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Abstract

Increased turbidity and sedimentation associated with the delivery of greater quantities
of fine sediments to the coast due to anthropogenic modification of catchments have
seriously degraded many near-shore marine ecosystems around the world. Within the
Great Barrier Reef (GBR), Australia, there is growing evidence that increased turbidity
and sedimentation associated with agricultural development of the coastal catchments
have negatively impacted valuable ecosystems, including coral reefs and seagrass
meadows. Further, research over the past decade has determined fine (<63 pum) organic
and nutrient-rich terrigenous sediments have the greatest negative effects on tropical
marine ecosystems because they: a) efficiently adsorb and transport other contaminants;
b) aggregate and form organic-rich flocs; and c) can remain in suspension within the
water column where they impede light penetration and reduce photic depth. However,
limited field studies have examined the composition and transformation of suspended
sediment in flood plumes over space and time (e.g. into organic-rich sediment flocs)
within the GBR, or determined the source and nature of the sediment delivered by flood
plumes that is most widely dispersed across the GBR lagoon.

The Burdekin River catchment (130,400 km?) is the largest discrete source of suspended
sediment to the GBR, with an average annual export of 3.93 million tonnes. This
accounts for ~30% of the total average annual load from the entire GBR catchment area
(426,000 km®). Identifying major catchment source areas of this sediment and an
improved understanding of how it is transported through the Burdekin catchment and
dispersed within GBR coastal waters are required to better manage this threat. The
overall aim of this research is to characterise and source suspended sediments
discharged by Burdekin River flood plumes into the central GBR lagoon, that are most
likely to negatively affect coral reef and seagrass ecosystems. Novel sediment budget
and clay mineral-based tracing techniques were applied to this large, seasonally-dry
tropical catchment to examine and quantify suspended sediment sources and transport
across the catchment to marine continuum. These techniques have historically been
applied only to smaller (i.e <10,000 km? temperate river catchments. The
transformation and dispersal of suspended sediments and associated nutrients carried by
Burdekin coastal flood plumes within the GBR lagoon were also investigated. This
study specifically focused on the sources, transport and dispersal of particular fine
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sediment size fractions that are not normally separated for attention, recognising the
increased ecological risk of clay (<3.9 um) and fine silts (3.9-15.6 pum) to downstream

marine ecosystems.

The research reported in chapter 2 examined the hydrodynamic, biological and chemical
processes controlling the transformation and dispersal of suspended sediments and
particulate nutrients carried in flood plumes discharged from the Burdekin River into
the GBR lagoon. An examination of flood plume sediment dynamics from 2007/08 to
2010/11 found all sand (>63 um) and the majority (>80%) of clay and silt (<63 pum)
sized-sediment rapidly settle once floodwaters mix with seawater, where salinity can be
as low as 0.1 psu, usually within 10 km of the coastline. Microphotographs of sub-
surface plume water within this zone revealed flocs of sediment particles were settling
bound by organic matter, with floc sizes >100 um in diameter. This is the first evidence
of biologically-mediated flocculation processes occurring in the flood plumes of the
large, sediment-laden dry tropical rivers discharging into the GBR. It is likely that
particulate nutrients play a key role in driving this biologically-mediated flocculation
and accelerated settling of river suspended sediment through heterotrophic bacteria
production in this turbid zone, where low light and salinity conditions usually prevent
marine phytoplankton blooms.

The analyses in chapter 2 also identified clay and fine silt (<16 um) sized-sediments to
be preferentially transported in Burdekin flood plume waters during peak flood
conditions, and were observed as discrete mineral particles or, once suspended sediment
had reduced to <10 mg L™, as small flocs in plume waters adjacent to the coast. As light
conditions improved within plume waters over following weeks and marine biological
activity increased, these clay and fine silt particles were observed in microphotographs
encased in biological matter, forming large, low-density floc aggregates (100-200 pm),
with sampling indicating that they maintain this state after seaward propagation at least
100 km from the river. Hence, this study identified clay and fine silts to have the greater
dispersal potential within the GBR lagoon, and these fine mineral particles are often
dispersed within large, buoyant organic-rich flocs. These flocs pose a risk to benthic
organisms (e.g. coral reefs and seagrass meadows) because they: a) increase turbidity;
b) worsen smothering impacts due to their ‘sticky’ nature; and c) are more easily

remobilised during dry season wind-driven resuspension events.
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Research reported in chapter 3 identified the major sources and spatial and temporal
variability of suspended sediment yielded from Burdekin sub-catchments from a series
of annual catchment-wide sediment source and transport budgets. These budgets
incorporate suspended sediment loads (calculated from suspended sediment
concentration and streamflow data) collected at seven strategic sub-catchment, reservoir
outlet and end-of-river gauging station locations over five consecutive water years (Oct
1 to Sept 30: 2005/06 to 2009/10). The study confirmed that this budget approach of
source identification in large, tropical catchments can reliably discriminate consistent,
dominant sub-catchment sources of end-of-river suspended sediment export. Two major
sub-catchments (Upper Burdekin and Bowen Rivers) distinguished by key geomorphic
features including steep topography, erosive soils and wetter coastal climates generated
sediment yields (147-530 t km? yr™) an order of magnitude higher than their inland, low

relief and drier counterparts (<23 t km?® yr™).

Research examining the transport of specific sediment-size fractions within tropical
catchments has been limited to date, and this study also quantified sub-catchment
contributions of the clay (<4 pm), fine silt (416 um) and coarse (i.e. >16 um) sediment
fractions. Sediment trapping within a reservoir (capturing 88% of the catchment) and
the preferential transport of clays and fine silts downstream of this structure were also
examined. The data reveal that the highest clay and fine silt loads, of most interest to
environmental managers of the GBR, are not always sourced from areas that yield the
largest total suspended sediment load (i.e. all size fractions). For example, the ‘bulk’
sediment loads to the end-of-river were dominated by the Bowen River source (3.76
million tonnes) compared to BFD overflow source (2.52 million tonnes), but the BFD
overflow source contributed a higher clay-specific load than the Bowen sub-catchment
(2.32 million tonnes and 1.03 million tonnes, respectively). However, the clay-specific
yield from the smaller Bowen River source (145 t km? y™) is 10-fold higher than the
BFD overflow source (11 t km? y™). The results demonstrate the importance of
incorporating particle size into catchment sediment budget studies undertaken to inform

management decisions to reduce downstream turbidity and sedimentation.

Chapter 4 examined the potential of clay mineralogy as a sediment tracing technique for
catchment studies with a specific focus on tracing terrigenous sediment in flood plumes

iX



back to a catchment origin. A comprehensive clay mineral dataset (231 samples)
representing 31 river and upstream tributary sites over multiple streamflow events and
water years found consistency in clay mineral relative abundances, with a ratio of
common clay minerals (illite/illite+expandable clays) clearly distinguishing basaltic
(ratio of 0-7), granitic (28) and sedimentary (42-52) geological sources. These ratios
also clearly distinguished the Upper Burdekin-BFD reservoir source (34-35) from the
expandable clays-rich Bowen River source (11), and were used in conjunction with the
sediment budget approach to provide multiple lines of evidence to guide the
remediation of fine sediment sources. Further, the I/I+E ratio provided evidence of
relative enrichment of the expandable (smectite-rich) clays within remaining flood
plume sediment after this bulk deposition near the river mouth, with increasing salinity.
The distinctive geological source-related “fingerprints” found in this study validate the
relative proportions of clay minerals as a valuable tracing tool in large and geologically
complex catchments, and across freshwater-marine continuums. This study also found
1-2 samples from any given source area is sufficient to generate a reproducible
signature, highlighting the efficacy of this technique and its potential application for

similar sediment tracing and climatic studies in other catchments.

This thesis has utilised complementary, multiple lines of evidence to trace the source
and fate of fine sediments across a large, seasonally-dry tropical catchment and adjacent
coastal waters, and has demonstrated the applicability of sediment budget and clay
mineral-based tracing techniques rarely utilised at such scales. This approach to
sediment source identification is suitable for broader application across the GBR
catchment area and lagoon, and similar coastal settings. The importance of
incorporating sediment particle size into sediment source investigations has been
highlighted by this study, and should also guide further research examining the
ecological effects of terrigenous sediment (and associated nutrients and other

contaminants) on coral reefs, seagrass meadows and other marine ecosystems.
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carried in plume waters as far as Magnetic Island in the weeks after peak discharge.
Scale bars repreSent 100 LM .....oveoee e snaesree e 33

Figure 2.7 Microscope image of a large floc aggregate captured in surface waters off
Acheron Island along Plume Transect 2. Similarly to Fig. 2.6d, the fine-grained
sediment particles bound in mucus have formed a large floc aggregate likely including
zooplankton (e.g. copepod; see arrow) in the bottom-left corner of the image. Scale bar
represents 100 M IENQLN ..o 33

Figure 2.8 Variation along salinity gradient and distance from the coast of TSS
concentrations and sediment particle size composition for the Burdekin River at
Inkerman (27/12/10:AM) and adjacent plume transect (30/12/10) during peak discharge
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Figure 3.1 Streamflow (left) and suspended sediment (right) budgets for the Burdekin
River catchment over five monitored water years 2005/06 to 2009/10. Arrows represent
the respective contributions from each of the Burdekin River major sub-catchments, the
Burdekin Falls Dam spillway, Lower Burdekin (includes a contribution from the gauged
Bowen River), and end-of-river export (Inkerman), where the width of each arrow
indicates contribution size. Each load estimate in million tonnes is accompanied by 80%
confidence intervals as a measure of uncertainty. Four of the major sub-catchments flow
into the Burdekin Falls Dam, and an estimate of suspended sediment trapped within this
reservoir is also represented (% trapped accompanied with 80% CI) for each water year,
as reported in Lewis et al. (2013). Mean annual discharge (long-term based on available
flow data at each gauge) and a five-year mean sediment load (including SD in brackets)
for each site over the study period are also ShOWN...........ccccooviiiiiiii i, 55

Figure 3.2 Average suspended sediment concentration for each tributary network site
across the Burdekin over seven water years (2004-2011). Load-based mean annual
concentrations (MAC) for the seven gauged sites (2005-2010) are also displayed for
reference. Circle size represents the mean TSS concentration in mg L™ for each site,
with the sizing scale representing increasing TSS concentration based on percentiles
(<10%, 10-30%, 30-70%, 70-90% and >90%) of all site averages. Dotted circles
indicate lower data confidence, with either <3 wet seasons monitored or <20 TSS
samples Collected INTOtAl ..........ccooiiiiie e e 59
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Figure 3.3 Four-year (2005-2009) mean suspended sediment load contributions from
each of the major sub-catchments (Upper Burdekin= 6.22 million tonnes; Cape= 0.30
Mt; Belyando= 0.16 Mt; Suttor= 0.26 Mt, Bowen= 3.76 Mt), Burdekin Falls Dam (2.52
Mt), and end-of-river export (Inkerman= 8.44 Mt), with volume (million tonnes)
represented by circle area. The proportions of clay, fine silt and coarse sediment
fractions contributed by each of these sites are also shown, within each circle. A triangle
denotes an ‘uncaptured’ sediment load (2.16 Mt) contributed to the end-of-river from
the ungauged component of the Lower Burdekin sub-catchment .............cccccocoeoien 61

Figure 4.1 Major geologies of the Burdekin River catchment ...........ccccoeevviiiennene. 76

Figure 4.2 (a) Discharge at the Upper Burdekin River (Sellheim) gauge during the
2008/09 wet season (03-Jan-06-Feb). River water sample collection periods are
overlayed as grey vertical lines. (b) Graph of TSS concentrations for the Upper
Burdekin River (Sellheim) surface water samples with sediment particle size
composition of each sample represented as clay (<4 um), fine silt (<16 pm) and coarse
(>16 um) sediment. Red line on each sample indicates the <10 pm fraction analysed for
clay mineralogy. (c) Relative proportions of expandables, illite and kaolin clay mineral
groups for each of the water samples represented in (a). The I/1+E ratio for each sample
IS represented as @ dashed 1INE ..........oooviiiiiiiie i s 86

Figure 4.3 Clay mineral ternary diagrams related to source geologies: (a) River
sediment for each sub-catchment outlet and for tributary locations with dominant
geologies occupying either >60% basalt, >70% granite or >80% sedimentary of
upstream catchment area (locations are numbered as per Fig. 4.1). (b) Major sub-
catchments, Burdekin Falls Dam outlet, End-of-river, flood plume (Plume Group 1
denoting the location nearest to the coast) and Old Reef sediments related to upstream
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Figure 4.4 Four-year (2005/06—2008/09) average fine sediment (<10 pm fraction) and
clay-only (<4 um) budgets for the Burdekin River catchment. Arrows represent the
respective contributions from each of the Burdekin River major sub-catchments, the
BFD spillway, Lower Burdekin (includes a contribution from the gauged Bowen River),
and end-of-river export (Inkerman), where the width of each arrow indicates
contribution size iN MITION TONNES ..o e 90

Figure 4.5 Five-year (2006/07-2010/11) average clay mineralogy for the Burdekin
River major sub-catchments, BFD, end-of-river (Inkerman) export, and inshore
Burdekin River primary flood plume, <25 km from the river mouth. Pie charts represent
mean proportions of the three clay mineral groups kaolin, illite and expandables, with
the average I/I+E ratio for each site also displayed. The flood plume data are grouped
into two categories based on decreasing TSS concentration (65-220 mg L™ and 3-45
mg L™) with increasing salinity (0.1-10 psu, and 2—24 psu) and distance from the river
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Figure 4.6 I/I+E ratio relationship with the proportion of basalt in the upstream
catchment area. The outliers of the Clarke River and Lolworth Creek tributary sites are
highlighted as crosses and discussed in the teXt ...........cccoeiiiciincie i 96

Figure 5.1 Historical Burdekin River annual discharge at the Clare gauge from 1921 to
2012 (DERM, 2012), highlighting the study water years (red), and long-term average
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1. Introduction

1.1. Impacts of sediment on coastal coral reef and seagr ass ecosystems

The negative impacts of elevated terrigenous sediment loads and associated
contaminants on tropical coastal and inshore marine ecosystems such as coral reefs and
seagrass meadows are well documented (Coles et al., 2011; Erftermeijer et al., 2012;
Fabricius, 2005; Risk, 2014; Waycott et al., 2009). As sediment is dispersed via river
flood plumes into near-shore marine waters, or is later resuspended, the turbidity of the
water column increases which, in turn, reduces photic depth (i.e. the availability of light
for photosynthesis down through the water column; Fabricius et al., 2014). Reduced
photic depth can seriously compromise coral reef and seagrass communities that require
illumination to photosynthesise and survive, and may eventually lead to loss of
ecosystem function through reduced biodiversity (Erftermeiger and Lewis, 2006,
Erftermeiger et al., 2012; Fabricius, 2005). As suspended terrestrial sediment and
associated particulate matter settles, coral colonies and seagrass plants can be smothered
by increased sedimentation (Erftermeiger and Lewis, 2006; Flores et al., 2012; Philipp
& Fabricius, 2003; Rogers, 1990). Survival depends on the rate at which sediments
accumulate, the rate of sediment removal associated with wind and current regimes, the
type of sediments and associated contaminants deposited, the thickness of accumulated
deposits, and the mechanisms organisms have for coping (e.g. seagrass can modify
shoot length, some coral species use tentacles and mucus to remove sediment)
(Erftermeiger and Lewis, 2006; Rogers, 1990). Recent surveys of the health of coral
reefs off north-western Australia found that elevated turbidity and sedimentation rates
as a result of localised dredging were strongly associated with an increase in coral
disease outbreaks (Pollock et al., 2014). Elevated turbidity and sedimentation also affect
other reef habitat communities, including reef fish (Wenger and McCormick, 2013;
Wenger et al., 2012) and sponges (Bannister et al., 2012). Such studies highlight how
water quality degradation (i.e. elevated sediments, nutrients and other contaminants
such as pesticides) can produce a range of additional negative effects on marine
communities (see section 3.5.6).

Long-term monitoring of seagrass meadows and coral reefs in the Great Barrier Reef
(GBR), north-eastern Australia, reveals a decline in the health, species diversity and



spatial extent of these ecosystems (Coles et al., 2015; Collier et al., 2012; De’ath et al.,
2012; DeVantier et al., 2006; Fabricius and De’ath, 2001; Fabricius et al., 2005;
Thompson et al., 2013). Declining water quality is one of a number of stressors,
including rising sea surface temperatures, more frequent outbreaks of crown of thorns
starfish and cyclones, all of which currently affect the condition and longer-term
resilience and survival of the GBR (Brodie et al., 2012a; De’ath et al. 2012). Water
quality improves with distance offshore across the GBR, with water clarity and coral
biodiversity also increasing offshore with distance from the coast (Cooper et al., 2007;
De’ath and Fabricius, 2010; Thompson et al., 2014). In shallow water (i.e. <20 m depth)
continental shelf reef settings such as the inner GBR, turbidity and reduced light
associated with the resuspension of fine terrigenous sediment is the most significant
impact affecting benthic communities in the months following discrete discharge and
flood plume events (Fabricius et al., 2013; 2014; Storlazzi et al., 2009; Thompson et al.,
2014; Wolanski et al., 2005). Recently, Fabricius et al. (2014) demonstrated a
significant statistical relationship between reduced photic depth in the inshore and mid-
shelf areas of the central GBR and higher terrestrial inputs from adjacent river
catchments. While there is evidence for a general decline in GBR reef health, there are
also many inshore coral reef communities that thrive in naturally turbid conditions
(Browne et al., 2013; Perry et al., 2008). Coastal seagrass communities have not fared
as well, with both localised (Petus et al., 2014; Preen et al., 1995) and regional scale
(Coles et al., 2015) declines associated with cyclonic and flood discharge events over

recent decades.

