the seasonal characteristics of sediment
being delivered to the GBR and the quantification of the sediment fluxes
originating from the FE-KB catchment into the GBR, especially during
major flood events. We used a systematic measurement-to-modelling
framework to fill the following knowledge gaps:

1. How do different estuarine processes drive river-derived
sediments from catchment to reef during both the dry and
wet seasons?

2. What is the seasonal variability in the sediment budget?

3. How do estuary morphodynamics respond to seasonal
variations in sediment transport?

We conducted a year-long field campaign, combined with long-
term historical data and a numerical model, to understand wet-dry
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FIGURE 1

(A) Study site in the Fitzroy Estuary and Keppel Bay with long-term monthly turbidity profiling (dark blue) conducted by Department of Environment and
Science (DES, QLD) since 2000; labelled with distance starting from the barrage (O km) increasing seaward. Mooring station A1-A3 (red); Along-estuary axis
(black); Survey transect (yellow) conducted in Nov 2022; Tidal gauge (orange) at Port Alma and Rosslyn Bay; Model domain (light blue); surface salinity and
turbidity (2021-presesnt) collected at MMP (green) near estuary mouth by Australian Institute of Marine Science (AIMS); (B) Bathymetry data in 30m resolution
obtained from Geoscience Australia; cross sections (XS1-XS5) for sediment flux calculation.

seasonal drivers of sediment transport and sediment budget in the
FE-KB along the catchment-river-estuary-reef continuum. The
model simulated a typical dry year (2022.01 - 06) and a wet year
with a large flood event (2010.11 - 2011.03) in the FE-KB. Section 2
describes the field observation, model configuration and method
used for sediment flux decomposition. In Section 3, we analyze the
wet-dry seasonal variations of estuarine circulations and sediment
characteristics from both field data and model results. Finally, we
summarize the key findings of this study in the discussion
and conclusion.

2 Methods
2.1 Study area

The Fitzroy Estuary (FE), located at ~23.5°S (see Figure 1),
extends from a barrage at Rockhampton, ~70km from the coast and
winds through low-lying agricultural catchments, finally discharges
into Keppel Bay (KB) via southern deep channel. The FE-KB system
in this study includes the upper FE (Barrage to Thompson Point),
lower FE (Thompson Point to Sea Hill point, including southern
tidal creeks) and KB (north of Sea Hill). Upstream of the barrage,
the Fitzroy River (annual range of discharge 0 - 14,000 m?/s) drains
a grazing dominated catchment area of about 142,000km?. Due to
the catchment’s large size, there is a wide range of soil types, land
cover characteristics, and rainfall-runoff dynamics, leading to
climatic, hydrological, and geological differences between sub-
catchments (Dougall et al., 2014; Huggins et al., 2017). Numerous
studies have reported high level of sediment and nutrient loads
from the catchment to the reef since European settlement
(McCulloch et al.,, 2003; McKergow et al.,, 2005; Brodie et al,
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2011). The current sediment load from the FE-KB catchment is
estimated to have tripled due to increased land clearing and changes
in land use since pre-European settlement (Kroon et al., 2012). The
depositional history of the FE-KB system indicates that sediment
from the river has accumulated in and around the lower FE
(Thompson Point to Sea Hill) and the lower KB to form a more
deltaic-type environment, characterized by extensive floodplain, salt
flats, mangroves, and tidal creeks (Brooke et al., 2006; Ryan et al.,
2006; Bostock et al., 2007).

The export of sediment from the FR is mainly controlled by
highly episodic summer floods during wet months (November to
March) and is redistributed primarily by tidal currents within the
estuary and bay during the dry months (April to October)
(Webster and Ford, 2010). The monthly-averaged
hydrograph of FR (Figure 2) at the Gap (130005A, https://
water-monitoring.information.qld.gov.au/) shows high seasonal
and interannual variability in river flow due to the impact of El
Nino and La Nina cycles. Generally, there are one or two above-
mean annual flows, with the occasional large flood event lasting
several weeks, and low flows for the remainder of the year. In 2022,
the average discharge rate was 43 m>/s, with multiple flow events
up to 1500 m?/s (Figure 2), indicating a relatively dry monitoring
year. To assess sediment fluxes during a wet year, the model
simulated the 2011 flood event, which caused severe flooding in
January that lasted for about 18 days. This event set a record for
the highest annual rainfall in the FR catchment and peak
discharge rate exceeding 13,000 m’/s. The monitored FR
catchment had an estimated annual total suspended solids load
of nearly 7.0 Mt. y ' in 2010-2011, with the fifth-highest flood peak
recorded at 9.2m in Rockhampton.

The FE-KB system is tide-dominated with tidal range reaching
5m during spring tides and current speeds may exceed 1 ms™ near
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Monthly averaged river discharge since 2010 to present from the Fitzroy River measured at the Gap. Inset shows hourly river discharge in survey year

2022 with labels of four voyages (red).

the FE mouth. The system is well-mixed during the dry season,
while during high river flow freshwater effectively flush the estuary
and lower salinity in KB. It takes approximately 6-8 months for the
salinity to increase back to marine levels (Herzfeld et al., 2005).
Prior studies have shown a wide range of variations in salinity from
the estuary head to the lower FE, which can range from being
entirely fresh during river discharge pulses to being hypersaline
throughout dry years (Webster and Ford, 2010). Port Alma in the
lower FE was identified as the zone of maximum resuspension with
a higher percentage of mud in surficial bottom sediments (Ryan
et al.,, 2006; Webster and Ford, 2010).

Long term surface turbidity samples from the past 30 years (°
State of Queensland (Department of Environment and Science)
2019) demonstrated the existence of a Turbidity Maximum Zone
(TMZ) between stn.35 and stn.40 (refer to Figure 1 for stns labelled
as distance from Rockhampton Barrage towards downstream). The
turbidity levels are generally higher during the wet season, with
greater mean and range, and lower at the seaward end of the
estuary. TMZ is consistently higher during both wet and dry season
compared to upstream and downstream regions (Figure 3).

2.2 In-situ observations

2.2.1 Spatial surveys

The four voyages were conducted in the FE in February, June,
November 2022 and April 2023, each for one week. Spatial surveys
were conducted to characterize the hydrodynamic conditions
during two wet seasons (Feb, Nov) and two dry season (Apr,
Jun). Due to weather conditions, the June 2022 survey was
limited to the lower FE without access to the upper FE. All four
surveys were conducted during spring tides. Surface water was
continuously pumped to a series of flow-through cells submerged in
an ambient water bath during each voyage. Flow-through
measurements for temperature, salinity and turbidity were
collected at 10-second intervals using a YSI EXO2 sonde.
Continuous along-axis water-column profiles of salinity and
temperature were collected in November 2022 while underway
using small CTDs (Van Essen CTD-diver) and an electric reel
following the methods of Crosswell et al. (2022). The profiling data
were measured at 1-second intervals, as shown in Figure 1 (yellow
line) for the along-axis transect in November 2022.
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FIGURE 3

Boxplot of monthly surface turbidity samples along the Fitzroy River at 12 sites from 1993 to present during dry (red) and wet (blue) season. Boxes
extend to interquartile range, the dot in each box is the mean value. Upper and lower whiskers extend to the 0.975 and 0.025 quantiles, respectively.
Data collected by DES®© State of Queensland (Department of Environment and Science) 2019.
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2.2.2 Fixed-point moorings

Two types of fixed-point stations were constructed, deployed and
serviced during voyages. These three stations are denoted as “mooring
stations” for distinction from other sampling stations. Two
instrumented benthic lander frames were deployed at the estuary
mouth (Al) and Port Alma (A2) to collect data continuously over
tidal cycles from February 2022 for a one-year deployment. In June
2022, a telemetered mooring station (A3) was installed on a pylon near
the border between the upper and lower estuary. The A3 station
consisted of a side looking SonTek SL500 ADCP and a YSI EXO2 V2
sonde mounted about 1.5 m below mean low tide and a Vaisala
weather Transmitter WXT520 weather station mounted about 8m
above mean tide. The A3 station logged data at 10-minute intervals. At
the Al station, a Nortek signature 1000 ADCP and YSI EXO2 sonde
were mounted about 0.5m above the seabed with a sampling interval of
10 minutes and a vertical cell size of 0.5m for the velocity profile. At the
A2 station, a Nortek Aquadopp ADCP (1MHz) was mounted about
0.9m above the seabed with a sampling interval of 10 minutes and a
vertical cell size of 1.0 m for the velocity profile. The YSI EXO2 sondes
measured temperature, salinity, turbidity, pH, chl-a, DO and depth at
10-minute intervals and were calibrated immediately prior to
deployment. Salinity and turbidity data from February - May 2022
at A2 is missing due to instrument failure.

Bottom boundary layer dynamics were measured using a
bottom lander with a Nortek Vector ADV (16 MHz), LISST-100X
and YSI EXO2 sonde mounted 15cm above the bed. The bottom
critical shear stress for sediment erosion and deposition was
measured to parameterize the sediment model. During the June
and November voyages, the ADV lander was continuously deployed
at three mooring sites for over 25hrs to capture full tidal cycles. The
critical erosion stress for sediment was identified in the range of 0.1
- 0.2 kgm™'s for the sediment model configuration.

2.2.3 Discrete profiles and samples

Water-column profiles of in-situ turbidity and salinity were
collected at the three mooring stations (Al - A3) during each
voyage. Meanwhile, 1L water samples were collected at the surface,
mid-depth and bottom layers to derive the relationship between
suspended sediment concentration (SSC, mg/L) and turbidity (FNU,
which was found to be approximately SSC: Turbidity = 1.6:1 (R* ~0.98,
result shown in the supplement). These discrete water samples were
collected over a period of ~47s using a peristaltic pump with the tube
attached to the profiling cage near the EXO2 optical path.

Table 1 summaries the in-situ instrumentation, measured
parameters and data acquisition periods at different locations.
More information on observational data, e.g. Gantt charts for
instrument deployments and other summary figures, is available
in the data summary document and voyage reports that are part of
the study data collection (Crosswell et al., 2023; https://doi.org/
10.25919/chsj-pd27).

2.2.4 Historical data

Time-series surface salinity and turbidity data in Fitzroy River
mouth (Figure 1, MMP) were collected through in-situ monitoring
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TABLE 1 Sampling equipment and methods®.