Experimental research of Weber et al. (2006; 2012) identified that fine (<63 pm)
organic and nutrient-rich terrigenous sediments induced higher photophysiological
stress in corals than nutrient-poor sandy sediments. Finer sediment particles have larger
surface areas than coarse-grained sediment, and can adsorb more nutrients, pesticides
and other contaminants to their surface (e.g. Laceby et al., 2014). These finer sediment
particles readily form organic-rich aggregates, or flocs in marine waters (Dagg et al.,
2004; Gibbs and Konwar, 1986) and corals smothered by these flocs, even over
relatively brief periods, experience rapid degradation of coral tissue (Fabricius and
Wolanski, 2000; Weber et al., 2012). Exposure of corals to fine terrestrial sediments
(<63 um) combined with elevated dissolved nutrient levels (i.e. nitrate, phosphate) has
also been shown to reduce fertilization rates of corals (Humphrey et al., 2008). Another



study showed that the settlement of new coral recruits was significantly limited once
substrates were covered by only thin deposits (i.e. 0.047 mm thick) of fine (<63 pum)
terrestrial sediment (Perez et al., 2014). Finer clays (<3.9 um) and silts (3.9—63 um) are
more easily resuspended than coarser sediments, and have a greater impact on light
attenuation within the water column (Davies-Colley and Smith, 2001; Fabricius, 2005;
Wolanski et al., 2008). Hence, it is these finer sediments (<63 um) of terrigenous origin
that are most damaging to tropical marine ecosystems due to their increased ability to
adsorb and transport other contaminants, to aggregate and form organic-rich flocs and to
considerably reduce photic depth.

Whilst research over the past decade has established that finer clay and silt-sized
terrigenous sediments have the potential to cause most damage to GBR ecosystems, few
studies have examined their catchment sources, marine dispersal processes and final
distribution (see only Bannister et al., 2012; Douglas et al., 2006a; Kroon et al., 2012;
Orpin et al., 2004; Smith et al., 2008; Wolanski et al., 2008). Significant knowledge
gaps thus exist in these areas (see also reviews in supporting publications Bartley et al.,
2014 (Appendix B) and Brodie et al., 2012b (Appendix C)). Specifically, little research
has been conducted examining the composition and transformation of suspended
sediment in plumes over space and time (e.g. into organic-rich sediment flocs), and
determining the source and nature of this sediment that travels long distances within
flood plumes. Limited understanding of these issues constrains our ability to identify
and manage the sediment of greatest risk in the catchment area, and our understanding

of how suspended sediment from rivers imparts its ecosystem impact.

1.2. Tracing sediment acr oss the catchment to marine continuum

Internationally, studies that trace flood plume or reef flat terrigenous sediment to
upstream catchment and land use sources are rare (e.g. Godiva et al., 2010 (Brazil) and
Takesue et al., 2009 (Hawaii) and review by Risk, 2014). This is a clear knowledge gap
if we are to manage and reduce the impact of terrestrial sediment on valuable marine
ecosystems. Within the GBR, research across the catchment to marine continuum has
been undertaken for the Johnstone (McCulloch et al., 2003b) and Fitzroy (Douglas et
al., 2006a; Smith et al., 2008) Rivers. Significantly, these studies found basaltic-derived
sediments to be preferentially transported the furthest distance offshore (i.e. 10-20 km).



Brooks et al. (2013) recently undertook a comprehensive field study of the Normanby
catchment, Cape York, including geochemical tracing of sediments into adjacent
Princess Charlotte Bay (PCB). This study identified the coastal floodplain as the
dominant source (82%) of terrestrial fine sediment to PCB (a source area not considered
in earlier desktop modelling efforts). Despite the importance of these innovative studies,
further examination of the flood plume chemical, biological and hydrodynamic
processes that control the transformation of terrigenous sediment into harmful, organic-
rich sediment flocs is still required. Given the strong relationship between sediment
particle size and organic matter content (Koiter et al., 2013), further quantification of
the catchment sources of the clay and fine silt fractions (<15.6 um) is needed, with
many previous sediment tracing studies focusing more broadly on the fine (*‘mud’)
sediment (<63 pm) fraction (e.g. Storlazzi et al., 2009).

Traditionally, sediment erosion and sourcing studies have primarily sought to address
the detrimental effects of sediment and associated contaminants on aquatic and riparian
ecosystems, focusing within the catchment boundary (Walling et al., 2011). Hence
sediment tracing studies across the catchment and extending into the marine continuum
are rare. These studies have also tended to be largely restricted to smaller, temperate
river catchments (i.e. <10,000 km?), with limited application for the larger, tropical river
systems that discharge to marine ecosystems (Nagle et al., 1999; Tooth, 2000;
Wilkinson et al., 2013). Sampling limitations associated with the spatial and temporal
variability of these tropical river catchments have typically restricted research in these
settings. Thus there is a growing array of sediment budget and source tracing tools
(Koiter et al., 2013; Walling et al., 2011) that have seen limited application in tropical
environments, particularly addressing the transport and deposition of sediment across
both catchment (i.e. reservoir trapping) and marine (i.e. flood plume dynamics) scales.

1.3. Burdekin River catchment, north-easter n Australia

The Burdekin River catchment (~130,400 km?) is the largest discrete source of
suspended sediment to the GBR (Fig. 1.1), accounting for approximately 30% of the
total annual average load from the entire GBR catchment area (~426,000 km?; Kroon et
al., 2012). The Burdekin River has an average annual discharge of 9.18 million ML, and
a range of 0.25-54 million ML over a 91-year gauge record (1921-2012; DERM,



2012), reflecting the considerable inter-annual variability associated with this dry-
tropical environment. The annual delivery of suspended sediment to the GBR from the
Burdekin River is equally variable with an average of 3.93 (80% Cl=3.4-4.5) million
tonnes and a range of 0.004 to 15.7 million tonnes established for the 24-year period
between 1986 and 2010 (Kuhnert et al., 2012). Geochemical records from inshore coral
cores influenced by Burdekin River discharge, changes in accumulation rates in
sediment cores, and recent catchment modelling all suggest annual sediment export is
five to ten times higher than pre-European suspended sediment loads (Bartley et al.,
2014; Kroon et al., 2012; Lewis et al., 2014; McCulloch et al., 2003a). Although these
sediment loads would be considered low compared to tropical rivers globally (see
section 3.5.2), this marked increase in sediment export since European settlement
(~1850) threatens GBR ecosystem health. Indeed, Fabricius et al. (2014) have correlated
a wetter period (2007—2012) of increased Burdekin River discharge with reduced photic
depth within the inshore and mid-shelf regions of the central GBR, and with outbreaks
of the crown of thorns starfish (Brinkman et al., 2014; Fabricius et al., 2010). The
Burdekin catchment is currently the target of considerable Australian Government ‘Reef

Programme’ expenditure to reduce soil erosion across this catchment.

Great Barrier Reef

Cape
Bowling

Green

Figure 1.1 MODIS satellite image (natural colour) of the Queensland coastline and the
sediment laden Burdekin River flood plume draining into the Great Barrier Reef near Cape
Bowling Green, during the 2011 flood event (Source: NASA Earth Observatory).



Historically research on the Burdekin River has focused on the quantification of end-of-
river suspended sediment export (Amos et al., 2004; Belperio, 1979) and transport and
fate within the GBR lagoon (Devlin and Brodie, 2005; Lewis et al., 2014; Orpin et al.,
2004; Wolanski and Jones, 1981). Sediment source erosion modelling has been used to
infer spatial patterns of erosion within the catchment (McKergow et al., 2005; Prosser et
al., 2001), however few catchment-specific field data have been available to verify these
predictions. In recent decades Government investment within the catchment has seen an
increase in sediment sourcing and erosional process studies to inform on-ground
investment (reviewed in Bartley et al., 2014). Using instrumented (e.g. series of
hillslope runoff flumes) focal drainage areas <14 km? (Bartley et al., 2010) and sub-
catchment scale (7,000 km?) geochemical source tracing (Wilkinson et al., 2013), recent
research within the Burdekin catchment has identified sub-surface (i.e. >10 cm depth)
erosion processes (e.g. gullies, channels, rills) to be the dominant source of sediment
loads. Hence the prioritization of sub-surface erosion types for sediment source
management is of particular importance for the Burdekin, and other seasonally-dry
tropical catchments of northern Australia with similar soils (see review in Bartley et al.,
2014; see also Caitcheon et al., 2012; Olley et al., 2013; Thorburn et al., 2013). The new
data conflict with earlier catchment modelling efforts which suggested hillslope erosion
was the dominant sediment contributor in the Burdekin catchment (McKergow et al.,
2005).

Despite this advance in our understanding of Burdekin sediment erosion processes, the
systematic identification of source areas across the river basin, and linking sediments
entrained in flood plumes to upstream catchment sources have not been successfully
achieved to date. The first Burdekin study to trace estuarine and inner shelf sediments to
upstream river sources applied the magnetic tracing technique on the medium sand-
sized fraction (250-355 um) (Maher et al., 2009). However, this pilot study had a
restricted source area coverage that did not capture the entire Burdekin catchment, and
did not consider the finer sediment fractions (i.e. <63 pum), established to be of greater
ecological risk to downstream marine ecosystems (Davies-Colley and Smith, 2001;
Fabricius, 2005; Weber et al., 2006). Hence there are a number of knowledge gaps
relating to sediment sourcing, transport and fractionation/transformation across the
entire Burdekin catchment and adjacent coastal flood plumes that require further
investigation. Using the Burdekin catchment as a case study, this research will



contribute more broadly to understanding of suspended sediment transport processes in
seasonally-dry tropical environments, with a focus on the sources and depositional
processes (e.g. influence of reservoirs) of specific sediment size fractions. The study
will also use the Burdekin catchment to examine the applicability of sediment tracing
methods across a catchment to marine plume continuum within a large dry tropical river

system, with relevance to how they may be applied to similar systems globally.

1.4. Geography of the study catchment

The Burdekin River catchment is located within the seasonally-dry tropics of north-
eastern Australia (Fig. 1.2). It is the second largest catchment draining into the GBR
lagoon. The Burdekin catchment includes five major sub-catchments: the Upper
Burdekin River; the Cape River; the Belyando River; the Suttor River and; the Lower
Burdekin (Fig. 1.2). All but the Lower Burdekin sub-catchment drain into Lake
Dalrymple - an artificial lake impounded behind the Burdekin Falls Dam (BFD).
Although Lake Dalrymple has a capacity of 1.86 million ML, the dam has overflowed
(See Fig. 1.3) every wet season but one since its construction was completed in 1987
(Faithful and Griffiths, 2000), indicating the enormous run-off from this large
catchment (capacity to annual inflow ratio =0.24). The Bowen River is the only major
sub-catchment that discharges directly into the Burdekin River downstream of the BFD,

comprising ~50% of the Lower Burdekin sub-catchment area.

The majority of the catchment is classified as a ‘hot semi-arid’ climate (BSh) under the
Koppen-Gieger classification scheme (Peel et al., 2007), although the inter- and intra-
annual rainfall and river flood variability of northern Australia is more pronounced than
for other semi-arid climates across the globe (see Petheram et al., 2008). Annual rainfall
variability is ‘moderate’ to ‘moderate-high’ across the Burdekin according to the
Australian Bureau of Meteorology’s “index of variability’, representing the 10" and 90™
percentiles over average rainfall (www.bom.gov.au/climate/averages/maps.shtml).
Rainfall is strongly seasonal, with >80% of annual rainfall and river discharge occurring
during the wet season months December to April (Lewis et al., 2006; Lough, 2007).
Mean annual rainfall also varies greatly across the catchment, ranging from >1500 mm
1

yr~ in the ‘tropical wet and dry’ Upper Burdekin coastal ranges and Broken River
headwaters (north-eastern and eastern corners) to 500 mm yr™ in the driest south-west



Figure 1.2 Map of the Burdekin River catchment indicating the five major sub-catchment
areas, Burdekin Falls Dam and end-of-river sample site locations (white circles) and ungauged
tributary network sample sites (grey circles).



corner of the Belyando sub-catchment (Fig. 1.4). This range is the largest for any
watershed along the Australian east coast (Rustomji et al., 2009). Locally this region is
defined as ‘seasonally-dry tropical’, a definition that is also adopted in this study.
Because of the seasonally-dry tropical climate most streams within the Burdekin
catchment are ephemeral, and streamflow predominately occurs as ‘flood events’ where
streams rapidly rise when fed by wet season rainfall runoff. Negligible streamflow
typically occurs during the dry season (May—November). Wetter years often result from
monsoonal and cyclonic events, which are strongly modulated by the La Nifia wetter
phase of the El Nifo—Southern Oscillation (ENSO) cycle (Lough et al., in press;
Rustomiji et al., 2009). This climatic variability significantly influences sediment runoff
generation and transport each wet season; for example, drought-breaking floods carry
considerably higher suspended sediment loads (Amos et al., 2004; Kuhnert et al., 2012;
Mitchell and Furnas, 1996).

Figure 1.3 Burdekin Falls Dam spillway at flood peak in 2009 (5th February).
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The coastal mountain ranges that enclose the eastern margins of the Bowen and Upper
Burdekin Rivers have peaks rising up to 1,070 m and are steeply sloped, vegetated with
rainforest, and receive the highest mean annual rainfall (up to 2,370 mm yr™) across the
Burdekin (Fig. 1.4). Steep mountain ranges reaching 900 m in height also form the
western boundary of the Upper Burdekin. Large areas within this sub-catchment are
strongly undulating, draining into an incised river channel lined with inactive terraces
and high upper banks (Fig. 1.5). Eucalypt savannah woodlands dominate the Upper
Burdekin sub-catchment. The Bowen sub-catchment is also characterised by low
undulating hills and steeper ridges in the upper catchment, and an incised valley system
through remnant volcanic hills (Roth et al., 2002). Volcanic and sedimentary rock types
dominate these two sub-catchments (Fig. 1.4). Extensive areas of erodible red duplex
soils, black and red basaltic soils, and sodic duplex soils occur in the Upper Burdekin.
Red-brown earths, yellow soils, granite/sandstone derived gravely/sandy soils and black
earths cover large areas of the Bowen River catchment (Roth et al., 2002). In
comparison the inland western sub-catchments (the Cape, Belyando and Suttor Rivers)
drain gently undulating lowlands and alluvial plains, with wide multi-thread rivers, and
with lower maximum elevations (300-450 m) located along the western boundary of the
Cape and Belyando Rivers. Eucalypts, acacias (Brigalow Belt) and grasslands dominate
these drier sub-catchments, with average annual rainfall below 700 mm yr* (Fig. 1.4).
Remnant sedimentary basins and cracking clay soils form the dominant rock and soil
types within these sub-catchments, with grey/brown clays and red/yellow earths also

widespread in the Belyando and Suttor sub-catchments (Roth et al., 2002).

Figure 1.5 Upper Burdekin River at Sellheim streamflow gauge during the 2009 flood peak.
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Cattle grazing across eucalypt savannah woodlands is the dominant (>90%) land use in
the Burdekin catchment. Vegetation clearing across the Burdekin is variable and most
widespread in the Brigalow country of the Belyando, Suttor and Cape Rivers for
improved pastures and cropping (Roth et al., 2002). More details about this region can
be found in Roth et al. (2002) and the regional Natural Resource Management (NRM)

body, North Queensland Dry Tropics website (www.ngdrytropics.com.au).

1.5. Thesisaims and objectives

The primary aim of this thesis is to characterise and source Burdekin River flood plume
suspended sediment, which is most likely to directly affect coral reef and seagrass
ecosystems of the central GBR, north-eastern Australia. Novel sediment budget and
tracing techniques are applied to this large, seasonally-dry tropical catchment to
examine and quantify suspended sediment sources and transport across the catchment to
marine continuum, and to test their validity at this scale. The transformation and
dispersal of suspended sediments and associated nutrients exported from the Burdekin
catchment within the GBR lagoon through coastal flood plumes are also investigated.
This study specifically focuses on the sources, transport and dispersal of different
sediment size fractions, recognising the increased risk of finer sediment fractions (<15.6
pim) pose to downstream marine ecosystems (section 1.1). The specific research

objectives of this study include:

Objective 1: Identify and describe the hydrodynamic, biological and chemical
processes controlling the transformation and dispersal of suspended sediments and
particulate nutrients in flood plumes delivered to the GBR lagoon from the Burdekin

River.

Objective 2: Identify and characterise the sediment types that are likely to affect the
greatest area of the GBR and have the most severe direct impacts on GBR ecosystems.

Objective 3: Identify major sources of suspended sediment in the Burdekin catchment,
including the spatial and temporal variability of suspended sediment sub-catchment
contributions, by constructing a catchment-wide budget and partition the budget into
defined (Objective 2) suspended sediment particle size fractions.



Objective 4: Examine the potential of clay mineralogy-based tracing to discriminate
discrete sediment sources and trace flood plume suspended sediment within a large,

geologically complex catchment.

1.6. Overview of research methods

River water surface (top 0.5 m) ‘grab’ samples were collected from 31 sites across the
Burdekin River catchment in an extensive sampling campaign conducted over seven
consecutive water years (2004/05-2010/11). Water years (1% October to 30"
September) are used to describe annual discharge throughout this study, as the summer
wet season and associated river discharge falls across calendar years. Each site was
frequently sampled to capture all stages of the hydrograph over multiple streamflow
events that occurred each wet season. Sampling sites included seven streamflow gauge
locations draining the five major sub-catchments of the Burdekin River, a major
reservoir outlet and the end-of-river freshwater discharge point. In addition, a network
of 24 landholders was established and formally trained to collect water samples at
ungauged minor tributary locations across the Burdekin. These sites were established to
increase the spatial density of the dataset collected across this sparsely populated
(~25,000 people) and large (130,400 km?) river catchment, and included locations
inaccessible to external visitors during floods. Sampling of the gauged sites and
retrieval of the landholder collected samples included frequent field trips (often
covering 800+ km/trip) repeated each wet season, with over 1,600 water samples

collected in total during the study.

River water samples were used to measure total suspended solids (TSS) concentrations
and to calculate suspended sediment loads for each gauged site over consecutive
sampled wet seasons. These loads were used to construct a series of catchment-wide
suspended sediment budgets for five of the studied water years. A subset of collected
water samples from across the sites (504 samples) were analysed for sediment particle
size using laser diffraction (Malvern Mastersizer 2000) to examine particle size-specific
sub-catchment load contributions. A comprehensive clay mineral dataset of 231 samples
was also produced using X-ray diffraction on the <10 um sediment fraction to further

characterise and quantify Burdekin sediments and their sources.
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Complementing the catchment sampling campaign, samples were collected from the
Burdekin River flood plumes adjacent to the mouth over the later wet seasons of the
study from 2007/08 to 2010/11. These samples were collected from the surface waters
of the turbid inner plume (i.e. ‘Primary’ water type; see Petus et al., 2014, Appendix A)
immediately following peak discharge at the end-of-river site, and along a suspended
sediment-salinity gradient within 10 km from the river mouth. Samples were analysed
for TSS, sediment particle size, clay mineralogy and salinity. An enhanced sampling
effort of the 2010/11 flood plume included additional sub-surface sample collection and
analysis of nitrogen and phosphorus species concentrations as well as extending the
spatial monitoring coverage to include sites containing coral reefs and seagrass
meadows. Microphotographs of collected plume water samples were also captured in
the laboratory immediately following sample collection to further examine the physical
properties of the suspended particulate matter.