Sampling Stations &
Instrument = Parameters :
component Periods
CTD:
ivi Continuous
YSIEXO2 gond“m"lw’ sampling along the
Underway: flow- = Sonde emperature, piing 8
Depth one-week voyage
through .
Turbidity path conducted in
(surface)
Feb, Jun, Nov 2022
AirMAR Wind speed and  and Apr 2023
150WX" direction
Along- and cross-
Van Essen channel transects
a s'se CTD conducted in Nov
CTD-divers K
2022 and April
Underway 2023
vertical profiling
Cross-channel
SonTek M9 Current transects conducted
Hydrosurvey Velocity in Feb and Nov
2022 voyage
YSI EXO2 CTD
Sonde Turbidity Al, A2, A3 stations
and
Wat | D50: mean Mid-to-upper
ater-column
LISST-200X particle size Fitzroy River

profiling stations

during the Feb, Jun,

SSC: Suspended | Nov 2022 and Apr

Discrete water

samples® Sediment ] 2023 voyages
Concentration

YSI EXO2 CTD

Sonde Turbidity

Nortek

Signature 1000

(AL);

Nortek Over lyr

Aquadopp deployment
Mooring stations 1Mhz Zcell (2022.02 - 2023.04)

(A2); Current at Al, A2, and A3

Velocity stations

Nortek

Aquadopp

1Mhz angle

(A2);

SonTek SL500

(A3)

YSI EXO2 CTD

Sonde Turbidity
Bottom

Over 25hrs at Al,
boundary Nortek Vector Current ver rsAa
| A2, A3 stations.

layer ADV Velocity

LISST-100X D50

“table shows data and instruments that were directly used in this modelling study, which are a
subset of the observational dataset collected by field activities (see Crosswell et al., 2023).
Meteorological: Mounted on mast about 8 m above mean tide.

“Collected directly from surface via Van Dorn or at depth via peristaltic pump.

by the Great Barrier Reef Marine Monitoring Program for Inshore
Water Quality (MMP WQ, https://doi.org/10.25845/vr1c-0945).
Sea-Bird Electronics SBE 37-SM were deployed 2m below the
water surface at sampling interval of 10 minutes from 2021
to present.
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2.3 Numerical model

The unstructured finite-volume community ocean model
FVCOM, coupled with the UNSW-Sed module (Chen et al., 2003;
Wang, 2002) was used to simulate the estuarine circulation and
sediment dynamics in the FE-KB. The model domain covered
~50km offshore and ~60km upstream from the estuary mouth
towards Rockhampton Barrage. The Rockhampton Barrage acts as a
barrier to tidal and salt propagation, indicating the tidal limit of FE.
Note that distances in this study are measured as downstream from
the Rockhampton Barrage (Figure 1). The grid consisted of 40,930
nodes and 77,730 elements, with variable cell sizes ranging from
~2500m at the open ocean boundary down to 100m in the estuary
(Figure 4). The vertical resolution was 20 sigma layers with higher
resolution at the surface and bottom layers. The bathymetry data
used was the high-resolution (30m) depth model for the GBR
obtained from Geoscience Australia (Beaman, 2017).

Open boundary conditions were specified by interpolating the
dataset of tidal constituents from the TPX08 global tide model
(Egbert and Erofeeva, 2002, https://www.tpxo.net/global/tpxo8-
atlas, accessed Sep 2022) to the open boundary nodes. Catchment
rainfall-runoff processes were simulated by GBR Dynamic SedNet
model framework, which incorporates a paddock-scale pollutant
generation model that calculates loads from rivers, side streams and
creeks within the GBR catchments (Waters et al., 2014; Ellis, 2018;
Waterhouse et al., 2018; McCloskey et al., 2021). The daily river
discharge and sediment loads from the FR were added at the
upstream boundary with salinity set to zero. The model was spun
up for one month before the different model scenario runs with an
initial zero velocity field and a uniform salinity field of 27 psu. The
bottom drag coefficients is defined as 0.001m for marine bed and
0.0005 m for estuarine bed, time step for vertical diffusion is 0.4s
and for horizontal advection is 2.0s.

The UNSW-Sed module was two-way coupled to the
hydrodynamic model by allowing SSC to affect the seawater density
and bottom drag coefficient (Wang, 2002). The detailed module
algorithm can be found in the supplement. The parameters used in
the sediment module are summarized in Table 2. Only one type of
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100 500

N400
300
I200

100

FIGURE 4
Model mesh resolution of the Fitzroy Estuary and Keppel Bay.
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cohesive sediment is used in this study, of which the settling velocity
is a function of suspended sediment concentration. It includes the
flocculation and hindered settling process. Morphodynamics are
simulated by calculating changes in bed thickness. The initial bed
thickness is set to be 10m uniformly and reduced or increased by
sediment erosion or deposition process.

Model scenarios with different river flow conditions combined
with tidal forcing in barotropic and baroclinic modes were
conducted (summarized in Table 3) to investigate the role of
discharge magnitude on estuarine sediment transport (trapping
and erosion) and the processes controlling the location of the TMZ.

2.4 Observational and model data analysis

Observational data of current velocity, salinity, and turbidity
were grouped into wet and dry season data based on the presence of
river flows (> 100 m*/s) within 10 days before data collection. These
data were used to reveal the seasonal pattern in hydrodynamics and
sediment transport, as well as possible drivers of seasonality in the
FE-KB.

Simulated water surface elevation, salinity, SSC, and current
velocity were compared with observation data to evaluate model
performance, and calibration results are provided in the
supplement. The model has the capability to predict the sediment
flux along and across estuary within a defined area to provide a
closed balance of sediment budget. The sediment flux was
determined by integrating the product of water depth, SSC and
current velocity at each layer along the cross-estuary or along-
estuary transect, from the surface to the bottom. The resulting
sediment flux was then separated into two components: mean
advection (tidally averaged) and tidal pumping (tidally varying)
components (McSweeney et al., 2016; Xiao et al., 2020). To calculate
these components, the time series of SSC and principal velocity
along -layer were low-pass filtered using a 36hr lanczos filter (in the
subscript is omitted for convenience):

( U)t = (Ut)lp > < C)t = (Ct)lp

Mesh Resolution (m)
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TABLE 2 Sediment model parameters.

Parameters Value

Sediment Diameter (m) 1.06x107°
Critical Erosion Stress (kg.m"s’z) 0.2
Critical Deposition Stress (kg.m'ls'z) 0.2
Critical SSC concentration for flocculation (kg.m'3 ) 0.1
Empirical erosion rate coefficient (kg.m'zs'l) 9%x10°
Initial bed thickness (m) 10

{U}t: U~ (U, {C}t: C—(C)

1 1
Fuay() = D, / (UY(C),30 , Eypmp(t) = D, / (U} {Choo

where (), indicates the tidally averaged component and {}, the
remaining component; F,;, is the mean-advection component of
sediment flux, F,,,, is the tidal pumping component of sediment
flux, and D is the total water depth. In the along-estuary direction,
positive values indicate down-estuary transport, and negative values
indicate up-estuary transport. The along-estuary and cross-estuary
sediment flux were interpolated along the thalweg line and at the
XS1 -XS5 transects at 100m intervals.

To evaluate the contributions by tidal and nontidal processes to
the total sediment transport, the contribution (%) of mean
advection and tidal pumping was calculated as follows:

t
[rus
0
t t
'/ Fadt 4| [ F
0 0

‘pump
Becherer et al. (2016) developed a close balance to decompose

x 100

percentage (%) =
+

|

F,4, into barotropic and estuarine circulation components. They
also used tidal averaging instead of the low-pass filter method, with
the M, tidal period as the averaging window. In their study, both
methods were compared and found to agree well in reproducing the
trend of sediment flux component variations, except for an
unclosed balance in the previous method due to the omission of
cross-correlation terms between mean velocity and fluctuating
sediment concentration and vice versa. The estuarine circulation
component is further extracted following Becherer et al. (2016):

Foy = (D) ({{C)}o{{Ui}o)o

TABLE 3 Model scenarios.

Scenarios Time Condition Forcings

1 2022.01-2022.03 Low flow Tides, River, Baroclinic
2 2022.01-2022.03 No flow Tide only, Barotropic
3 2010.10-2011.03 High flow Tides, River, Baroclinic
4 2010.10-2011.03 No flow Tide only, Barotropic
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The components calculated in Becherer et al. (2016) are in tidal-
averaged and depth-mean format.

3 Results
3.1 Observational results

The main shipping channel is maintained at depths of 14m to
18m from the estuary mouth towards Port Alma (Figure 5A),
resulting in strong tidal influence with high salinity (Figure 5B)
and intermittent sediment resuspension due to strong tidal
currents. Thompson Point (40 km) marks the rapid transition
from deep and narrow (~16m deep and ~600m wide) to shallow
and wide downstream (less than 10m deep and ~2000m wide;
Figure 1). Moving upstream from Thompson Point toward the
Bend (30 km) tidal motion gradually mixed saline water with
freshwater. At the Bend, tidal currents and resuspension effects
decreased, as was found in previous studies (Douglas et al., 2005;
Webster et al., 2006). The area upstream from Bend to
Rockhampton was dominated by the river with close-to-zero
salinity and high turbidity throughout the study period. In Nov.
2022, the edge of the salt intrusion during rising tide was observed
between Bend and Thompson Point about 32km from the Barrage.
A classic two-layer structure of gravitational circulation was
observed, with freshwater at the top and dense water at the
bottom (Figure 5C).

The three mooring stations exhibited similar probabilities of
exceeding depth-averaged current speeds, reaching a maximum
of 1.5 m/s. The majority of current speeds (over 90%) remain
below 1.0 m/s, or with the current speed exceeding 1.0 m/s less
than 10% of the time (Figure 6A). Al station stands out with an
ebb-dominant asymmetric current, where over 10% of the ebb
current exceeds 1.0 m/s during both the wet and dry seasons
(Figures 6D, G). However, A3 station is located too close to the
northern side of the riverbank to represent the main channel
flow behaviour, which is not showing the flood-dominant tidal
current that previous studies have predicted to induce the up-
estuary pumping of sediment (Margvelashvili et al., 2003;
Webster et al., 2003; Webster et al.,, 2006). The across-axis
variability in current velocity was confirmed by ADCP
transects in Nov 2022 using a SonTek M9 Hydrosurveyor
(shown in supplement). In the survey year, Al and A2 stations
were not completely flushed fresh, with 80% of bottom salinity
above 30 (Figure 6B). Conversely, A3 station experienced strong
interactions between river discharge and tidal propagation, with
80% of bottom salinity above 8 and 18 during the wet and dry
seasons, respectively (Figures 6E, H).