1.7. Significance of research

A novel approach to the study of suspended sediment sources, transport and dispersal
across the catchment to marine continuum is presented for a large, seasonally-dry
tropical river located in the GBR, Australia. Characteristics of terrigenous sediments ‘of
most risk’ to tropical marine ecosystems are firstly defined through the examination of
adjacent coastal flood plumes, and are then utilised to examine and quantify the
catchment sources of this sediment. Based on a spatially and temporally intensive
sampling campaign conducted over seven water years, this study provides a rare
suspended sediment dataset collected during a series of unusually large rainfall and
river discharge years (Fig. 5.1) capturing the entire catchment area of this dry tropical
river. This research contributes to our understanding of suspended sediment sources,
transport and depositional (i.e. reservoirs) processes for large, seasonally-dry (or semi-
arid) tropical river systems, and specifically, the quantification of the finer clay and silt
particle size fractions of most harm to tropical marine ecosystems. Catchment-wide
sediment budgets using sub-catchment suspended sediment loads, and sediment tracing
using clay mineralogy across the catchment and adjacent coastal flood plume are
applied to test the validity of these techniques in a poorly studied environment, and to

provide multiple lines of evidence for the identification of suspended sediment sources.



1.8. Thesisstructure

This thesis is presented as a series of research chapters formatted for journal
publication. The interactions between each of the study objectives and data chapters are
illustrated in Figure 1.6. This figure also illustrates the linkages across the catchment
and marine components of this thesis. Supplementary figures and tables relevant for
each data chapter as well as supporting publications are provided as appendices.
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Figure 1.6 Research framework and thesis structure.
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Chapter 2 examines suspended sediment and particulate nutrient interactions within a
Burdekin River flood plume, including the influence of particle size and flocculation
processes on the dispersion of terrestrial sediment within the GBR lagoon. Following a
large wet season Burdekin River discharge event (2010/11) adjacent flood plumes were
sampled along a suspended sediment-salinity gradient from the river mouth to examine
sediment and nutrient transformations within plume waters. Microphotographs of
suspended particulate matter captured from collected water samples were used to further
examine how terrestrial sediment was dispersed within the GBR. The dispersal of
particulate nutrients in flood plumes has received little attention in the GBR and this
chapter also seeks to address this research gap. This chapter quantifies the sediment size
fraction most likely to affect the largest area of the GBR to refine catchment sediment
source identification undertaken in Chapters 3 and 4. Chapter 2 is presented in the
format of a scientific research paper and has been published in the journal Marine
Pollution Bulletin (Bainbridge et al., 2012).

Chapter 3 uses annual streamflow discharge and sub-catchment suspended sediment
loads calculated for each of the seven gauged study sites to construct a series of
catchment-wide budgets for five consecutive water years (2005/06 — 2009/10). These
annual water and sediment budgets represent the five major sub-catchments of the
Burdekin, a major reservoir outlet (BFD) and the end-of-river site, and include annual
sediment trapping estimates for this reservoir as reported in supporting publication
Lewis et al. (2013; Appendix D). Annual suspended sediment loads for each site are
calculated using the Loads Regression Estimator tool developed in supporting
publication Kuhnert et al. (2012; Appendix E) and includes a measure of uncertainty for
each load. The sediment budgets are used to examine inter-annual variability in sub-
catchment source contributions to end-of-river sediment export, as well as the influence
of the BFD reservoir and seasonally-dry tropical climate on annual sediment export.
Tributary “hot-spot’ sediment sources are also examined using TSS concentration data
collected by the landholder volunteer network.

The previous chapter identified the preferential transport of clay and fine silt sediment
fractions (i.e. <15.6 um) within the GBR, highlighting the importance of incorporating
sediment particle size into catchment sediment budgets. Global studies investigating the
transport of specific sediment size fractions within tropical catchments have been



limited to date. Chapter 3 addresses this knowledge gap and incorporates the research
findings of Chapter 2 by constructing a revised sediment budget quantifying the
contribution of clay (<3.9 um), fine silt (3.9—15.6 pum) and coarse (>15.6 pum) sediment
fraction loads across the Burdekin catchment. The trapping of each of these specific size
fractions within the BFD reservoir is also considered. This chapter is presented in the
format of a scientific research paper and has been published in the journal Water
Resources Research (Bainbridge et al., 2014).

Chapter 4 tests the applicability of a clay mineral sediment source tracing technique on
this large, seasonally-dry tropical catchment. Most commonly sediment source tracing
studies have been conducted on small river catchments (<10,000 km? area), and utilise
the isotopic or geochemical properties of sediment as tracers. Sediment tracing using
clay minerals has the capacity to discriminate sub-catchment and geologically
distinctive source-related “‘fingerprints’ and may be more robust than traditional tracers
which can be compromised by transformation processes (e.g. particle selectivity,
mineralization, adsorportion/desorption). This chapter builds on the sub-catchment
source identification in Chapter 3 to further discriminate geological source areas of end-
of-river and flood plume sediments, encompassing the catchment and marine
continuum. In particular, this study confirmed the reliability of a clay mineral ratio to
isolate distinct geological sources, proving its applicability more broadly across the
GBR catchment area and other geologically diverse catchments. This chapter also
provides an additional line of evidence to support the sediment budgets, and focuses
only on the <10 pum sediment fraction. The clay mineral dataset includes over 200
sediment samples collected over six consecutive wet seasons and covers a large spatial
area from upstream tributary sources to the adjacent flood plume. This chapter is also
presented in the format of a scientific paper and has been accepted by the Journal of
Soils and Sediments.

Chapter 5 discusses and summarises the key findings of each research chapter in the
context of the four identified research objectives. The research gaps addressed by this
study are outlined, including contributions to the following fields of research: a)
sediment sourcing and tracing; b) sediment transport and catchment budgets,
specifically in seasonally-dry tropical (semi-arid) environments and for large river

catchments; c) reservoir influence on sediment particle size and clay mineral transport;
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and d) flood plume sediment fractionation and dispersal. Limitations of this study and
further research opportunities are also discussed and the main conclusions of this
research project are outlined.



2. Finesediment and nutrient dynamicsrelated to particle size

and floc formation in a Burdekin River flood plume

Bainbridge Z.T., Wolanski E., Alvarez-Romero J.G., Lewis S.E. and Brodie J.E.
2012. Fine sediment and nutrient dynamics related to particle size and floc
formation in a Burdekin River flood plume, Australia. Marine Pollution Bulletin
65, 236-248. DOI: 10.1016/j.marpolbul.2012.01.043

Abstract

The extreme 2010/11 wet season resulted in highly elevated Burdekin River discharge
into the Great Barrier Reef lagoon for a period of 200 days, resulting in a large flood
plume extending >50 km offshore and >100 km north of the river mouth. Exported
suspended sediment was dominated by clay (<4 um) and fine silt (4-16 pum) fractions
and most sediment initially settled within ~10 km of the river mouth, and before salinity
rose to 0.1 psu. Biologically-mediated flocculation of these particles enhanced
deposition in the initial low salinity zone. This is the first study in the GBR to
investigate particle size partitioning within river flood plumes and confirms the
importance of flocculation processes in the dispersion and deposition of terrestrial
particulate matter in the GBR lagoon. Fine silt and clay particles and nutrients
remaining in suspension were carried as far as 100 km northward from the mouth,
binding with planktonic and transparent exopolymer particulate matter to form large
floc aggregates (muddy marine snow). These aggregates, due to their sticky nature,
likely pose a risk to benthic organisms (e.g. coral and seagrass) through smothering, and

also by contributing to increased turbidity during wind-induced resuspension events.

Keywords. Great Barrier Reef; muddy marine snow; grain size; catchment runoff;

sediment export; nitrogen; flocculation.
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2.1. Introduction

The mechanisms that control the dispersal and fate of land-derived suspended sediment
and nutrients discharged to coastal waters must be understood if the risks to marine
ecosystems (i.e. sedimentation, turbidity and eutrophication) are to be identified and
managed. The physical and biological processes that govern the initial dispersal of
sediments and nutrients exported from coastal catchments are poorly understood for
tropical rivers that drain into the GBR lagoon, yet these processes influence the physical
characteristics and hydrodynamic behaviour of these contaminants and the subsequent
effects on receiving estuarine and marine ecosystems (Brodie et al., 2012a). A general
decline in the overall ecosystem health of the GBR has partially been linked to an
increase in suspended sediment, nitrogen and phosphorus terrestrial loads exported to
the lagoon, resulting from agricultural development of the adjacent catchment area
(Brodie et al., 2011, 2012a; Bruno and Selig, 2007; De’ath and Fabricius, 2010; Hughes
et al., 2011 but see also Sweatman et al., 2011; Sweatman and Syms, 2011).
Determining the key mechanisms that disperse and partition these contaminants in the
lagoon is critical to identify those that pose the greatest threat to marine ecosystems.

Most terrestrial sediment and nutrients are exported to the GBR lagoon by wet season
discharge from coastal rivers (Devlin and Brodie, 2005; Devlin et al., 2012). Previous
studies demonstrate that much of the suspended load settles out within 5 km of the
coastline (Belperio, 1983; Devlin and Brodie, 2005; Wolanski and Jones, 1981;
Wolanski et al., 2008), where it may be later resuspended by wind-generated waves and
currents and transported to north-facing embayments or transported offshore as near-
bottom nepheloid layers (Brinkman et al., 2004; Lambeck and Woolfe, 2000;
Lambrechts et al., 2010; Larcombe et al., 1995; Orpin et al., 2004; Webster and Ford,
2010). Dissolved nutrients carried in flood plumes initially disperse conservatively
along the salinity gradient from the river mouth (Brodie et al., 2010; Devlin and Brodie,
2005). After the bulk of fine sediment has settled out of the plume, the biologically
available nutrient component (e.g. dissolved inorganic nitrogen) is rapidly taken up by
phytoplankton as the reduced turbidity increases light availability for primary
production (Dagg et al., 2004; Davies et al., 2004; Rabalais et al., 1996; Robertson et
al., 1993; Turner et al., 1990). Particulate nutrients in fine terrestrial sediments are also
an important component in biogeochemical cycles within the GBR (Brodie et al., 2011;



Furnas et al. 2005) and account for 60-80% of the total terrestrial nutrient load to the
lagoon (Furnas, 2003; Kroon et al.,, 2012). However, the dispersal of particulate
nutrients in flood plumes has received little attention in the GBR.

Fine sediment and associated nutrients carried by river plumes flocculate upon mixing
with seawater to form larger aggregates due to changes in physico—chemical conditions
(e.g. pH and ionic strength) and biological activity (Dagg et al., 2004). Bacteria as well
as selected phytoplankton (e.g. diatoms) and metazoans produce mucopolysaccharides
which through coagulation and inclusion of detritus, faecal matter and microorganisms
form large, sticky transparent exopolymer particles (TEP: see Dagg et al., 2004; Passow
et al., 2001). These TEP form muddy marine snow as they aggregate with mineral
particles in coastal waters (Ayukai and Wolanski, 1997; Fabricius et al., 2003; Passow
et al., 2001). Bacteria form TEP in highly turbid, low salinity plume waters (i.e.
typically TSS concentrations >50 mg L™ and salinities <26 psu) with low
photosynthetically active radiation (PAR: Bianchi et al., 1992, 1994; Ducklow and
Kirchman, 1983), while TEP are commonly produced by phytoplankton (e.g. diatoms)
in less turbid plume waters with increased levels of PAR (Ayukai and Wolanski, 1997;
Passow et al., 2001). The fine sediment and nutrients that drive this biological activity
are closely linked and must be studied together.

Using the Burdekin River as a case study, this investigation builds on existing research
and examines the influence of sediment particle size and flocculation processes on the
transport and deposition of exported terrigenous sediment and associated nutrients in
river flood plumes discharged to the GBR lagoon. The data are derived from sampling
of a Burdekin River flood plume produced by a major discharge event (10.69 million
ML) in the 2010/11 wet season.

2.2. Materials and methods

2.2.1. Freshwater and plume sample collection

The Burdekin River had a total discharge of 34.83 million ML in the 2010/11 water
year (Oct-Sept), which is the 3" largest discharge measured since 1922 at the end-of-
river gauging station at Inkerman/Clare (Fig. 2.1; DERM, 2012). The sampling focused

on flood event No. 1 that occurred between the 24" December 2010 and 18" January
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2011, with a total discharge of 10.69 million ML which represents 31% of the total flow
(Fig. 2.2a). A peak discharge of 888,775 ML day™ occurred on the 27" December
(DERM, 2012). River water (zero salinity) samples were collected at Inkerman Bridge
throughout this discharge event, as well as two subsequent flood events from the 31%
January to 22" February (No. 2) and 4™ March to 18" April (No. 3), to capture further
changes in sediment dynamics (see Fig. 2.2a for frequency). The Inkerman sampling
site is ~26 km downstream of the Clare gauging station (GS120006B).
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Figure 2.1 Location map superimposed on a MODIS satellite image of the Burdekin River
flood plume captured on the 4™ January, 2011. The turbid inner plume is clearly visible along
the coast adjacent to the river mouth, with the plume extending ~50 km out from the coast.
The three plume sampling transects are displayed, as well as the freshwater sampling site at
Inkerman. White patches along the coastline near Townsville and Cape Upstart are clouds.
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Figure 2.2 (a) Time-series of Burdekin River discharge at Clare (120006B) during the
2010/11 wet season. River water sample collection dates at Inkerman are overlayed as grey
vertical lines grouped into three flood events. (b) Graph of TSS concentrations for the
Burdekin River (Inkerman) surface water samples grouped into the three separate flood events
as displayed in (a). The sediment particle size composition of each sample is also represented
using four particle size classes: clay (<4 pm), fine silt (4-16 pm), coarse silt (16-63 pm) and
sand (>63 pm).

The inshore turbid “inner’ plume, directly adjacent to the river mouth was sampled three
days after the flood peak (30" December; Plume Transect 1). Samples were collected
along the central plume axis following the salinity gradient from the river mouth to 19
km offshore (Fig. 2.1). This transect was repeated 3 weeks later (18™ January; Plume
Transect 3) to examine the evolution of the plume, however due to tidal and safe
navigation constraints Transect 3 only extended 11.5 km offshore. A northern transect
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was also conducted from Magnetic Island to the Palm Island Group (6" January; Plume
Transect 2) to sample the northerly migration of the Burdekin River plume previously
observed by Devlin and Brodie (2005), Wolanski and Jones (1981) and Wolanski and
van Senden (1983). This northern plume extent was confirmed during this study using
near real-time MODIS Rapid Response (true colour) satellite imagery (see Fig. 2.1;

http://rapidfire.sci.gsfc.nasa.gov).

River water samples were collected from the surface (top 0.5 m) in pre-rinsed 1L
polypropylene bottles and transported on ice to the TropWATER Laboratory, James
Cook University (JCU), Townsville for analysis of total suspended solids (TSS),
volatile suspended solids (VSS), and the School of Earth and Environmental Sciences
(JCU) for particle size analysis. One litre plume water samples were collected from the
surface and sub-surface (2 and 5 m depth) for TSS, VSS and particle size analyses.
Unfiltered nutrient samples (surface waters only) were sub-sampled into 60 mL Sarstedt
sterile polypropylene vials, with filterable nutrients filtered on-site through pre-rinsed
filter modules (Sartorius MiniSart 0.45 um cellulose acetate) into six 10 mL Sarstedt
polypropylene vials. Nutrient samples were immediately placed on ice and frozen
within 6-h of sampling. Vertical salinity profiles (i.e. surface to seafloor at varying
depths) were conducted at each site using a SBE 19plus (V2) CTD profiler (Sea-Bird
Electronics, USA). Salinity is expressed in practical salinity units (psu). Data from these
vertical profiles were used to create salinity contour maps of the inner plume using the
Surfer software program (v.7.0, Golden Software, USA), including five salinity profiles

along each inner plume contour map transect.

2.2.2. Laboratory analysis

Water samples were analysed for TSS, VSS, total nitrogen (TN), total phosphorus (TP),
as well as the dissolved nutrient fractions (i.e. <0.45 pm) including total filterable
nitrogen (TFN), total filterable phosphorus (TFP), ammonia, nitrate, nitrite and
filterable reactive phosphorus (FRP).

Dissolved and particulate nutrients

Samples for TN, TP, TFN and TFP were digested in an autoclave using an alkaline
persulfate technique (modified from Hosomi and Sudo, 1986) and the resulting solution
simultaneously analysed for nitrate-N and orthophosphate-P by segmented flow auto-



analysis using an O.l. Analytical (Texas, USA) Flow Solution IV chemistry analyser.
The analyses of nitrate, nitrite, ammonia and FRP were conducted using segmented
flow auto-analysis techniques following standard methods (APHA, 2005). Particulate
nutrient concentrations were calculated by subtracting the total filterable nutrient
concentrations from the total nutrient concentrations. Similarly, dissolved (filterable)
organic nitrogen (DON) and phosphorus (DOP) were calculated by subtracting nitrate,
nitrite and ammonia (for nitrogen) and FRP (for dissolved inorganic phosphorus) from
the TFN and TFP concentrations, respectively.

Total and volatile suspended solids

TSS (in mg L™) was measured gravimetrically by weighing the fraction remaining on a
pre-weighed Whatman GF/C filter (nominally 1.2 um pore size), dried at 103—105°C for
24 h, after vacuum filtration of a measured volume of sample (Method 2540D; APHA,
2005). The residual filter paper was ignited to 550°C, with the weight loss on ignition
indicating the volatile solid (i.e. organic) component (Method 2540E; APHA, 2005).