Bottom turbidity during the dry season shows a higher
percentage of high values at Port Alma than at the other two
stations (Figure 6F), though there is a lack of data for Port Alma
during the wet season. Al and A3 stations exhibit similar variation
trends, with over 70% of the bottom turbidity during the dry season
limited to 100 NTU, while high turbidity events are more common
during the wet season (Figures 6C, F, I).
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(A) Time series of water level at the Port Alma tide gauge (m), river discharge at the Gap (m*/s), and (B) salinity at three fixed-point mooring stations
(A1 - A3, refer Figure 1 for locations). Grey shading indicates the time of four voyages; (C) Along-estuary transect of salinity profiles from CTD diver

during rising tide on Nov 13" 2022

3.2 Modelling results

3.2.1 Numerical experiments on TMZ formation

Long-term in-situ turbidity data identified a TMZ between stn.35
and stn.40 (Figure 3), located in a deep hole upstream of Thompson
Point. Two model scenarios were simulated and compared to
investigate the effect of barotropic and baroclinic flows on TMZ
formation during dry season (Jan-Mar. 2022). Scenario 1 had tides
with low river flow in baroclinic mode, and scenario 2 had tides in
barotropic mode only (Table 2). Figure 7 displays the vertical profile
of three-month mean SSC, currents, and sediment fluxes from the
Rockhampton Barrage (0 km) towards estuary mouth (64 km) in
both scenarios. The SSC within the TMZ in scenario 1 (150-200 mg/
L) was two to three times larger than in scenario 2 (50-100 mg/L),
which showed a maximum SSC, consistent with the TMZ’s location
observed from in-situ data (Figures 7A, E). The current profile in
scenario 1 had a two-layer structure of surface seaward and bottom
landward flow (Figure 7B), while scenario 2 showed vertically
uniform seaward flow (Figure 7F). Sediment flux direction was
consistent with the current profile, and the magnitude was much
larger in scenario 1 (up to 25 g/s) than in scenario 2 (up to 5 g/s) due
to the high SSC in scenario 1 (Figures 7C, G).

In scenario 2, the existence of TMZ within the deep hole with
tidal forcing only indicates its formation by barotropic flow under
purely tide-topography interaction. It is not necessarily associated
with the tide-river interaction or density gradient. The sharp
transition of topography from approximately 17m deep to
approximately 5m shallow near the Thompson Point causes
sediment trapping within the deep hole, as observed in San
Francisco Bay (Ganju and Schoellhamer, 2008). Increased water
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depth reduces bottom stress, leading to sediment deposition within
the deep hole and creating a supply of easily erodible bottom
sediment. Introducing baroclinic flow in scenario 1 increases
bottom currents (Figure 7D), enhancing bottom stress for bed
sediment erosion and local resuspension. Therefore, the enhanced
SSC within the TMZ in scenario 1 is observed due to intensified bed
erosion (Schoellhamer, 2000). As a result, the TMZ in scenario 1
under baroclinic flow is more significant than in scenario 2. The
salinity profile from model shows average 26-28 within the TMZ
(not shown here), so no evidence of TMZ formation driven by salt-
freshwater interaction.

Overall, the topographic effect is the key mechanism for
generating the TMZ in the deep hole upstream of Thompson
Point. When the flow enters the deep hole, it slows down and
changes direction, creating a convergence zone where sediment is
deposited, leading to the formation of a sediment pileup with low
flow condition. With time, this sediment pileup grows, resulting in
the formation of a TMZ.

3.2.2 Effect of estuarine processes on
sediment transport

In the scenario 1 with low flow condition, the deep hole within
the TMZ shows consistent flood dominant flow, which is
topographic effect induced inland residual current (|[{{(U),)o| <
0.1 m/s), while ((C);)s fluctuates following spring-neap cycles
(Figure 8A). Stronger tidal currents during spring tide contribute
to sediment erosion and local sediment resuspension, resulting in a
high concentration of sediment ({{C);)s > 200 mg/L).

The nontidal advective flux (C),(U), shows two-layer vertical
structure of surface seaward and bottom landward exchange flux
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Probability (%) of depth-averaged velocity, bottom salinity and turbidity at A1 (blue), A2 (orange) and *A3 (red). Exceedance plot (A—C) over dry
season (solid) and wet season (dashed); Bar plot during dry season only (D—F); Bottom: Bar plot during wet season only (G-1); current speed
positive indicates ebb, negative indicates flood. A3 is a side looking ADCP and therefore values were the average of the 5 bins at the ADCP depth,

which was oriented toward the opposing bank.

(Figure 8B). (C){U), contains residual barotropic flux, caused by
river runoff, barotropic ebb-flood asymmetries, and wind stress (not
included in scenario 1), as well as a component purely driven by
estuarine circulation (Becherer et al., 2016). Further decomposition
was conducted following Becherer et al. (2016) to split the effects of
residual barotropic flow and estuarine circulation.

The tidal pumping flux {C},{U}, is the product of intertidal
correlation between the tidal current and sediment concentration,
which is driven by tidal fluctuations. {C},{U}, shows an overall
stronger magnitude than the advective flux, which is
ebb-dominated.