The Water quality Analyser tool (eWater CRC and the Queensland Department of
Environment and Resource Management; website: ewater.com.au) was used to calculate
a TSS load for flood No. 1 at Inkerman using the linear interpolation technique (Lewis
et al., 2007). Although only surface data (i.e. top 0.5 m) were used in the calculation of
this load, previous research by Amos et al. (2004) has shown that TSS concentrations
are relatively constant with depth through the channel cross-section for the Burdekin
River at Inkerman. Due to the limited TSS concentration data available for flood events
No. 2 and No. 3, loads were not calculated for these events.

Particle size and floc analysis

Particle size analysis was restricted only to samples with higher TSS concentrations
(generally >10 mg L™), which included all river samples and the plume surface samples
collected along inner Plume Transect 1 (30/12/10) shortly after peak discharge
conditions. Particle size distributions for the water samples were determined using the
Malvern Mastersizer 2000, a laser diffraction particle-size analyser with a lens range of
0.02-2000 pm. The parametisation methodology of Sperazza et al. (2004) was applied,
and all data presented are the mean of three measurement runs. Flood plume samples
were first treated with a 1% solution of sodium hexametaphosphate (Calgon®) and
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sonicated for 20 minutes immediately prior to analysis to disperse flocculated particles
and ensure the measurement of absolute particle size only (Jonkers et al., 2009;
Malvern, 1997; Sperazza et al., 2004). On the basis of particle size distributions derived
using this method sediments were classified as one of four size classes based on the
Udden-Wentworth sediment grain size scale (Leeder, 1982): (1) clay (<3.9 um); (2)
very fine and fine silt (3.9-15.6 um; hereafter referred to as fine silt); (3) medium and
coarse silt (15.6-63 um; hereafter referred to as coarse silt); and (4) sand (>63 pm). The
clay and fine silt fractions are defined as <4 um and <16 pum, respectively hereafter in
the thesis for simplicity. Microphotographs of flood plume suspended particulate matter
(i.e. mineral particles, algal cells, biological remains, muddy marine snow) were

collected using Ayukai and Wolanski’s (1997) method.

Satellite image processing

Ocean colour algorithms applied to satellite imagery have been used to study the
movement and composition of flood plumes (e.g. Andréfouét et al., 2002; Brodie et al.,
2010; Devlin et al.,, 2012). Complementary to the use of algorithms, true-colour
classification techniques can provide information on surface water characteristics (e.g.
suspended sediment, see Duane Nellis et al., 1998) and offer a valuable alternative to
traditional plume mapping. MODIS Aqua and Terra true colour satellite images (1 km
resolution - available from NASA OceanColor website:
http://oceancolor.gsfc.nasa.gov/cgi/browse.pl) were used to identify and map the
Burdekin River flood plumes following the Devlin et al. (2012) method. In addition a
combination of spectral enhancement and unsupervised classification (ISO method) of
the images using ERDAS Image Analyst extension for ArcGIS 10 were used to depict
turbidity changes in plume surface waters (Fig. 2.3). Observed variation in turbidity was
validated against MODIS Level 2 products (see Appendix Fig. A2.4) and is depicted by
a transition in colours on the classified imagery in Fig. 2.3 from red (turbid zone),
yellow (transitional) to green (plume boundary). Wind direction was added to the
images using a three-day average (i.e. date of image capture and 2 days prior) from the
Australian Institute of Marine Science’s (AIMS) Data Centre ‘Cape Bowling Green’
weather station (http://data.aims.gov.au) to provide a context for plume movement
between images taken at different times. Image selection in Fig. 2.3 was based on the
best available sub-set given atmospheric and cloud coverage interferences.
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Figure 2.3 Classified true-colour MODIS satellite images show the evolution of the Burdekin
River flood plume from the 15/12/10 to 07/01/11. The images show the changes in the flood
plume from the inner turbid plume (red) through the transition (yellow) to the less turbid
plume boundary, delineated by the darker green colour, which is still observable as green
water in true-colour images (see Fig. 2.1). Three-day average wind direction is displayed on
each image, and corresponding wind speed was <4 ms™ (a), >7 ms™ (b), <7 ms™ (c), <4 ms’
' (d) and <3.5 m s™ (e and f). Black areas marked over the plume depict areas where no data
were retrieved due to cloud cover. Supp. Video 1 (in Bainbridge et al., 2012) provides
additional imagery dates and an expanded scene capture.
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2.3. Results

2.3.1. Burdekin River discharge and suspended sediment export

TSS concentrations in the Burdekin River (Inkerman) during flood No. 1 ranged from
450 mg L™ during the flood peak to 55 mg L™ at the tail of the event (Fig. 2.2b) and the
total suspended sediment export was calculated at 2.8 million tonnes. Clay and fine silt
fractions dominated the suspended sediment load throughout the event (36% and 35%,
respectively), with smaller proportions of coarse silt and sand (18% and 12%,
respectively). During the two subsequent floods (No. 2 and 3) concentrations rose again
during the flood peaks, however there was a general decline in TSS concentrations
during the wet season from an average of 290 mg L™ in flood event No. 1 to 75 mg L™
in event No. 3 (Fig. 2.2b). The proportion that the coarse silt and sand fractions
represented of total suspended sediment concentrations also declined from 30% in flood
event No. 1 to 20% in event No. 3 (Fig. 2.2b).

2.3.2.  Plumedynamics

Although flood event No. 1 was the first major flood of the season, ~6 million ML had
been discharged by earlier subordinate flows (see Fig. 2.2a). As a result, a flood plume
was already established prior to this major flood event and was clearly visible on
satellite images along the coastline by 15" December 2010 (Fig. 2.3a). This earlier
established plume was constrained near the river mouth to the tip of Cape Bowling
Green (see Fig. 2.1 for location details). Wind speed increased during late December
(>7 m s™ from the NE over 3 days to 27" December) and as the flood hydrograph at
Inkerman peaked the turbid plume pushed out east of Cape Upstart (Fig. 2.3b).
Significant flood discharge was held within Upstart Bay where it remained visible as a
turbid plume from the 27" December to the 8" January (see Fig. 2.3 and Supp. Video 1
in Bainbridge et al., 2012). Flood discharge from the Black, Ross and Haughton Rivers
developed smaller turbid plumes over the same period. By January 1, the Burdekin
River turbid plume extended NW well past the tip of Cape Bowling Green (Fig. 2.3c).
The maximum northward and offshore extent of this plume occurred between the 1% and
4™ January 2011, when plume waters extended at least 50 km offshore and at least as far
north as the eastern side of the Palm Island Group (Fig. 2.3c and d). As winds abated
(<3.5 ms™) on January 5 the boundaries of the turbid plume contracted shoreward (Fig.

2.3e), before again extending E-NE to cover Old and Stanley Reefs by January 7 (see



Fig. 2.3fand Supp. Video 1. extended image from January 7 in Bainbridge et al., 2012).
The plume size contracted once again a day later (Supp. Video 1 in Bainbridge et al.,
2012). A comparatively smaller plume from the Herbert River developed from the 15™
December—4" January (Fig. 2.3a—d; see also Supp. Video 1 for extended images). The
maximum extent of the Herbert River turbid plume was <10 km from the Hinchinbrook
Channel that occurred on January 4, after which turbid water was confined to the
channel (Fig. 2.3d-).

The Burdekin River plume lifted off the bottom in the shallow coastal waters 3-4
kilometres offshore, where it remained a buoyant freshwater layer ~2 m thick over the
sampling transect (Appendix Fig. A2.1a). Vertical salinity profiles showed surface
salinities (psu) ranged from 0.1-10 with distance from the river mouth along the initial
sampling transect that coincided with peak discharge at Inkerman, and increased to 3.7-
24 across the same transect when repeated three weeks later (Fig. 2.4a and b; Appendix
Fig. A2.1). Surface salinities along the northern plume transect (6" January 2011)
ranged from 26 psu at Orchard Rocks (Magnetic Island) to 31 psu at Iris Point (Orpheus
Island), the most northerly site tested (Fig. 2.4c).
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Figure 2.4 Near-surface nitrogen, phosphorus, chlorophyll a and TSS concentrations (and
organic particulate matter composition) for all sites plotted along the salinity gradient and
with distance from the coast for inner Plume Transects 1 (a,d,g,j) and 2 (b,e,h,k), and along
the northern Plume Transect 3 (c,f,i,l). Note the change in TSS concentration range for (k) and
(I) compared to (j).



2.3.3. Sediment floc types

Table 2.1 describes three types of sediment flocs common in plume waters across the
three sampling transects. ‘Small mud flocs’ (<100 um) composed of clay and silt
particles bound by TEP (Ayukai and Wolanski, 1997; Dagg et al., 2004; Passow et al.,
2001) were common in the inner turbid plume surface waters (see Fig. 2.5). ‘Larger
flocs’ (>100 um) were also observed in turbid plume waters at depths >2 m, suggesting
the smaller flocs aggregate as they sink through the water column. Thirdly, ‘large floc
aggregates’ (>200 um; Figs. 2.5, 2.6d and 2.7), were observed in plume waters with
higher PAR and increased biological activity (e.g. diatoms, copepods). Here, small mud
flocs had aggregated with algal cells and biological material to form much larger floc
aggregates (see Passow et al., 2001).

Table 2.1 Sediment floc types and characteristics identified in this study.

Floc Type Floc Size Location Characteristics/observations

¢ Individual sediment particles (commonly clay and silt)
encased by Transparent Exopolymer Particles (TEP)

e Observed in inner turbid waters (10-140 mg L'l) with poor

Small mud :jrgen%m Inner Plume Transects light conditions
flocs ( seen as Y 1land3 e Largest mud flocs seen in Plume Transect 3
<20 pm) (surface water only) e Floc size decreased along salinity gradients

e E.g. 3 and 3.5 km surface water images from both transects
(Fig. 2.5) with mineral particles (visible as black dots) encased
by transparent mucus

e Larger flocs, similar to above but increased presence of larger
sediment particles than in small mud flocs seen in the surface

Large flocs  >100 um  'Mner Plume Transect 1 waters
g H (depth samples only) ¢ Observed in depth samples only; indicating sinking
e E.g. Depth sample images in Plume Transect 1 (3.5 and 7.5
km; Fig. 2.5)

* Fine sediment particles bound by TEP to cellulose/ gelatinous

Inner Plume Transect 3 plankton castings or zooplankton (e.g. copepod, see Fig. 2.7)

Large floc (surface and depth) . _Observed in pIL_Jme waters w_ith impr_o_ved light (_:onditions and
>200 pm and Northern Plume increased salinity and biological activity (e.g. diatoms,
aggregates Transect 2) copepods)
(surface and depth) o E.g. 2 m depth sample, 3.5 km along Plume Transect 3 (Fig.
2.5); Fig. 2.6d
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Figure 2.5 Microscope sediment floc images and TSS concentrations for surface and sub-
surface water samples collected on 30™ December 2010 and 18" January 2011. Surface or
depth water samples are indicated on the left side of each image including changes in salinity
with time and depth. Scale bars on the floc images indicate 100 um (0.1 mm) length. A
freshwater sample collected at Inkerman during peak discharge (27/12/10) is also displayed
(surface water sample only). The freshwater sample shows unflocculated sediment particles
prior to mixing with seawater. Particle flocculation in Plume Transect 1 samples (top section
of figure) comprise fine sediment particles bound by transparent exopolymer particles (e.g.
mucus) forming large mud flocs, with floc size increasing with depth. Samples captured along
Plume Transect 3 (bottom section) show an increase in biological production i.e. presence of
diatoms and cellulose/gelatinous plankton castings often aggregated with small mud flocs.
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Figure 2.6 Microscope images captured from (a, b) surface, (c) 2 and (d) 5 metres depth in the
plume water collected at Orchard Rocks on 06/01/11. Images show individual fine-grained
sediment (i.e. clay and silt <16 pm) particles (b—c), large flocs (a) and large floc aggregates of
fine particles and plankton remains encased by TEP (d) are still being carried in plume waters
as far as Magnetic Island in the weeks after peak discharge. Scale bars represent 100 pum.

Figure 2.7 Microscope image of a large floc aggregate captured in surface waters off Acheron
Is. along Plume Transect 2. Similarly to Fig. 2.6d, the fine-grained sediment particles bound
in mucus have formed a large floc aggregate likely including zooplankton (e.g. copepod; see
arrow) in the bottom-left corner of the image. Scale bar represents 100 um length.
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2.3.4. PlumeTransect 1 (inner plume, peak discharge, 30/12/10)

As the river flood water mixed with seawater, TSS concentrations decreased from 450
mg L™ at the river mouth to <5 mg L™ ~19 km off the coast (Fig. 2.8). This decline
along the salinity gradient showed a much faster removal of suspended sediment from
the plume surface waters than would be expected for conservative mixing (Appendix
Fig. A2.2a). Upon mixing with seawater (i.e. salinity of 0.1 psu) there was rapid settling
of the entire sand sized fraction, the majority (>80%) of the fine and coarse silt sized
particles, and some (~25%) of the clay particles (Fig. 2.8). The clay fraction dominated
(75%) the remaining sediment in suspension along the plume transect, with some

(<25%) fine silt and residual coarse silt remaining.
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Figure 2.8 Variation along salinity gradient and distance from the coast of TSS concentrations
and sediment particle size composition for the Burdekin River at Inkerman (27/12/10:AM)
and adjacent plume transect (30/12/10) during peak discharge conditions.



Microphotographs of the samples showed individual sediment particles in the
freshwater reaches of the river mouth before aggregating into small mud flocs (<50 pm)
at salinity of 0.1 psu (Fig. 2.5), <4 km from the coastline (hereafter referred to as the
low salinity depositional zone). The presence of large flocs (>100 um) as well as
individual particles at 2 m depth (Fig. 2.5), coinciding with a rapid decrease in TSS
concentrations, indicates settling of these particles from the surface plume. An organic
fraction in the suspended particulate matter at this initial low salinity depositional zone
(Fig. 2.4)) suggests that there was organic matter available to form these flocs. As TSS
concentrations decreased along the salinity gradient, so did the presence of these larger
flocs, with only small mud flocs carried away from this low salinity depositional zone
(Fig. 2.5). Some deposition of smaller flocs was also evident in sub-surface images
captured from samples collected 9.0-11.5 km offshore, however TSS concentrations
had decreased to <5 mg L™

Particulate nitrogen (PN) and dissolved organic nitrogen (DON) dominated (>70% of
TN) the nitrogen species in Plume Transect 1 (Fig. 2.4a). Rapid depletion of PN
occurred along the transect from 245 to 15 ug N L™, as salinity increased from 0.1 to
2.9 psu, respectively (Appendix Fig. A2.2b). In comparison, both nitrate and DON
concentrations displayed conservative mixing along the salinity gradient (Fig. 2.4a,
Appendix Fig. A2.2c). Particulate phosphorus (PP) behaved similarly to PN, with a
rapid decline in the initial low salinity depositional zone from 165 to 10 pg P L™ (Fig.
2.4d). Concentrations of filterable reactive phosphorus (FRP) and dissolved organic
phosphorus (DOP) remained relatively unchanged (e.g. <30 pg P L™) across all three
plume transects (Fig. 2.4d—f), whilst chlorophyll a concentrations remained <1 pg L™
across Plume Transect 1 (Fig. 2.49).

2.3.5. PlumeTransect 3 (inner plume, +3 weeks, 18/01/11)

Salinity increased from 1.6 to 24 psu along Plume Transect 3 with distance from the
river mouth and TSS concentrations decreased from 11 to 2 mg L™ along this salinity
gradient (Fig. 2.4k). River TSS concentrations had decreased to ~50 mg L™ after 3
weeks, equivalent to 11% of the initial flood peak concentrations (see Fig. 2.2b).
Mucus-bound (i.e. TEP) mud flocs dominated the fine particles present in the inshore
plume waters (Fig. 2.5). Diatoms and zooplankton (and their associated feeding

structures) were common in both surface and sub-surface samples indicating increased
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biological activity since the initial transect (Fig. 2.5), and chlorophyll a concentrations
(1.3-2.7 pg L) were the highest measured in this study (Fig. 2.4h). This was also
reflected by the increased organic content of particulate matter measured along this
transect (Fig. 2.4k). Large floc aggregates (i.e. 100-250 pm) were observed in
microphotographs captured from samples collected at 2 m depth at ~3.5, 9.0 and 11.5
km from the coast (Fig. 2.5). Total nitrogen concentrations were similar to Plume
Transect 1, with higher PN concentrations compared to the initial transect (e.g. 255-125
ng N L™ in transect 3 compared to 245-15 pg N L™ in transect 1; Fig. 2.4a and b).
Nitrate concentrations were higher in the lower salinity waters (i.e. >85 pug N L™) before
decreasing below 20 ug N L™ at the outer two sites, 9.5 and 11.5 km offshore (Fig.
2.4b). Particulate phosphorus concentrations (<30 pg P L™) were lower than in Plume
Transect 1, and now represented equal proportions of total phosphorus with FRP and
DOP (Fig. 2.4e).

2.3.6. PlumeTransect 2 (Northern plume extent, +10 days, 06/01/11)

Sampled water along the northern Plume Transect 2 were predominately sourced from
the Burdekin River with a lesser influence from other localised systems including the
small streams flowing into Halifax and Cleveland Bays, and possibly the Herbert River
to the north (see Figs. 2.1 and 2.3). Surface TSS concentrations were all <5 mg L™, with
a large proportion (50-70%) composed of organic matter (Fig. 2.4l). Total nitrogen and
total phosphorus concentrations had also decreased (<195 pug N L™ and <25 pg P L™,
respectively) compared to inner Plume Transects 1 and 3, where concentrations ranged
between 265-675 pg N L™ and 25-210 pg P L™, respectively (Fig. 2.4a—f). Chlorophyll
a concentrations (<0.53 pg L™) were similar to Plume Transect 1 (Fig. 2.4i).

Individual clay and silt-sized particles were suspended in both surface and sub-surface
(2 m depth) samples collected at Orchard Rocks off Magnetic Island (Fig. 2.6b and c).
Large floc aggregates also occurred in both surface and sub-surface plume waters at this
site (Fig. 2.6a and d). Further along this transect plume waters contained negligible
‘mineral’ sediment particles, with an increased presence of large floc aggregates in both

surface and sub-surface waters (e.g. Figure 2.7).



2.4. Discussion

24.1. Burdekin River discharge and plume movement

The impact of the extended period of low salinity conditions and the continual input of
terrestrial contaminants to the GBR lagoon that resulted from the extreme 2010/11
Burdekin River discharge on seagrass and coral reef ecosystems is still under
investigation. This study was undertaken during an exceptionally wet year when the
Burdekin River discharge exceeded 7,000 ML day™ over a 200-day period (14"
November—31* May) compared to base flow conditions of <700 ML day™ (Fig. 2.2b).
In addition to the extreme conditions of the 2010/11 wet season, three of the largest
Burdekin River discharge years on record (since 1922) have occurred over the past four
wet seasons, including 2007/08 (27.5 million ML, 6" largest), 2008/09 (29.4 million
ML, 4™ largest) and 2010/11 (34.8 million ML, 3" largest; DERM, 2012). The cluster
of these above average wet season events acutely stressed seagrass and corals due
primarily to extended periods of low salinity and high turbidity (Brodie and
Waterhouse, 2012; McKenzie and Unsworth, 2011).

The extended and high flow conditions of the 2010/11 Burdekin River discharge are
reflected in the large area covered by the flood plume, which extended at least as far
north as the Palm Island Group and stretched >50 km offshore from the coastline
between Cape Upstart and Halifax Bay, impinging on inshore coral reefs and seagrass
meadows within Upstart, Bowling Green, Cleveland and Halifax Bays (Fig. 2.3). The
true-colour classification technique used in this study provided a valuable technique to
track the movement of the plume, particularly where unsuitable atmospheric conditions
(e.g. dense cloud cover, sun glint) that commonly occur during wet season flood
conditions obscured large areas (Brodie et al., 2010). The classified satellite imagery
series of the December 2010-January 2011 Burdekin River flood plume (Fig. 2.3)
reveals the plume evolved along a longshore northward trajectory, as has been
documented for previous floods (Devlin and Brodie, 2005; King et al., 2001; Wolanski
and Jones, 1981; Wolanski and van Senden, 1983). This movement is largely influenced
by a combination of south-easterly wind-generated currents and Coriolis forcing. NE/E
wind events deviated the flood plume from this northward trajectory to the east, and at
such times, the plume waters spread over the mid-shelf including Old and Stanley Reefs
(Fig. 2.3f; see also Supp. Video 1 extended image in Bainbridge et al., 2012). In
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contrast, the Herbert River plume had a much smaller area of influence with the turbid
plume constrained within close proximity to the southern Hinchinbrook Channel, and
the plume boundary extending <25 km offshore in a NW direction (Fig. 2.2d, see also
Supp. Video 1 in Bainbridge et al., 2012).

2.4.2. Burdekin River suspended sediment export and initial low salinity
depositional zone

Approximately 2.8 million tonnes of suspended sediments were discharged in the first
major flood event during the 2010/11 wet season, accounting for 70% of the suspended
sediment load exported in an average year (4 million tonnes: Kroon et al., 2012). The
discharge from that water year was ~4—fold higher than the average annual discharge.
The finer sediment fractions dominated this load (70%) with equal contributions from
clay and fine silt sized fractions. The TSS concentrations in river water decreased
during the wet season from >450 mg L™ in the first flood event to <100 mg L™ in the
second and third flood events (Fig. 2.2b). This decrease in TSS concentrations and
particle size may be due to catchment sediment exhaustion processes (see Amos et al.,
2004) or changes in catchment sediment sources. This latter scenario is currently the

focus of further investigation.

Satellite imagery visually supports the interpretation that the initial depositional zone of
Burdekin River suspended sediment is mostly confined to Upstart Bay (Fig. 2.1 and
2.3c and d). Rapid sediment deposition within this low salinity zone accords with
previous studies of Burdekin River flood plumes (Devlin and Brodie, 2005; Wolanski
and Jones, 1981), with TSS concentrations declining from 450 in the river to 140 mg L™
as salinity rose to as low 0.1 psu in Plume Transect 1, <4 km from the coast (Fig. 2.8).
TSS concentrations declined further along the salinity gradient from the river mouth to
<5 mg L™ (salinity of 5.6 psu), within ~10 km of the coastline (Fig. 2.8). The sand and
silt fractions measured in Plume Transect 1 were almost completely removed at 0.1 psu
(<4 km from the coastline) whilst the clay fraction was mostly removed at ~10 psu (<20
km from the coastline; Fig. 2.8). The Burdekin River plume remained near the surface,
mixed little with the underlying seawater and did not reach the seafloor (Appendix Fig.
A2.1), a process also observed during previous flood events (Wolanski and Jones, 1981;
Wolanski and van Senden, 1983).



Physical and biological flocculation processes accelerated suspended sediment
deposition near the Burdekin River mouth (Fig. 2.5), a finding in line with studies on
other large turbid river plumes (e.g. Fly River: Ayukai and Wolanski, 1997; Dagg et al.,
2004; Amazon River: Gibbs and Konwar, 1986; Eel River: Hill et al., 2000; Po River:
Milligan et al., 2007). Previous studies have found a higher abundance of heterotrophic
bacteria within this initial mixing zone where low light (i.e. PAR) and salinity
conditions may prevent marine plankton blooms (Dagg et al., 2008; Ducklow and
Kirchman, 1983; Lohrenz et al., 1999). This bacterial activity has been shown to be
responsible for biologically-mediated flocculation, i.e. the formation of muddy marine
snow (Ayukai and Wolanski, 1997; Dagg et al., 2004; Passow et al., 2001). Although
these studies have primarily focused on the biological uptake of dissolved inorganic
nitrogen (in particular nitrate), which dominates nitrogen export from rivers heavily
influenced by intensive anthropogenic sources (Seitzinger et al., 2010), terrestrial
particulate nitrogen may also fuel these pelagic systems (see Dagg et al., 2004; Mayer et
al., 1998). Given particulate nitrogen comprises a large proportion of TN exported by
the Burdekin River (Fig. 2.4a), it may play a key role in supporting this heterotrophic
bacterial productivity, which have much higher rates in the GBR lagoon than in
temperate coastal waters around the world (Alongi and McKinnon, 2005). By contrast
the mixing of DON within flood plumes is more difficult to interpret (Fig. 2.4a), and
further study needs to characterise the different components of DON and its significance
to biogeochemical cycling (Furnas et al., 2011).

Three weeks after peak river discharge, the biologically-mediated flocculation of plume
sediment along the inner transect had reduced the TSS concentrations in the plume to
<11 mg L™* (Fig. 2.4k), thus improving PAR conditions and enabling increased
biological activity, as evidenced by a ~5-fold increase in chlorophyll a concentrations
(Fig. 2.4g and h). The mud flocs were much larger (>150 pm) than those of the first
plume transect, particularly within the initial low salinity depositional zone (see surface
images captured 3.0 and 3.5 km, Fig. 2.5). Large floc aggregates (~250 um; Fig. 2.5)
were also commonly observed in samples collected further along this transect in both
surface and sub-surface waters, where small mud flocs had coagulated on sticky algal
cells and other biological material to form these floc aggregates (see Ayukai and
Wolanski, 1997; Fabricius et al., 2003; Passow et al., 2001). PN concentrations along
Plume Transect 3 remained relatively consistent along the salinity gradient (125-255 pg
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N L?: Fig. 2.4b), suggesting that during this stage of the plume the PN was mostly
suspended particulate matter from organisms generated within the plume rather than PN
input from the river. In contrast, the source of PN during peak discharge conditions
appeared to be dominated by river input.

2.4.3. Finesaediment transport beyond theinitial low salinity depositional zone
Only the clay and some fine silt particles were carried beyond the Burdekin River low
salinity depositional zone during peak discharge conditions (Fig. 2.8), and were
transported as discrete minerals or small mud flocs (Fig. 2.5). Sampling of the Burdekin
River at Inkerman and along the adjacent plume transect during the 2008/09 and
2009/10 flood events found similar sediment transport dynamics, with only finer
sediments remaining in suspension upon seawater mixing (Appendix Fig. A2.3). These
discrete fine mineral particles also occurred as far north as Cleveland Bay in surface and
sub-surface (2 m depth) water collected at Orchard Rocks in Plume Transect 2 (Fig.
2.6), 10 days after the flood peak. This result shows fine sediment particles can be
carried at least 100 km within the river plume. However, readily distinguishable mineral
particles were not observed in samples collected further along this northern Plume
Transect 2; these samples had low TSS concentrations (<5 mg L™) and high proportions
of organic particulate matter, likely generated within the plume (Fig. 2.41). This resulted
in large floc aggregates in both surface and sub-surface waters (e.g. Fig. 2.6d, Fig. 2.7).
This organic matter was therefore still accelerating the settling of the last remaining
mineral particles considerable distances from the initial low salinity depositional zone.
All nutrient and chlorophyll a concentrations were lower along this transect compared
to the inner Plume Transect 3 (which continued to receive terrestrial nutrients),
suggesting that nutrient consumption by phytoplankton communities may have peaked
and the terrestrial particulate nutrients had been transformed and incorporated into
marine organisms (mainly zooplankton) or settled on the seafloor (Brodie et al., 2012b;
Furnas et al., 2005, 2011).

24.4. Fateand potential impacts of Burdekin River sediment and nutrients

Burdekin River flood plumes cause direct reductions in the light climate (i.e. PAR) for
benthic phototrophic organisms (e.g. coral, seagrass), although this effect is relatively
transient in normal years (e.g. 2-3 weeks) compared to the length of light reduction
resulting from sediment resuspension in GBR lagoon inshore waters at depths <15 m



during the dry season (Larcombe et al., 1995; Orpin et al., 1999). In the 2010/11 wet
season, however, plume conditions persisted in inshore waters for at least 10 weeks
(Fig. 2.2a) and the effects on benthic light climate may have been severe. The long-term
impact of the extended wet season is the subject of current studies (see Brodie and
Waterhouse, 2012), including observations of seagrass meadow mortality over large
areas of the inshore Burdekin region and an associated increase in the mortality of
seagrass specialist feeders including dugongs (Dugong dugon) and green turtles
(Chelonia mydas) (Bell and Ariel, 2011; McKenzie and Unsworth, 2011). The impacts
of the extended plume conditions in this region may have been exacerbated by the
passage across the region of the Category 5 Tropical Cyclone Yasi (Great Barrier Reef
Marine Park Authority, 2011), and separating the effects of each disturbance will be
complex when attempted.

Burdekin River sediment initially deposits in Upstart Bay, and to a lesser extent
Bowling Green and Cleveland Bays (this study, and see also Devlin and Brodie, 2005;
Wolanski and Jones, 1981; Wolanski and van Senden, 1983). However, in strong winds
(>9 m s*; Lambrechts et al., 2010) during the dry season this sediment is subsequently
resuspended and transported northward by longshore currents (Lambeck and Woolfe,
2000) to be deposited in Bowling Green (80-90%) and Cleveland (~5-10%) Bays,
which are sheltered from the prevailing SE trade winds (Orpin et al., 2004)".

Hydrodynamic modelling and satellite imagery suggest that the PN load should remain
within Upstart Bay long enough (i.e. ~a few to 30 days) to be mineralised either through
bacteria in the plume water column or later in the benthic sediment layer (see Alongi et
al., 2007). This mineralised PN would then contribute to the general bioavailable
nitrogen pool within the GBR lagoon (Brodie et al., 2012b; Furnas et al., 2011). The PP
load behaves similarly to PN, to be ultimately desorbed and/or mineralised and added to
the bioavailable P load to the GBR (see McCulloch et al., 2003b).

In contrast, dissolved nutrients were transported well beyond Upstart Bay as far north as
Halifax Bay within the plume. In these secondary plume waters, the bioavailable
fraction of the dissolved nutrients (all DIN and ~10% of DON, see Furnas et al., 2011)

! Note, a recent study since this publication has revealed that the majority of sediment delivered from the
Burdekin River is deposited and retained within Upstart Bay (Lewis et al., 2014).
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supported primary production (measured as high chlorophyll a concentrations) and
therefore would have increased the particulate organic matter in the water column (e.g.
phytoplankton cells, zooplankton remains). This planktonic material was then available
to form large floc aggregates (see Fig. 2.7) with the remaining finer sediment fraction
(<16 pm).

Large floc aggregates (with their mud and organic matter content) will have densities
lower than those of discrete mineral particles (e.g. clay particles ~2.6 g cm™) but greater
than simple organic matter (~1 g cm®). This difference in density allows these
aggregates to remain in suspension longer than mineral particles, maintaining higher
turbidity in the plume water for longer periods and transport further afield. In addition,
after these large floc aggregates settle on the seafloor they are potentially more prone to
wind-driven resuspension during the dry season (Wolanski et al.,, 2005). These
aggregates were observed across almost the entire plume, including areas with
sediment-sensitive benthic organisms (e.g. coral, seagrass). The two major risk factors
to these benthic organisms are:

(1) The resuspension of settled sediment flocs during strong winds resulting in
increased turbidity and lower PAR levels. During dry season conditions (i.e.
negligible river discharge) turbidity is caused by wave-driven resuspension in
water depths <15 m (Larcombe et al., 1995; Orpin et al., 1999; Wolanski et al.,
2008). The link between increased regional turbidity and increased terrestrial
inputs of fine sediment is now more firmly established (Fabricius et al., 20117
Lambrechts et al., 2010) and the results of this study suggest a mechanism — the
presence of flocculated fine sediments in the surface sediment layer in places
like Cleveland Bay — to substantiate this correlation.

(2) Direct sedimentation of fine sediments and associated nutrients/organic matter
cause greater damage to corals than inorganic sediment particles (i.e. sand) due
to bacterial growth causing anoxia at the coral surface and subsequent coral
mortality (Fabricius et al., 2003; Weber et al., 2006). Corals find it more difficult
to remove sticky, muddy marine snow than discrete mineral particles (Fabricius
and Wolanski, 2000; Fabricius et al., 2003; Philipp and Fabricius, 2003).

? Note the Fabricius et al. (2011) technical report is now published as Fabricius et al. (2013, 2014).



2.5. Conclusion

The 2010/11 Burdekin River flood plume extended >50 km offshore and at least as far
north as the Palm Island Group, coinciding with an extended period of river discharge
(34.8 million ML) into the GBR lagoon for ~200 days. A major flood event (24" Dec—
18" Jan) representing 31% of this wet season discharge exported ~2.8 million tonnes of
suspended sediment, which was dominated by clay and fine silt fractions. Sampling of
the adjacent turbid flood plume following peak discharge showed rapid deposition of
suspended sediment <10 km from the coastline, where all sand and the majority of
coarse silt particles (>16 um) had settled by the time a salinity of 0.1 psu had been
reached. This deposition was enhanced by the flocculation of these particles upon
mixing with seawater. Clay and fine silt particles and associated nutrients that remained
in suspension beyond this initial low salinity depositional zone were observed in plume

waters >100 km from the river mouth.

This is the first study in the GBR to investigate particle size partitioning within river
flood plumes and confirms the importance of flocculation processes in the dispersion of
terrestrial particulate matter in the GBR lagoon. The results highlight the transformation
of terrestrial fine sediment and associated nutrients within flood plumes to muddy
marine snow (large floc aggregates). These aggregates pose a risk to benthic organisms
(e.g. coral and seagrass) due to increased turbidity, enhanced smothering effects on
corals due to their sticky nature and are potentially more easily remobilised during
subsequent wind-driven resuspension events. Future research (e.g. laboratory-based
studies) needs to more thoroughly examine the risk of the different floc types observed

in this study to corals, seagrass and other sensitive marine ecosystems.
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3. Fine suspended sediment and water budgets for a large,

seasonally-dry tropical catchment

Bainbridge Z.T., Lewis S.E., Smithers S.G., Kuhnert P.M., Henderson B.L. and
Brodie J.E. 2014. Fine-suspended sediment and water budgets for a large,
seasonally-dry tropical catchment: Burdekin River catchment, Queensland,
Australia, Water Resources Research 50, 9067-9087.

Abstract

The Burdekin River catchment is a seasonally-dry tropical catchment located in north-
east Queensland, Australia. It is the single largest source of suspended sediment to the
Great Barrier Reef (GBR). Fine sediments are a threat to ecosystems on the GBR where
they contribute to elevated turbidity (reduced light), sedimentation stress and potential
impacts from the associated nutrients. Suspended sediment data collected over a five-
year period were used to construct a catchment-wide sediment source and transport
budget. The Bowen River sub-catchment was identified as the major source of end-of-
river suspended sediment export, yielding an average of 530 t km™ yr' during the study
period. Sediment trapping within a large reservoir (1.86 million ML) and the
preferential transport of clays and fine silts downstream of the structure were also
examined. The data reveal that the highest clay and fine silt loads — which are of most
interest to environmental managers of the GBR — are not always sourced from areas that
yield the largest total suspended sediment load (i.e. all size fractions). The results
demonstrate the importance of incorporating particle size into catchment sediment
budget studies undertaken to inform management decisions to reduce downstream
turbidity and sedimentation. The data on sediment source, reservoir influence and sub-
catchment and catchment yields will improve understandings of sediment dynamics in
other tropical catchments, particularly those located in seasonally wet-dry tropical
savannah/semi-arid climates. The influence of climatic variability (e.g. drought/wetter
periods) on annual sediment loads within large seasonally-dry tropical catchments is

also demonstrated in this study.

Keywords: fine sediment; sediment budget; semi arid; Great Barrier Reef; terrestrial

runoff



3.1. Introduction

Sediment budgets provide a structured framework for representing river catchment
sediment sources, storage and yields (Dunne and Leopold 1978; Walling and Collins,
2008), and provide an effective communication tool for natural resource managers to
understand sediment loads and transport (Slaymaker, 2003). In particular catchment-
scale sediment budgets have been applied to identify changes in catchment sediment
loads and sources associated with anthropogenically-modified land use, including both
increases in loads driven by elevated erosion associated with land clearing, agriculture
and mining as well as declines in sediment load downstream of depositional areas such
as reservoirs (Syvitski, 2003; Walling, 2006). Although this approach is commonly
adopted (see reviews by Koiter et al., 2013 and Walling and Collins, 2008), there have
been few sediment-budget studies from tropical catchments (see reviews by Nagle et al.,
1999 and Tooth, 2000). Further, detailed investigations on the transport of specific
sediment size fractions within tropical catchments are rare (e.g. Verbist et al., 2010).
This study addresses this knowledge gap by quantifying suspended sediment sources
and yields for a large seasonally-dry tropical river catchment with high inter- and intra-
annual streamflow variability associated with the arrival and strength of the summer
monsoon. The study focused on the finer clay and silt sediment fractions (<16 pm) that
are most likely to reach the downstream receiving environment, the GBR lagoon,

located on the north-eastern coast of Australia (Chapter 2).