To evaluate the key factors contributing to net sediment flux,
sediment flux components were depth integrated. Sediment flux
decomposition was conducted following Becherer et al. (2016),
whereby F.s (estuarine circulation component) was extracted
from F,;, (nontidal advective component) to examine the impact
of estuarine circulation, with remaining F,4, driven by barotropic
flow. By integrating vertically, it becomes apparent that the net
landward mean flux is mainly generated by mean advection F,;,,
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which is driven by flood-dominated residual currents. F,,,, (tidal
pumping component) indicates net down-estuary transport, as SSC
peaks at ebb tides due to advective transport and turbulence
generation (Figure 8C). F,s becomes negligible (Figure 8D) as the
system becomes well-mixed during low flow conditions. If tidal
currents are the main engine for eroding sediment, one would
expect a large sediment concentration during the flood tide due to
the asymmetric flood-dominated current. During ebb, high SSC is
advected from the river/TMZ, while the strong flood current brings
low SSC. Thus, the sediment flux product indicates net down-
estuary transport by tidal pumping. Overall, the tidal pumping
component dominates the total net sediment flux in the deep hole
within the TMZ, generating down-estuary sediment flux.
Meanwhile, the flood-dominated residual currents, resulting from
the topographic effect, generate up-estuary advective sediment flux,
leading to sediment convergence within the TMZ.

Low flow condition (scenario 1) exhibited consistent sediment
export along the estuary (Figure 9A), with the sediment transport
decomposition revealing F, 4, contributing to over 50% of sediment
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Simulated three-month mean (A, E) SSC (mg/L), (B, F) current (m/s), (C, G) sediment fluxes (g/m/s) and (D, H) bottom current along the thalweg line
from the Rockhampton Barrage to estuary mouth in scenario 1 (left panel): tide plus river in baroclinic mode; scenario 2 (right panel): tide only in
barotropic mode. Current/sediment flux: positive, down-estuary; negative, up-estuary

export (Figure 9B), except within the TMZ where it switched from
sediment export to import. F,,,, persistently drove sediment
export along the estuary, with a dominant role within the TMZ,
while F.,r had negligible contribution to F. Furthermore,
landward sediment flux by F,;, contributed to sediment
convergence in the deep hole.

3.2.3 Changes to sediment trapping efficiency

The accumulated cross-channel sediment fluxes (XS1 - XS5,
Figure 1) were used to evaluate the estuarine sediment trapping
efficiency in the FE system during different river flow conditions
(scenario 1&3, as shown in Table 2). XS2 represents the loads at the
estuary mouth, while the SedNet model provides the catchment
load. The estuarine trapping coefficient is calculated as follows:

Trapping coefficient (%)

sediment export at estuary mouth
=(1- x 100
catchment load

where negative loads indicate import and positive loads indicate
export. The additional sediment source in addition to the catchment
loads received into the system is not included in the trapping coefficient.
During the 2011 event, the catchment’s sediment load reached 7.5
Mt, which is 4-5 times higher than the average annual input. Within
three months after the event, the FE-KB system trapped around 2.4
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Mt of sediment and exported 5.1 Mt (Table 4). The lower FE between
XS1 and XS3 trapped 1.57 Mt of sediment, and an additional 0.53 Mt
was delivered to the southern tidal creeks, with 0.3 Mt deposited
within KB. Thus, the estuary trapped and redistributed
approximately 28% of the catchment’s sediment load during the
high flow event into the lower FE and southern tidal creeks.

During low flow conditions, sediment is brought in from
offshore and from erosion in the upstream river catchment or
channels and is deposited towards the lower FE and southern tidal
creeks. The FE system functions as a sediment storage basin, with
the capacity to trap 100% of the catchment loads and additional
sediment source from offshore into the system. The efficiency of
sediment trapping is negatively correlated with river discharge, as
has been found in 15 other estuaries (Jay et al., 2007b), meaning that
as river discharge decreases, the ability of the estuarine system to
trap sediment increases.

3.2.4 Response of morphodynamics to
river effect

The effect of river flow on the change of bed sediment thickness
(erosion/deposition rate in mm/day, defined as ‘morphod’ in the
supplement) is compared between scenario 3 (high river flow) and
scenario 4 (no river flow) for the 2011 event (see Table 2). Morphod
is calculated by dividing the accumulated change in bed sediment
thickness by the event duration in both scenarios, as shown in
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Figure 10. In both scenarios, sediment erosion occurs consistently
in the channel of the upper FE, with sediment deposition occurring
near the bend (as also found in Ford (2006)), headlands and
southern tidal creeks. During no river flow (Figure 10A), eroded
sediments from the upper FE tend to accumulate near the
Thompson Point (at the seaward border of the deep hole noted in
Section 3.2.1) and the lower FE due to channel expansion. Bed
erosion occurs at the Sea Hill and southern headland, where a deep
channel is located with stronger ocean current intrusion. During
high river flow (Figure 10B), both the upper FE and the accreted
sandbars at the Thompson Point are eroded, with additional
sediments from river flow. Sediments derived from the catchment
and channel erosion will be redistributed and deposited within the
lower FE, KB and the offshore area towards the north.