The influence of anthropogenically-increased sediment delivery on inshore GBR
turbidity and resuspension regimes has been vigorously debated over the past few
decades. Some studies suggest that turbidity levels on the GBR have remained constant
over thousands of years due to the availability of abundant terrigenous sediment along
the GBR’s inner shelf (Larcombe et al., 1995; Orpin and Ridd, 2012). In contrast, recent
evidence suggests a strong link between increased inshore turbidity and higher sediment
yields to the GBR from streams draining coastal catchments that have been modified by
European settlement (Fabricius et al., 2013, 2014). Increased turbidity associated with
river plumes and subsequent dry season resuspension events may directly impact GBR
coral and seagrass communities by reducing light available for photosynthesis (Collier
et al, 2012; Fabricius, 2005). When accompanied by high sedimentation rates

smothering may also occur (Weber et al., 2006). Reduced vigour of coral communities
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affected by elevated turbidity and sedimentation can also result in increased macroalgal
cover (De’ath and Fabricius, 2010) and more frequent coral disease outbreaks
(Haapkyla et al., 2011). Further, the clay and fine silt-sized sediment particles are easily
resuspended (Browne et al, 2012; Davies-Colley and Smith, 2001), and have the
greatest effect on corals in the form of increased and persistent turbidity regimes and
sedimentation of organic-rich flocs (Chapter 2; Fabricius, 2005; Humphrey et al., 2008;
Weber et al., 20006).

To inform targeted and effective management of sediment erosion within the Burdekin
catchment, catchment-wide sediment source and transport annual budgets were
constructed using empirical field data collected at key river network locations between
2005 and 2010. The contributions of clay (<4 um), fine silt (4-16 pm) and coarse (>16
um) sediment fractions were quantified to isolate sediment sources at a relatively coarse
‘sub-catchment’” scale before ‘hot-spot’ tributaries were identified and specific
environmental drivers for erosion were investigated. This study builds on sediment
trapping estimates of a large reservoir within the catchment reported in Lewis et al.
(2013), and quantifies the significant influence this impoundment has on downstream
sediment transport and end-of-river export. This study reveals that the highest loads of
the finer sediment fraction (i.e. clay and fine silt), which are of most interest from a
management perspective are not necessarily derived from areas yielding the highest
total suspended sediment load, and highlights how climate variability influences
sediment loads. For example, elevated loads are typically transported by run-off events
following prolonged drought. This study demonstrates that sediment budgets
incorporating sediment particle size fractions are far more useful to managers seeking to
reduce fine sediment export and inshore turbidity than the traditional 'yield-only'

approach.

3.2. Study Area

Refer to Introduction section 1.4 for a detailed description of the Burdekin River

catchment.



3.3. Materials and methods

3.3.1.  Suspended sediment sample collection

River water samples were collected from existing streamflow gauge locations draining
the five major sub-catchments of the Burdekin River (Upper Burdekin, Cape, Belyando
and Suttor Rivers, as well as the Bowen River to represent the otherwise ungauged
Lower Burdekin sub-catchment), the outflow of the Burdekin Falls Dam (BFD) and the
end-of-river freshwater discharge point during streamflow events over five consecutive
water years (Oct 1 to Sept 30; 2005/06-2009/10). Site details, locations, and data
history for each site are presented in Table 3.1 and shown in Fig. 1.2 and time-series
plots of streamflow hydrographs and concentration data are provided in Appendix Fig.
A3.1. Surface water ‘grab’ samples (top 0.5 m of water column) were collected at these
sites during flood conditions with a bucket and rope. Where possible, samples were
collected over the rising, peak and falling stages of the streamflow hydrograph over
multiple streamflow events that occurred each wet season. Samples were collected from
the centre of the channel flow where possible, and were well mixed with a stirring rod
before being sub-sampled into pre-rinsed 1L polypropylene bottles. Samples were kept
on ice prior to laboratory refrigerated storage and subsequent analysis. These water
samples were used to measure total suspended solids (TSS) concentrations and to
calculate fine suspended sediment loads for the streamflow conditions at each site for
each year sampled. Only the washload fractions were examined because the delivery of

fine sediments to the GBR is the focus of this study (see Chapter 2).

To increase the spatial density of data, a network of trained landholders was established
to collect water samples at ungauged minor tributaries, many of which become
inaccessible to external visitors during floods. Twenty-four sites were established,
located as close to the bottom of each tributary catchment area as possible, at sites
safely accessible to the landholder during floods (see Fig. 1.2). In conjunction with the
Queensland Government Community Waterways Program, volunteer water sampling,
risk assessment and training procedures were developed and implemented on site with
each landholder volunteer (see Appendix Figure A3.2). The importance of capturing the
rising and peak stages of each individual flood event were emphasised, with a desire to
collect 5-6 samples throughout a typical flow event (e.g. 1-3 samples per day during

the event). To ensure adequate sampling took place each wet season, contact with the
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volunteers was maintained, especially at the onset of each flood event. Between 2004
and 2011, volunteers collected 460 water samples from the 24 sites over rising, peak
and falling stages of streamflow events (Appendix Table A3.1). Samples collected by

the volunteer network were kept refrigerated until analysed.

Table 3.1 Gauged sample site locations and TSS and particle size analysis (PSA) data

collection summary.

. . . Water years #TSS PSA Subset
Sample site Gauge station/location led |
sample Samples  # samples  Water years
Upper Burdekin 120002C: Burdekin River at 2005/06—
River (Sellheim)  Sellheim 2005/06-2009/10 & 82 2008/09
. 120302B: Cape River at 2005/06—
Cape River Gregory Dev. Rd. 2005/06—-2009/10 173 24 2008/09
. 120301B: Belyando River at 2005/06—
Belyando River Gregory Dev. Rd. 2005/06—-2009/10 155 21 2008/09
. *120310A: Suttor River at 2005/06—
Suttor River Bowen Dev. Rd. 2005/06—-2009/10 117 22 2008/09
Burdekin Falls
Dam Overflow 120015A: Burdekin River at 2005/06—
(capturing above  Hydro Site 2005/06-2009/10 348 50 2008/09
sites)
120205A: Bowen River at x 2006/07-
Bowen (Myuna) Myuna 2005/06—-2007/08 140 110 2008/09
Burdekin River —  120006B: Burdekin River at 2006/07;
Inkerman Clare (immediately upstream  2005/06—2009/10 227 12 2008/09
(End-of-river) of Inkerman bridge) only***

*120310A gauge was installed after the 2005/06 wet season. Streamflow for this site for the 2005/06 water year was calculated by
subtracting the Belyando River gauge (120301B) data from the downstream Suttor River (St Anns) gauge (120303A).

**Individual water year load calculations by the LRE utilise any available preceding wet season TSS data (i.e. develops a site specific
TSS concentration/streamflow relationship), which included 40 additional samples from 2002/03 to 2004/05 for the Bowen (Myuna) site
and an additional 465 samples from 1986/87 to 2004/05 for the Burdekin River (Inkerman) site (Kuhnert et al., 2012).

***Burdekin River (Inkerman) data was collected by a different authority and not available for PSA. Opportunistic sample collection by
the authors at this site during peak flood conditions was conducted specifically for the purposes of PSA.

3.3.2. Laboratory analysis

Total suspended solids analysis

TSS analysis was performed at the TropWATER Laboratory, JCU, Townsville and at
the Queensland Department of Science, Information Technology, Innovation, and the
Arts (DSITIA) laboratory in Brisbane using standard techniques described in section
2.2.2. It is noted there is a tendency for this method to underestimate the ‘true’
suspended sediment concentration (SSC) particularly where abundant (i.e. >25%) sand

particles are present (see Gray et al., 2000).



Sediment particle size analysis

A subset of water samples collected from the rising, peak and falling stages of the flood
hydrograph for each of the gauged sampling sites were selected for particle size
analysis. Samples were selected from four of the study water years (2005/06 to
2008/09) where available and include a total of 274 samples. See Table 3.1 for site
specific sample numbers and water years represented. These samples were processed
from either an additional 1L bottle collected during streamflow events, or a sub-sample
of the original water sample. Particle size distributions were determined using the
methodology described in section 2.2.2. Sediments were classified as one of three size
classes based on the Udden-Wentworth sediment grain size scale (Leeder, 1982): (1)
clay (<4 um); (2) very fine and fine silt (4—16 um; hereafter referred to as fine silt); and
(3) coarse silt and sand (16—2000 pum; hereafter referred to as coarse sediment). Note, as
Chapter 2 identified the clay and fine silt fractions are potentially the most damaging to
biota in the receiving marine environment, these groups have been refined to combine

coarse silt and sand as one category.

3.3.3. Sediment load calculations

Streamflow and corresponding TSS data from each of the gauged locations were entered
into a regression style ‘Loads Regression Estimator’ (LRE) model developed by
Kuhnert et al. (2012) to predict suspended sediment loads (in tonnes) with estimates of
error for each sub-catchment site and each water year. The LRE uses a generalised

additive model (GAM) to incorporate key hydrological processes consisting of:

(1) linear and quadratic terms for streamflow;

(2) the concept of higher TSS concentrations during a ‘first flush’ and the

characterisation of TSS concentrations on the rise and fall of an event;

(3) a discounted flow term that captures historical flows and the exhaustion of

sediment supply over the flow period.

The addition of terms such as a rising-falling limb and flow discounting strengthen the
predictive capability of the model, as clearly demonstrated by the improved explanatory
power achieved by shifting from a simple rating curve style approach to the LRE model
that includes these additional terms (Appendix Table A3.2). The discounting flow term
provided the greatest increase in the explanatory power of the model, contributing 25—

40% of deviance explained for each site. Additional terms (vegetation ground cover and
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ratio of flow from above and below the BFD (Kuhnert et al., 2012)) were included in
the LRE model for the end-of-river (Inkerman) site to accommodate its size and

complexity. These terms were not relevant to the sub-catchment sites.

The LRE characterises the loads through a regression modelling relationship for each
site that takes into account concentration data collected over multiple water years, with
the capacity to predict loads for years that have limited data. Higher confidence is
placed on the loads calculated for well-sampled water years, with associated uncertainty
ranges <5-10%. In this regard, preceding wet season TSS datasets from the Bowen
River (Myuna; 2002/03-2004/05, 40 samples) and Burdekin River (Inkerman; 1986/87—
2004/05, 465 samples) were utilised in the calculation of sediment loads for the water
years included in this study. Importantly, the number of samples collected in this study
increased throughout the monitoring program (Table 3.2), which coincided with larger
streamflow events (see Appendix Fig. A3.1), with the LRE (GAM) model developing a
strong relationship for each site (with the exception of the Bowen River: see
discussion). This, in turn, allowed reasonable confidence in the loads to be generated for
the Belyando and Suttor sub-catchments of the Burdekin despite limited sampling
carried out in the 2005/06 water year, further highlighting the benefits of applying the
LRE model (Kuhnert et al., 2012). The method can detect changes in annual sediment
loadings due to catchment condition as the LRE model can characterise the pattern in
TSS concentration using the relationship with flow and additional model explanatory
terms such as seasonal/annual changes in ground cover over the entire timeframe for

modelling (see Kuhnert et al., 2012).

The LRE model quantifies the uncertainty in the load estimate, which is reported in this
paper as 80% confidence intervals (Kuhnert et al., 2012). This envelope takes into
account uncertainty and variability in TSS concentrations associated with the surface
‘grab’ sampling field method (i.e. variations in TSS concentrations across the stream
profile, sub-sampling), errors associated with the laboratory analysis, as well as
potential errors associated with opportunistic stream gauge positioning and sampling
error. See Kuhnert et al. (2012) for further detail on the LRE, including input data used

to quantify the flow error.



Table 3.2 Catchment specific suspended sediment yield contributions (tonnes km™ yr'') and mean annual concentration (MAC) (mg L") during the five
monitored water years from 2005 to 2010. Sample size for each site/water year is shown in italics.

Major sub- Upstream Sediment yield (t km™ yr™) and sample size (n) for each water year I\Z/I&)% rgggg
A -
catchment area(km’)  5005/06 n 2006/07 n  2007/08 n  2008/09 n  2009/10  n Mean (mg LY
Upper Burdekin 36,140 60 12 85 14 130 15 415 26 47 8 147 680-795
Cape 15,860 2 7 12 8 32 30 30 13 10 115 17 205-360
Belyando 35,055 5 12 4 9 6 33 3 8 5 93 5 55-650
Suttor 10,870 9 4 9 7 65 35 13 8 21 63 23 120-370

Burdekin Falls Dam
Overflow (capturing 114,260 3 31 15 55 27 97 43 102 4 63 18 81-260
above catchments)

Bowen 7,110 35 49 370 48 1035* 43 670* 0 540* 0 530* 1780-3600

Burdekin River

. 129,600 7 23 55 52 115 53 85 52 19 47 56 320-730
(End-of-river)

*Note lower confidence in the Bowen River loads (and therefore sediment yields) in the latter years with wide CV related to lack of monitoring data in these wet seasons.
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3.3.4. Catchment-wide discharge and sediment load budgets

Catchment-wide discharge and sediment load budgets were constructed for each of the
five monitored water years using streamflow and suspended sediment load data from
the gauged study sites. The four gauged sub-catchment sites upstream of the BFD
(Upper Burdekin, Cape, Belyando and Suttor Rivers) were used to determine individual
sub-catchment discharge and sediment load contributions into the dam for each water
year. For whole-of-catchment budget purposes, the ungauged Lower Burdekin
contribution to the end-of-river was then determined by subtracting the BFD overflow
gauged contribution from the end-of-river gauge. Contributions from the gauged Bowen
River (Myuna) site are represented within the Lower Burdekin contribution.
Measurements of uncertainty for each of the sediment loads are represented as 80%
confidence intervals in parenthesis after each load. Annual dam trapping estimates
calculated in Lewis et al. (2013) have also been included within the sediment load
budgets. LRE measured uncertainties in annual dam trapping estimates are also reported
in parentheses, as 80% confidence intervals. Long-term mean annual discharge based on
all available recorded flow years at each gauge, and a five-year mean sediment load for

each site calculated over the study period are also provided.

Clay, fine silt and coarse sediment load budget

As sediment particle size data were available over the first four water years (2005—
2009), an additional sediment load budget was constructed using four-year averaged
sediment load contributions from each of the seven gauged sites including the
proportions of clay, fine silt and coarse sediment. This four-year averaged budget is not
summative and does not represent a complete mass balance from sub-catchment source
to export. However, this four-year period covers a range of rainfall and hydrological
regimes, with particle size class contributions from each site relatively similar from year
to year, particularly the ratio of the clay/fine silt component to the coarse sediment
fraction (data not shown). Therefore it is contended these data are representative of

longer term sediment particle size trends within this catchment.

Clay, fine silt and coarse sediment loads were calculated for each of these sites by the
following process: (1) linear interpolation was used to calculate daily particle size
distribution for days lacking sample data provided data existed prior to and following

each interpolated day; (2) the daily suspended sediment load calculated by the LRE tool



was multiplied by the corresponding particle size distribution data for that day, and then
each day was summed for each water year (2005/06 to 2008/09); (3) these size-
fractioned loadings were then scaled-up to represent each full water year using the total
annual suspended sediment load for any ‘flow/load’ period outside of the sample
collection dates and (4) the clay, fine silt and coarse sediment load fractions were then
calculated for each site, as a sediment load weighted mean of the four water years. The
numbers of available particle size samples for each site are displayed in Table 3.1. The
Bowen River (Myuna) site had a number of days where multiple samples were collected
during a 24-hour period. In this case particle size distribution data for these samples

were averaged for that day.

Minor tributary volunteer network sites

Available TSS data for each of the ungauged minor tributary volunteer network sites
were averaged over all discrete flood events and water years where water samples were
collected to determine a mean TSS concentration per site. The number of wet seasons
monitored for each site varied from each location depending on the occurrence of flood
events in any given wet season (i.e. wetter versus drier years) and the availability of the
landholder to collect samples during such events (see Appendix Table A3.1). Load-
based mean annual concentrations (MAC) for each of the end-of-sub-catchment gauged
sites from 2005-2010 were also calculated for context with the ungauged minor
tributary volunteer network sites located within these sub-catchments. A Burdekin-wide
mean TSS concentration was also calculated using compiled TSS data from all

Burdekin minor tributary and gauged sub-catchment locations.

3.3.5. Sources of error

Although the sampling techniques applied capture the clay and fine silt sediment
fractions of interest in this study, the collection of water samples at the surface may
miss the sand fraction transported as suspended, bed and saltation load, resulting in
underestimates of this fraction. In an attempt to quantify uncertainties in field collection
and laboratory analysis, experimental cross-section transect samples were collected at
each gauged site (e.g. triplicate water samples collected at the left bank, centre and right
bank of each stream channel). These data confirmed that the surface of each river was
laterally well-mixed in relation to TSS concentrations, providing confidence in the

surface ‘grab’ sampling approach and the laboratory methodology; on average, each
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individual set of triplicate TSS samples were within 10% (RSD). Further statistical
analysis of the data show the variation in TSS concentrations across the stream profiles
was not significant (see supp. section). This variability in TSS concentration measured
through the stream profiles has been incorporated into the LRE model, and contributes
to the uncertainty in each load estimate. Belperio (1979) showed the clay and fine silt
fractions were well mixed through the water column during flood flows in the Burdekin
River, which further confirm the robustness of this sampling approach for the clay and
silt fractions, however it is acknowledged that the grab sampling technique may result

in the sand-sized fraction being significantly underestimated.