Figure 11 shows bed sediment thickness change over 6 months
(2010.10 - 2011.03) along the longitudinal thalweg line (Figure 1 black
line) and cross-channel sections (XS1-XS5, Figure 1) in scenarios 3
(high river flow) and 4 (no river flow). The maximum erosion (up to
2m depth) occurs at the head of the upper FE due to strong river
influence, gradually decreasing to 0.1m erosion depth at XS3 in
scenario 3 (Figures 11C, F). Upper FE shows persistent erosion
in both scenarios, but river flows significantly enhance the erosion
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rate. In contrast, lower FE and southern tidal creeks consistently
deposit sediments, with<0.05m depth increase over 6 months
(Figures 11B, D, E). As the channel expands from upper FE to lower
FE, the current speed decreases, and sediment loads from the river tend
to deposit. The prevailing offshore southwesterly current drives the
sediment to deposit in the southern tidal creek. KB near the bay mouth
(XS1) exhibits different trends, eroding under no river effect and
depositing under high river flow effect (Figure 12A). When there is
no strong river outflow, offshore currents bring sediments from the
ocean into the FE-KB, causing channel erosion. However, when there is
a high river flow, a large amount of sediment is flushed down from the
river towards offshore, and sediment tends to deposit from the lower
FE to outside the system.

4 Discussion

4.1 Implication on sediment
budget calculations

Brooke et al. (2006) predicted sediment transport pathways and
budgets for fine sediment (<63um) based on sediment
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Along-estuary sediment flux in low flow condition (scenario 1). (A) sediment flux components (kg/m) accumulated over three months (2022.01-03),
method used in Becherer et al. (2016); grey dashed line indicates the deep hole (DH) within TMZ; (B) percentage of sediment flux contribution by

mean advection (F,q4,) and tidal pumping (Fpump).

accumulation rates estimated from sediment cores in the FE-KB.
The estimated catchment load for annual sediment (4.575 Mt y’l)
used in sediment budget calculations by Brooke et al. (2006) is
comparable to that of a wet year (2011) and two orders of
magnitude greater than that of a dry year (2022). In Brooke et al.
(2006), 55% of the annual average load was estimated to deposit
within the estuary, with a large fraction deposited in mangroves
(30%) and the lower FE (10%), including southern tidal creeks. The
trapping coefficient over the past decades falls within the range
reported in Table 3: 100% for a dry year and 28% for a wet year.
Although our calculations indicate that the upper FE is consistently
eroding during the model intervals, Brooke et al. (2006) estimated
an accumulation of 8.6% within the same compartment.
Asymmetric tidal currents were identified as the primary driver
for net up-estuary transport (Webster and Ford, 2010), but this
phenomenon was only observed within the TMZ and not within the
upper FE in our study. Note that the model in this study does not
include storage on the floodplain, mangroves and salt marshes,

whereas the measured accumulation rates for the FE do include
sedimentation in these areas and represent average accumulation
over longer timescales. Besides catchment sources, offshore input
can also be a crucial source of sediment for a river system, which
was not reported in the study by Brooke et al. (2006). Our research
has revealed that during low flow conditions, offshore influx can be
transported to the system by currents and tides, resulting in a
significant contribution to the sediment supply. Following a pulse of
sediment export from the system into the offshore zone during a
flood event, tidal, wind- and wave-driven currents tend to transport
these river sediments back into the estuary where they are deposited
in the lower FE and southern tidal creeks.

This study emphasizes the importance of considering the effect
of seasonal variability in river flows on sediment accumulation rates
when calculating the sediment budget for wet and dry seasons in the
FE-KB. Similar modeling practices were conducted by Webster et al.
(2006), who analyzed three single-year periods representing low
(1993), medium (2003), and high (1999) river flow scenarios in the

TABLE 4 Accumulated sediment flux at each cross section and the estuarine sediment trapping coefficient.

Sce. Condition Total River Load (Mt) XS1 (Mt) XS2 (Mt) XS3 (Mt) XS4+XS5) (Mt) Trapping Coefficient (%)
1 dry, low flow ‘ 0.01 -03 -0.24 ‘ 0.17 ‘ -0.11 ‘ 100
3 wet, high flow ‘ 7.5 5.1 54 ‘ 7.5 ‘ -0.53 ‘ 28
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Mean sedimentation rate (mm/day) during the 2011 event: (A) Tide only (scenario 4); (B) high river flow (scenario 3); red indicates accretion; black
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FE-KB. Both this study and Webster et al. (2006) revealed
continuous channel erosion during low-medium flow conditions,
however Webster et al. (2006) observed persistent export flux
towards the GBR lagoon for all flow conditions. In this study,
catchment loads were trapped within the system without export
during low flow conditions. The updated sediment budget analysis
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in this study suggests that during dry seasons with low flow,
sediment from catchment sources, channel erosion, and offshore
sources tend to remain within the lower FE (64%), southern tidal
creeks (23%), and KB (13%) (Figure 12). During wet seasons with
high flow, sediment from catchment sources significantly outweighs
channel erosion and offshore import. As a result, sediment
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FIGURE 11
Accumulated variation on bed sediment thickness (m

) during 2010.10 - 2011.03 in across-estuary sections (XS1 — XS5, A—E) and along-estuary

section (F): red line, Tide only (scenario 4); blue line, high river flow (scenario 3).
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The sediment budget for the FE-KB during the period of 2010.10 — 2011.03 in high river flow (scenario 3) and no river flow (scenario 4)

accumulates in the lower FE (25%), southern tidal creeks (6%), and
KB (5%). A considerable amount of sediment (64%) is also exported
offshore during this season.