3.4. Results

3.4.1. Catchment-wide discharge and sediment load budgets

Sub-catchment contributions to total catchment discharge

Two of the largest discharge years on the 91-year record at the end-of-river stream
gauge occurred during this study, including the 2007/08 (27.5 million ML, 6™ largest)
and 2008/09 (29.4 million ML, 4™ largest) water years. In both water years catchment
discharge exceeded three times the mean annual discharge (see Fig. 3.1a). During the
2007/08 water year, streamflow in all major sub-catchments far exceeded mean annual
discharge, including 6.2 million ML and 5.9 million ML from the Upper Burdekin and
Suttor sub-catchments above the BFD, respectively, and an estimated 9.5 million ML
from the ungauged Lower Burdekin (Fig. 3.1b). Overflow from the BFD (18 million
ML) dominated end-of-river discharge, with minimal retention of water from the sub-

catchments above the BFD.

Streamflow from the Upper Burdekin sub-catchment dominated total Burdekin River
discharge volume for the 2008/09 water year, with a near-record 20 million ML (Fig.
3.1b). Approximately 35% of the total annual discharge during 2008/09 occurred in the
6-days following Tropical Cyclone Ellie’s path through the upper catchment, and 90%
of all discharge in the 2008/09 water year occurred during the two wet season months
January and February, 2009 (Bureau of Meteorology,
www.bom.gov.au/cyclone/history/index.shtm). The Cape (2.30 million ML) and Bowen
(1.38 million ML) Rivers also experienced above average discharge in 2008/09 (Fig.
3.1b). Similarly to 2007/08, end-of-river discharge was dominated by the catchments



Streamflow contributions
(million ML)

Mean annual discharge

Burdekin R. (Sellheim) 4.50

Suttor R. (St Anns - Belyando) 0.82
Belyando R. 0.78

Cape R. 0.74

Burdekin
Falls
Dam

BFD Overflow (1987-2010) 7.69

Lower Burdekin 1.49
[L(Inkerman-BFD)

(Includes Bowen R.(Myuna) 0.80)

Burdekin R.(Inkerman)
Exports 9.18

2005/06 Wet Season

Burdekin R. (Sellheim) 2.70
Suttor R. 0.26
Belyando R. 0.28
Cape R. 0.09

Burdekin
Falls Exported 2.10

Dam

u)wer Burdekin 0.10

Burdekin R.(Inkerman)%

Exported 2.20

2006/07 Wet Season

Burdekin R. (Sellheim) 4.40
Suttor R. 0.46
Belyando R. 0.26
Cape R. 0.78

Burdekin
Falls Exported 6.50

Dam

D Lower Burdekin 3.30

2

Burdekin R.(Inkerman)
Exported 9.8

Sediment load contributions
(million t)

Study period average

Burdekin R. (Sellheim) 5.23 (SD=0.45)
Suttor R. 0.25 (0.02)
Belyando R. 0.16 (0.01)
Cape R. 0.27 (0.02)

Burdekin

Falls
Dam Exported 2.10 (0.31)

66% (60-72)
trapped

Lower Burdekin 5.15

(Includes Bowen R. 3.78 (1.87)) ‘

Burdekin R. (Inkerman)
Exported 7.25 (1.37)

Burdekin R. (Sellheim) 2.14 (80%CI=1.8-2.6)
Suttor R. 0.10 (0.08-0.12)

Belyando R. 0.18 (0.15-0.23)

Cape R. 0.034 (0.028-0.040)

Burdekin
Falls
Dam

Exported 0.37 (0.26-0.53)

85% (79-91)
trapped

[ Lower Burdekin 0.51
(Includes Bowen R. 0.27(0.22-0.32))

Burdekin R. (Inkerman)
Exported 0.88 (0.56-1.4)

Burdekin R. (Sellheim) 3.07 (2.6-3.6)

Suttor R. 0.10 (0.09-0.11)
Belyando R. 0.13 (0.09-0.18)

Cape R. 0.19 (0.16-0.22)

Burdekin
Falls
Dam

Exported 1.71 (1.2-2.4)

56% (40-71)
trapped

l Lower Burdekin 5.49

(Includes Bowen R. 2.61 (1.6-4.4))

Burdekin R.(Inkerman)
Exported 7.2 (3.9-13)

Figure 3.1a



Streamflow contributions
(million ML)

2007/08 Wet Season

Burdekin R. (Sellheim) 6.20

Suttor R. 5.90
Belyando R. 3.90
Cape R. 2.30

Exported 18.0

Burdekin
Falls
Dam

Lower Burdekin 9.50

Burdekin R. (Inkerme@

Exported 27.50

2008/09 Wet Season

Burdekin R. (Sellheim) 20.00

Suttor R. 0.70
Belyando R. 0.36
Cape R. 2.30

Exported 25.00

Burdekin
Falls
Dam
D Lower Burdekin 4.35

>

Burdekin R. (Inkerman)
Exported 29.35

2009/10 Wet Season

Burdekin R. (Sellheim) 2.50

Suttor R. 1.10
Belyando R. 0.90
Cape R. 0.80

Burdekin |Exported 5.50

Falls

Dam

{L Lower Burdekin 2.29

Burdekin R. (Inkerman@
Exported 7.79

Sediment load contributions
(million t)

Burdekin R. (Sellheim) 4.66 (4.1-5.3)
Suttor R. 0.71 (0.60-0.83)
Belyando R. 0.21 (0.18-0.25)
Cape R. 0.50 (0.43-0.58)

Burdekin
Falls

Exported 3.11 (2.4-4.1)
Dam

50% (36-64)
trapped

Lower Burdekin 11.7

(Includes Bowen R. 7.34 (2.4-23))
Burdekin R. (Inkerman)
Exported 14.81 (9.8-22)

Burdekin R. (Sellheim) 15.01 (13-18)

Suttor R. 0.14 (0.12-0.16)
Belyando R. 0.11 (0.09-0.12)

Cape R. 0.47 (0.42-0.54)

Burdekin
Falls
Dam

Exported 4.88 (3.5-6.9)

70% (58-81)
trapped

Lower Burdekin 5.97

(Includes Bowen R. 4.83 (1.6-15))

Burdekin R. (Inkerman)
Exported 10.86 (7.2-16)

Burdekin R. (Sellheim) 1.71 (1.5-2.0)

Suttor R. 0.22 (0.20-0.24)
Belyando R. 0.16 (0.14-0.18)
Cape R. 0.16 (0.15-0.17)

Burdekin
Falls

Dam Exported 0.45 (0.36-0.55)

82% (77-86)
trapped

Lower Burdekin 2.04

(Includes Bowen R. 3.84 (0.7-21)) \

Burdekin R. (Inkerman)
Exported 2.49 (1.7-3.5)

Figure 3.1b



Figure 3.1 (Previous page) Streamflow (left) and suspended sediment (right) budgets for the
Burdekin River catchment over five monitored water years 2005/06 to 2009/10. Arrows
represent the respective contributions from each of the Burdekin River major sub-catchments,
the Burdekin Falls Dam spillway, Lower Burdekin (includes a contribution from the gauged
Bowen River), and end-of-river export (Inkerman), where the width of each arrow indicates
contribution size. Each load estimate in million tonnes is accompanied by 80% confidence
intervals as a measure of uncertainty. Four of the major sub-catchments flow into the
Burdekin Falls Dam, and an estimate of suspended sediment trapped within this reservoir is
also represented (% trapped accompanied with 80% CI) for each water year, as reported in
Lewis et al. (2013). The Lower Burdekin sub-catchment contribution is calculated by
subtracting the BFD overflow discharge/sediment load from the end-of-river (Inkerman)
discharge/sediment load. The Bowen River loads in the 2007/08, 2008/09 and 2009/10 water
years have low confidence due to a lack of monitoring data available for this site in the latter
years. Mean annual discharge (long-term based on available flow data at each gauge) and a
five-year mean sediment load (including SD in brackets) for each site over the study period
are also shown.

above the BFD. Discharge in the 2006/07 and 2009/10 water years were comparable to
average annual discharge volumes (Fig. 3.1a). The 2005/06 water year was well below
average across the entire Burdekin catchment, with an annual discharge of just 2.2
million ML. The BFD was well below capacity at the start of this wet season due to
drought, allowing around 40% of inflow from upstream sub-catchments to be captured

before water spilled over the dam wall and flowed downstream (Fig. 3.1a).

Sub-catchment contributions to total catchment sediment export

Application of the LRE model indicates that the Upper Burdekin sub-catchment was the
source of between 76 and 95% of suspended sediment influx to the BFD over each
water year from 2005/06 to 2009/10 (Fig. 3.1). In comparison, the Cape, Belyando and
Suttor sub-catchments each contributed between just 1 and 11% of the suspended
sediment loads delivered to the dam during each of the monitored water years.
Suspended sediment trapping within the BFD ranged from 50 to 85% over the five
water years, with the highest trapping occurring in 2005/06 (85%) and 2009/10 (82%)
(Lewis et al., 2013). In both of these years, similar sediment load inputs and export from
the dam occurred (Fig. 3.1). During the five-year study period, the Lower Burdekin sub-
catchment area contributed 55-82% to the end-of-river suspended sediment export. The

bulk of this sediment was derived from the Bowen River sub-catchment (7,110 km® at
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Myuna gauge), which includes approximately 50% of the total Lower Burdekin sub-
catchment area (Fig. 3.1).

3.4.2. Sub-catchment annual sediment yields

The Bowen River had the largest annual sediment yield of all Burdekin sub-catchments
when sediment loads were normalised to catchment area, with a mean annual yield of
530 t km™ yr'' over the five water years (Table 3.2). The mean annual sediment yield
from the Upper Burdekin sub-catchment, five times the size of the Bowen sub-
catchment, was 147 t km™ yr''; with the highest yield (415 t km™ yr'") occurring during
the above average 2008/09 water year. Sediment yields from the Cape, Belyando and
Suttor sub-catchments were markedly lower, with the study period means ranging
between 5 and 23 t km™ yr’' (Table 3.2). An exception occurred in the Suttor sub-
catchment during the wet 2007/08 water year which resulted in a sediment yield of 65 t
km? yr,

3.4.3.  Minor tributary “hot-spot’ sources

Site-averaged TSS concentrations over the study period ranged from 115 to 4,075 mg L
" across the minor tributary volunteer network sites, providing a reliable indication of
sediment source or ‘hot spot’ areas to target remedial efforts (Fig. 3.2). The tributaries
with the highest mean TSS concentrations were observed within the Upper Burdekin
and Bowen sub-catchments, reflecting the large sediment load contributions from these
two sub-catchments (section 3.4.1). The Dry River and Camel Creek tributaries of the
Upper Burdekin sub-catchment had the highest average TSS concentrations across the
entire Burdekin (3,395 and 4,075 mg L™, respectively) (Fig. 3.2). These sites are located
in the northern area of this sub-catchment, and all monitored tributaries in this region
had elevated TSS concentrations including Grey Creek (2,465 mg L) and the Clarke
River (1,230 mg L™). The Clarke River is the largest tributary (~6,400 km®) draining
into the Upper Burdekin River (Fig. 3.2). The other tributaries of the Upper Burdekin
had much lower TSS concentrations, particularly Fletcher Creek (130 mg L) within the
basalt country and the two eastern tributaries that drain the wet coastal range, the Star
and Running Rivers (210 and 235 mg L™, respectively). The five-year average mean
annual concentration (MAC) for the Upper Burdekin (735 mg L") was below the
Burdekin-wide average of 980 mg L™.
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Figure 3.2 Average suspended sediment concentration (light grey circles) for each tributary
network site across the Burdekin over seven water years (2004-2011) of data collection.
Load-based mean annual concentrations (MAC) for the seven gauged sites (2005-2010) are
also displayed for reference, shown as dark grey circles. Circle size represents mean TSS
concentration in mg L' for each site, with the sizing scale representing increasing TSS
concentration based on percentiles (<10%, 10-30%, 30-70%, 70-90% and >90%) of all site
averages. Dotted circles indicate lower data confidence, with either <3 wet seasons monitored
or <20 TSS samples collected in total. *Samples collected 2002/03 to 2008/09.
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In comparison, the Belyando, Suttor and Cape River sub-catchments all had lower end-
of-catchment MAC’s (335, 220, 245 mg L, respectively), despite elevated TSS
concentrations in some tributaries of the Belyando and Suttor sub-catchments, including
the Carmichael (1,100 mg L), upper Belyando (925 mg L™) and upper Suttor (850 mg
L") Rivers. All sites in the Bowen River sub-catchment had TSS concentrations well
above the Burdekin-wide average, except for the small (36 km®) rainforest headwater
site on the upper Broken River (115 mg L™). The Little Bowen River had the highest
average TSS concentration (3,270 mg L™) within the Bowen. The gauged site (Myuna)
had the highest five-year average MAC of the five Burdekin sub-catchments (2,880 mg
L’'; Fig. 3.2). The Bogie River, the second largest tributary of the Lower Burdekin had
TSS concentrations below the Burdekin-wide average at both upper (305 mg L) and
lower (510 mg L™) locations (Fig. 3.2).

3.4.4. Clay, fine silt and coarse sediment load budget

The clay and fine silt sediment fractions (<16 pum) dominated (>70%) suspended
sediment at all Burdekin sub-catchment sites over the four water years (2005-2009)
where sediment particle size data were available (Fig. 3.3). The Upper Burdekin sub-
catchment was the dominant (90%) source of all clay, fine silt and coarse sediment
fraction loads into the BFD (Fig. 3.3). Minor sediment load contributions into the dam
from the other three upstream sub-catchments were dominated (78-91%) by the clay
and fine silt fractions; the clay-only component dominates the sediment fraction
contributed by the Belyando (50%) and Suttor (61%) sub-catchments (Fig. 3.3). The
efficiency with which different particle size fractions are trapped within the BFD was
considered by Lewis et al. (2013), but they did not directly report the specific trapping
of the clay and fine silt-sized fractions. The reanalysis of these data averaged over the
four water years show that 31% of the clay, 66% of the fine silt and 92% of the coarse
sediment fractions were trapped by the BFD, with an overall average trapping efficiency
of 66% (Figs. 3.1 and 3.3). The BFD overflow and Bowen River sub-catchment sites
contributed a similar clay load of 1.32 and 1.03 million tonnes, respectively, to the end-
of-river over the four-year average (Fig. 3.3). Export at the end-of-river was dominated

(81%) by the clay and fine silt sediment fractions (Fig. 3.3).
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Figure 3.3 Four-year (2005-2009) mean suspended sediment load contributions from each of
the major sub-catchments (Upper Burdekin= 6.22 million tonnes; Cape= 0.30 Mt; Belyando=
0.16 Mt; Suttor= 0.26 Mt, Bowen= 3.76 Mt), Burdekin Falls Dam (2.52 Mt), and end-of-river
export (Inkerman= 8.44 Mt), with volume (million tonnes) represented by circle area. The
proportions of clay, fine silt and coarse sediment fractions contributed by each of these sites
are also shown, within each circle. A triangle denotes an ‘uncaptured’ sediment load (2.16 Mt)
contributed to the end-of-river from the ungauged component of the Lower Burdekin sub-
catchment.

3.5. Discussion

3.5.1. Catchment-wide discharge and sediment load budgets

The Upper Burdekin sub-catchment was the dominant source of streamflow to the end-
of-river over the five water years (Fig. 3.1). Roth et al. (2002) calculated that the Upper
Burdekin on average contributes 50% of total annual end-of-river discharge despite
comprising only ~30% of the Burdekin catchment area, suggesting the flows measured
in the study period are representative of longer-term patterns. The study period captured
below average, average and above average discharge years in all Burdekin sub-
catchments (Fig. 3.1). This included the largest gauged annual discharge recorded for
the Belyando River (2007/08; recurrence interval (RI) =58) and second largest for the
Upper Burdekin (2008/09; RI=33). Very little discharge from sub-catchments upstream
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of the BFD was trapped in the reservoir during the study period, except for 2005/06,
when drought had reduced reservoir water levels to ~60% of capacity (Fig. 3.1a).
Otherwise the dam was almost full prior to each wet season; despite its considerable
volume (1.86 million ML), full capacity is <25% of the average annual inflow. BFD
overflow waters were the primary source (i.e., 65-95%) to end-of-river discharge over
the study period, with the remainder contributed from the Lower Burdekin sub-

catchment, including the Bowen River (Fig. 3.1).

An important finding of this study is that the Upper Burdekin is the dominant sediment
source to the BFD under all streamflow conditions, contributing 76-95% of the total
sediment influx in each of the five water years studied. The Cape, Belyando and Suttor
sub-catchments each contributed only 1-11% of the total sediment load into the dam in
any water year during the study period (Fig. 3.1). The contrast between the Upper
Burdekin and these other sub-catchments was greatest in the 2007/08 water year when
the Belyando and Suttor sub-catchments combined contributed ~54% of total inflow
into the dam due to above average events across their catchment areas, but contributed
only 15% of the total sediment load (0.92 million tonnes) into the dam (Fig. 3.1b). In
comparison, the Upper Burdekin contributed 4.66 million tonnes, or 77% of the
sediment load into the BFD, while contributing only ~33% of total inflow (Fig. 3.1b).
The BFD reservoir trapped an average of 66% (80% CI = 60—72) of annual suspended
sediment influx over the five study years (Fig. 3; Lewis et al., 2013). The importance of
the Upper Burdekin sub-catchment as a major sediment source to end-of-river export
has been diminished by the construction of this reservoir and its sediment trapping
efficiency. Assuming equal trapping of sediment within the reservoir contributed from
all upstream sub-catchments, the Upper Burdekin contributed ~14-43% to annual end-
of-river sediment export during this study period. The Lower Burdekin sub-catchment,
including the Bowen River, is now the major sediment source of suspended sediment
discharged into the GBR lagoon, despite representing only 12% of the entire Burdekin
catchment area (Fig. 3.1). The Bowen River contribution to end-of-river sediment
export ranged from 31-50% over the study period, representing 48—81% of the Lower
Burdekin sub-catchment contribution (Fig. 3.1). However these Bowen River
contributions do not include the 2009/10 water year due to a high uncertainty in the load
estimate; high uncertainties for the Bowen River were also calculated for the 2007/08

and 2008/09 load estimates (see load estimates in red, Fig. 3.1b). The high uncertainties



result from a lack of TSS concentration data available during these above average
discharge years and the difficulties developing discharge-TSS concentration
relationships using TSS data collected only in below average and average water years.
In particular, TSS data were not available for the largest streamflow event in the above
average (RI=13) 2007/08 water year (see Appendix Fig. A3.1f). Uncertainties in the
Bowen load outputs highlight the importance of (1) prioritising critical water quality
monitoring sites to inform management decision-making and (2) prioritising the capture

of larger discharge events in sampling regimes for more precise load calculations.