The drawback of calculating sediment budget estimated from
sediment cores is its assumption of a long-term mean sediment
delivery to the FE-KB system, without considering the variability in
climate of sediment inputs. And it’s quite challenging to apply a
mean estuarine trapping coefficient estimated from sediment cores
to represent the trapping in the estuarine domain of GBR
catchments, which is the current practice to determine trapping
and erosion from catchment to reef. This study provides a
framework for measuring and modeling sediment dynamics along
the catchment-to-reef continuum, with the aim of more accurately
estimating sediment budgets and estuarine trapping coefficients
while taking into account estuarine processes and climate
variability. The broader implication is that inputs to marine
model from omitting estuarine processes in the catchments makes
predicting, and most significantly, comparing the impact of
catchment sediment-related water quality impairments tenuous.
Livsey et al. (2022) stressed the importance of considering the
complex interactions between catchment processes, riverine
transport, estuarine dynamics, and reef ecosystem health when
studying the catchment-to-reef continuum. They highlighted the
differences in estuarine trapping coefficients across various GBR
catchments and advocated for more comprehensive and integrated
approaches to better understand and manage these ecosystems. By
quantifying these interactions, effective strategies can be developed
to protect and manage the GBR and other coastal ecosystems.

4.2 Limitation and future study

There are several limitations to this study that should be
acknowledged. First, the study period was relatively short,
covering only one wet year and one dry year. Future studies
could extend the study period to capture interannual variability in
sediment dynamics. Second, the study focused only on the eftect of
tidal forcing and river discharge on the morphological changes of
the estuary and did not consider the impact of wind stress and
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wave-current interactions. Nevertheless, the development of a high-
resolution model combined with high-resolution observations in
this study advances our understanding of key drivers on sediment
dynamics in the FE-KB, which have been previously observed and
modelled at relatively coarse spatial and temporal scales.

Results from this study beget several recommendations for
further research. First, the use of remote sensing data in
combination with field measurements could improve model
validation in the spatial domain, as remote sensing can provide
snapshots of the entire model domain and even tidal time series in
the case of geostationary satellites (Patricio-Valerio et al., 2022).
However, in a highly turbid system like FE-KB, optical remote
sensing may be limited to surface water and unable to resolve
dynamic processes at depth, such as the TMZ observed in this
study. Second, revision of long-term monitoring programs to
include continuous, high-resolutions measurements at key FE
locations, such as near Thompson Point downstream of the deep
hole, could provide insights into the long-term trends and
variability of sediment dynamics in the estuary. Third, the model
is helpful on investigating the effects of future climate change on the
sediment dynamics and morphology of the FE. Much of the coastal
areas surrounding the FE is composed of low-relief salt flats and
floodplains, and high-resolution modelling of sediment dynamics
will be critical to predict and manage how this system responds to
rising sea levels and more extreme weather in a changing climate.
Finally, the model can be used and further developed for decision
support, e.g. to inform future dredging and coastal development to
promote actions that enhance sediment trapping efficiency within
the FE rather than export to the GBR Lagoon.

5 Conclusions

This study used the measurement-to-modelling approach to
analyze sediment dynamics in the Fitzroy Estuary — Keppel Bay in
the Great Barrier Reef region. The one-year field campaign includes
the collection of data on current speed, salinity and turbidity at
three mooring stations and CTD profiles along-/cross- channels in
the FE-KB. The in-situ measurements reveal the seasonal variation

14 frontiersin.org


https://doi.org/10.3389/fmars.2023.1215161
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Xiao et al.

patterns on hydrodynamic and sediment dynamics, enabling us to
better understand the dominant processes occurring in different
regions of the system and to characterize the estuarine dynamics.

Both measurements and the model results confirm the existence
of a TMZ in the deep hole near Thompson Point. Numerical
experiments of barotropic and baroclinic forcings scenarios
demonstrate that the key factor for TMZ formation is barotropic
forcing under tide-topography interactions, while asymmetric tidal
currents lead to sediment flux convergence. During low river flow,
100% of catchment loads and channel-eroded sediments in the
upper FE will be stored in the lower FE and southern tidal creeks,
with additional sediment sources from offshroe. However, with an
increase in river flow, the estuarine trapping coefficient decreases to
20-30% of catchment loads, resulting in over 60% of the total
sediment loads from both catchment and channel erosion being
exported into the Great Barrier Reef.

The model results showed that river discharge plays a
significant role in controlling sediment erosion and deposition
patterns in the estuary. During high river flow, river flow
increases sediment erosion and both the upper FE and the
accreted sandbars in the TMZ are eroded and transported to
the lower FE. During low river flow, sediment deposition is
dominant and sediment accumulates within the TMZ and the
lower FE. The study also found that the upper FE is more
susceptible to sediment erosion within a range of 0.lm - 2m
over a 6-months period due to its topographic restriction to the
Thompson Point and the strong river influence. However the
lower FE and southern tidal creek act as sediment storage basins
for deposition, with less than 0.05m of deposition. The sediment
dynamics in the Fitzroy Estuary were complex and varied along
the estuary, highlighting the importance of considering spatial
variability in estuarine sediment dynamics.

The study provides valuable insights into the formation on
TMZ, seasonality of sediment dynamics and the role of river flow in
shaping the estuary’s morphology. These findings can have
implications for the management and conservation of other
estuaries that are subject to similar environmental conditions.
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