Our results demonstrate the importance of measured stream TSS concentration and flow
data to accurately estimate loads and source areas of suspended sediment in comparison
to catchment modelling-only studies. The study of McKergow et al. (2005) (see also
Brodie et al., 2003) based on the SedNet model showed delivery of a large proportion of
the suspended sediment from a small proportion of the catchment, although their
findings were limited to an assessment of the entire GBR catchment area (i.e. no
specific numerical data for the Burdekin catchment were presented). Furthermore
inaccurate and unrealistic assumptions in the modelling approach at the time, such as
overestimates of dam trapping (see Lewis et al., 2013) and underestimates of gully and
streambank erosion (see Wilkinson et al., 2013) are now known to have produced poor
estimates of actual sub-catchment spatial sources of suspended sediment. In contrast,
the use of measured field data for suspended sediment and particle size in this study
provides far more accurate estimates which can be compared and used to calibrate
recently improved modelling estimates using the Source Catchments model

(unpublished data) and updated versions of SedNet (Wilkinson et al., 2014).

3.5.2.  Sub-catchment annual sediment yields: a comparison with other tropical
river studies

End-of-river sediment yields for the Burdekin are low (<115 t km™ yr'") when compared
to published yields from other tropical catchments around the world (Table 3.3). Most
catchment studies across the tropical belt have been conducted in wet tropical rainforest
(Af), monsoon (Am) and savannah (Aw) climates (Peel et al., 2007) within South
America and South-East Asia, where annual rainfall typically exceeds 2000 mm y™' and
yields exceed 500 t km® yr” (Table 3.3). Although the Burdekin catchment is defined

largely as semi-arid (Bsh), it is the higher rainfall and steeper terrain of the coastal areas
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(Aw and Cwa) that are the primary hydrological drivers of this catchment where
climatic conditions are between wet tropical and the more temperate semi-arid or
‘dryland’ regions (see Tooth, 2000). Indeed, sediment yields from the Bowen River
reflect its wet coastal location, particularly in 2006/07, 2007/08 and 2008/09 where
mean annual discharge (0.80 million ML) was well exceeded (1.03, 2.49 and 1.38
million ML, respectively). Bowen sediment yields (370-1035 t km™ yr™') in these years
are comparable with rates generated in much wetter tropical rainforest studies of the
Andes (Restrepo and Kjerfve, 2000) and NW Amazon basin in South America (Laraque
et al., 2009), Borneo (Chappell et al., 2004) and northern Vietnam in South-East Asia
(Ha Dang et al., 2010; Table 3.3). In contrast, sediment yields generated from all other
Burdekin sub-catchments and the end-of-river are more comparable to those generated
in north-eastern Africa and India (Dunne, 1979; Nyssen et al., 2009; Panda et al., 2011),
where wet-dry tropical conditions also prevail (i.e., high variability, rare but extreme
runoff events). Thus data generated in this study and the sediment budget approach
utilised might be most applicable for use in such climatic regions, where few sediment

sourcing and yield studies have been conducted.

3.5.3.  Minor tributary ‘hot-spot’ sources

Across the Burdekin sub-catchments variations in sediment load contributions are
driven by their varied topography, geology, rainfall and vegetation. The Upper
Burdekin and Bowen sub-catchments have steep terrain, with highly incised river
channels (>18 m channel depths) that are highly efficient in streamflow and sediment
transport (Fielding and Alexander, 1996; Roth et al., 2002). The tributaries with the
highest average TSS concentrations are located within these two sub-catchments,
including the north-western region of the Upper Burdekin, a relatively steep landscape
hosting old sedimentary rock deposits prone to erosion. Tributaries monitored in this
region include the Dry and Clarke Rivers, and Camel and Grey Creeks (Fig. 3.2). The
Little Bowen River was also identified as a ‘hot-spot’ within the Bowen River sub-
catchment, with large areas of exposed soils and gullying, also containing old
sedimentary rock deposits, and TSS concentrations peaking >10,000 mg L in both
2006/07 and 2008/09. Recent sediment tracing by Wilkinson et al. (2013) also identifies
the Little Bowen River as a major sediment source, together with large areas of gully

erosion immediately upstream of the Myuna gauge. Tributaries within both the Bowen



Table 3.3 Comparison of Burdekin sediment yields (bold type) with other tropical river sediment studies.

Wet or

Average annual

Koppen climate Mean annual Upstream ) ) Annual sediment ) )
dr_y classification rainfall Stu(_iy River Study catchment Dominant se_dl_ment load load for study Sed|me_r;t Yl'eld
tropical -1, location reference 2 land use (Million tonnes ) (tkm™y™)
- [Peel et al., 2007] (mm yr™) area (km?) -1, period (Mt)
climate yr)
Ecuador/ 26,860 km*: 22.6
h ’ Napo River, Amazon Laraque et al., 26,860/ } Mt (2002—-2005)
Wet Af Tropical rainforest 3200 P(;r;,j;()):th basin [2009] 100 520 Forest 100,520 km?: 46 463-998
Mt (2004/2005)
Af, Am, Aw Tropical 2050 (basin mean f :
! ! LN Columbia, Magdalena River, Restrepo & . 143.9 :
Wet rainforest, variation 1200— South America Andes Kjerfve [2000] 257,440 Agriculture, forest (1975-1995) 560
monsoon,savannah 3100)
’ upper Way Besai .
Wet Af Tropical rainforest 2500 Indones_la, SE catchment, West- Verbistet al., 6.7-360 Coffee, fo_rest, paddy - - 110-1730
Asia [2010] rice
Lambung, Sumatra
’ . 0.00026 Mt
Wet | Am Tropieal 2765 Bormeo, SE Baru catchment Cha?ggg 4‘? al. 0.44 Forest, selective - (12 mths to 502
99ing 30/06/96)
Aw Tropical Indonesia, SE Upper Konto al 'r\:J?;L:rezgtIor(i?ge (avere(: .zego';AEQSS
WetiDry  savannah (wet and 2125-2700 la, pp Rijsdijk [2005] 233 9 stry (steep - g - 1200
dry) Asia catchment, East Java are_a), |nten3|_ve 1989) *includes
agriculture, rice bed load
Cwa Humid Vietnam, SE Red River. Ha Dang et al. Forestry/natural 24-200 Mt
Wet/Dry Subtropical 1600 Asiay watershed, China, [2010] Y 169,000 forest, agriculture 90 (1960-2008) 600
P Laos, Vietnam +ag
h India (draining 8 tropical
Aw tropical savannah A . . Panda et al., 35,000 . 1.5-170
Wet/Dry (wet and dry) 800-1360 east into Bay (Penlnsul_ar) river [2011] 313,000 Agriculture, forest (1986-2006) - 17-704
of Bengal) basins
Aw tropical multiple catchments Forest, rangeland
Wet/Dry savannah; BSh Hot 250-3500 Kenya, Africa p ! Dunne [1979] <2000  rang ! - - 20-200
- southern Kenya agriculture
semi-arid
Ethiopian : ) Agriculture,
Dry BSh Hot semi-arid 600 highlands, May Zeg €eq, T!gray, Nyssen etal., 1.87 exclosure, rangeland, - 0.00036 Mt 190
: north Ethiopia [2009] (2006)
Africa grassland
Dr Pre:gtn;g]”itiil‘)rli‘?éh 500-2500 Australia Burdekin River, Km'feﬁlﬁyau 133,400 Grazin 3.03 e 7-114
y coastal areas north Queensland " ! 9 : (range 2005-2010
Aw/Cwa [2012] water years)
630 (basin mean ) ) ) 0.03-4.24 Mt
- S ) Fitzroy River, Packett et Grazing, dryland .
Dry BSh Hot semi-arid variation 530— Australia neighbouring basin al.,[2009] 142,600 cropping (range 199498 & 0.23-30
2000) 2002-2008)
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(Broken River) and Upper Burdekin (Star and Running Rivers) sub-catchments with
coastal rainforest headwaters contribute considerable streamflow to the end of each sub-
catchment, but have low sediment concentrations compared to other tributaries within
these sub-catchments (Fig. 3.2). For example, the Star and Running Rivers contributed
~30% of Upper Burdekin discharge in the 2005/06 water year, but only ~3% of the total
sediment load exported by this sub-catchment. The tributaries draining these wetter
coastal catchments are naturally forested. The western tributaries of the Upper Burdekin
and Bowen sub-catchments are less densely vegetated and widely composed of

weathered and erodible lithologies (Fig. 1.4).

In contrast, the south-western Cape, Belyando and Suttor sub-catchments have low
relief, expansive anastomosing floodplains (overbank flooding at gauged site depths of
8, 8 and 4.5m, respectively), less stream power for entraining coarser material and
greater opportunity for sediment deposition before it is exported from these sub-
catchments. Thus, although the steeper headwater tributaries within these western sub-
catchments produce high sediment concentrations (e.g. Carmichael and upper Suttor
Rivers), mean end of sub-catchment yields remain low (<23 t km™ yr™") compared to the
Upper Burdekin (147 t km™ yr') and Bowen (530 t km™ yr) sub-catchments (Table
3.2), both of which have greater sediment availability and transportability.

3.5.4. Clay, fine silt and coarse sediment load budget

Suspended sediment loads exported by all Burdekin sub-catchment sites were
dominated by the clay (<4 pm) and fine silt (4—16 pm) sediment fractions over the four
water years 2005/06 to 2008/09 (Fig. 3.3). As noted in the methods, the coarser sand
fraction may be underestimated in the results. Clay, fine silt and coarse sediment loads
into the BFD were all dominated by the Upper Burdekin sub-catchment, including 4.35
million tonnes of clay and fine silt per year on average over this four year period. In
comparison, the Cape, Belyando and Suttor sub-catchments combined contributed an
average of 0.60 million tonnes of clay and fine silt per year (Fig. 3.3). Although the
BFD traps an average of 66% of incoming sediment and considerably reduces sediment
delivery to the end-of-river from these four upstream sub-catchments, it is the coarser
sediment fraction that is preferentially trapped. As a result, the clay-sized fraction
dominates all sediment carried over the dam spillway (Fig. 3.3; Lewis et al., 2013).

While the Bowen River was a much larger source of suspended sediment loads to the



end-of-river when compared to the BFD source, the mean particle size specific loads
over this period reflect the increasing proportional importance of the BFD source with
respect to the contribution of fines to the end-of-river. Indeed the proportional
contribution from the Bowen River to BFD source reduces from 1.5:1.0 for the bulk
sediment fraction (3.76 and 2.52 million tonnes from the Bowen River and BFD
sources, respectively), to 1.2:1.0 when the combined clay and fine silt fractions are
considered (i.e. 2.86 and 2.36 million tonnes, respectively) and further to 0.8:1.0 when
the clay-only fraction is considered (1.03 and 1.32 million tonnes, respectively).
However, the clay-only sediment yield from the smaller Bowen River sub-catchment
(145 t km™ yr'') is 10-fold higher than the BFD overflow source (11 t km® yr™"). Despite
the influence of the BFD in reducing sediment export from the upstream catchment area
(114,260 km?), and the increased importance of the Lower Burdekin sub-catchment area
as the major sediment source, management efforts targeting the finer sediment fractions

still need to consider this large source area above the BFD.

Further geochemical and clay mineralogy tracing analyses may also highlight the
relative importance of apparent minor sediment sources such as the Belyando and Suttor
Rivers, which contribute almost exclusively the clay and fine silt fractions (86% and
91%, respectively, Fig. 3.3). Waterholes within these two sub-catchments are constantly
turbid (Burrows et al., 2007), and fine dispersible clay particles are known to be
contributed to the BFD by the Suttor arm (Fleming and Loofs, 1991), with the reservoir
often remaining turbid long after flood conditions recede (author per. obs.; Fleming and
Loofs, 1991; Griffiths and Faithful, 1996). Such tracing may discriminate these
dispersive clay types from other potential clay sources across the Burdekin and
determine which clay mineral types are preferentially transported through the catchment
and further into the adjacent marine environment. A further research gap is the
quantification of the relative contributions of suspended clays washed as surface runoff
into tributaries compared to those yielded from lower in the soil profile by gully and
streambank erosion. This quantification will help to further target erosion management
efforts. Recent research has identified sub-surface erosion processes as major sediment
sources in the larger Australian tropical catchments, including the Burdekin, under
current climatic and land management conditions (see reviews by Bartley et al., 2014

and Caitcheon et al., 2012).
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3.5.5.  Burdekin River discharge and sediment export to the GBR lagoon

Above average discharge across the Burdekin sub-catchments in the 2007/08 and
2008/09 water years resulted in total Burdekin discharge to the GBR lagoon that were
three times the mean annual discharge, and are ranked as the sixth (2007/08) and fourth
(2008/09) largest years on record (Fig. 3.1b). These wetter years were followed by the
third largest discharge year on record in 2010/11 (34.8 million ML), which saw an
extended period of river discharge into the GBR lagoon for ~200 days (Chapter 2). This
study has fallen within a ‘wet cycle’ in the longer term inter-decadal cycling of wet and
dry conditions in the Burdekin, where rainfall and streamflow trends coincide with the
Pacific Decadal Oscillation cool phases, which influence strong ENSO La Nifia events
(Lough, 2007; Lough et al., in press). The current wet conditions followed a period of
drought in the mid-late 1990’s/early 2000’s and preceding wetter cycles in the 1950’s,
1970°s and the late 1980’s/earlyl990’s. Reconstructed streamflow using coral
luminescence showed an increase in the cyclic variability of rainfall and streamflow in
the 20™ century, as well as the extent of both wet and dry conditions (Lough, 2007). The
tight cluster of very wet years highlighted in this study are projected to occur more
regularly as climate change progresses (Lough, 2007; Lough et al., in press), increasing

the frequency and volume of terrestrial sediment discharged to the inshore GBR.

As part of a broader research effort focused on managing Burdekin River export to the
GBR lagoon, Kuhnert et al. (2012) calculated annual Burdekin suspended sediment
export using the Loads Regression Estimator (LRE) on 24-years of available suspended
sediment data (1986-2010). This data analysis incorporated key controlling features of
Burdekin sediment export including covariates representing (1) ratio of streamflow
sourced from above the BFD, and (2) annual dry season vegetation ground cover
figures, representing the influence of cover on sediment erosion (Kuhnert et al., 2012).
Using these explanatory terms they were able to produce an average load of 3.93 (80%
CI=3.41-4.45) million tonnes, with tight uncertainty bounds representing errors
associated with the input data, thus providing resource managers with our current best
estimate of present day Burdekin sediment export. When compared to this study period,
three of the five water years far exceeded this long-term average, including 7.2 million
tonnes in 2006/07, 14.81 million tonnes in 2007/08 and 10.86 million tonnes in 2008/09
(Fig. 3.1), illustrating the variability of suspended sediment export from this river

catchment and the influence of wetter climatic cycles.



The influence of drought breaking years and sediment supply availability on Burdekin
River annual suspended sediment export has also been highlighted in this study. For
instance, end-of-river export was ~30% greater in 2007/08 than 2008/09, despite both
water years having discharges of similar volumes; 27.50 and 29.35 million ML,
respectively. The earlier year had a larger sediment contribution from the catchment
area below dam, with higher sediment yields per unit area (Table 3.2). The Burdekin
has been described as a supply-limited catchment (Amos et al., 2004) and given that
above average discharge occurred across the entire catchment in 2007/08 (Fig. 3.1), it is
also likely there was a depletion in available sediment supply for runoff in the
subsequent year. Previous studies have highlighted the increased sediment loads
delivered during drought-breaking floods (Amos et al., 2004; McCulloch et al., 2003a;
Mitchell and Furnas, 1996), which was also observed in this study with a drought
breaking flood year in 2006/07 which followed a series of relatively dry years,
including 2005/06 (Fig. 3.1). Total discharge in the 2006/07 and 2009/10 water years
were similar to average annual discharge, however, the sediment load exported in
2006/07 (7.2 million tonnes) was double the annual average and three times greater than
the sediment load exported in 2009/10 (2.49 million tonnes; Fig. 3.1). The 2009/10
sediment load also reflects the depleted sediment supply after the two record flood
years, and improved ground cover across the entire catchment resulting from this wetter
period, which results in decreased soil loss (Bartley et al., 2014). Indeed Kuhnert et al.
(2012) found a significant decrease in sediment loads at the end-of-river site as ground

COVer increases.

3.5.6. Implications for Great Barrier Reef management

The Upper Burdekin and Bowen River sub-catchments have the highest suspended
sediment yields of all Burdekin sub-catchments and were the major sediment sources
during this study. Their wetter coastal locations, steeper topography and weathered
geology result in high streamflow and sediment transport efficiency. The Upper
Burdekin is the major source of discharge to both the BFD and end-of-river, and the
dominant source of all sediment fractions (i.e. clay, fine silt and coarse sediment) into
the BFD. The BFD reservoir is an efficient sediment trap, and has reduced the
suspended sediment load supplied from the large upstream catchment area (88% of the

entire catchment) to end-of-river export, including the Upper Burdekin source. The
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reservoir has also influenced the sediment size fractions transported from this upstream
catchment area, with the finer clay fraction now dominating all sediment exported over
the dam spillway to the river mouth and adjacent GBR lagoon. This study identified the
Bowen River as the major source of end-of-river suspended sediment export. This
catchment has a comparatively small upstream area and the highest sediment yields
(mean of 530 t km™ yr') across the Burdekin, providing a clear focus area for
management efforts aimed at reducing the export of all sediment size fractions.
However, the study findings show that similar load contributions of both the clay and
fine silt fractions were delivered from the two major source areas: the Bowen River and
the BFD overflow. Targeted source area remediation of the clay and fine silt sediment
fractions of increased ecological risk should first be confined to the Bowen River sub-
catchment if assessed on a per unit area contribution; however, further investigation into
the geochemical and clay mineralogy characteristics of these different clay/fine silt
sources is suggested, and their subsequent transport in and likely impact on the marine
environment is required. The sediment sourcing, reservoir influence on sediment size
transport and yield data generated across the Burdekin has broader application in other
dry tropical river catchments, particularly those located in wet-dry tropical savannah
climates. This study also highlights the importance of incorporating sediment particle
size into catchment sediment budget studies where management goals are aimed at
reducing downstream turbidity and sedimentation on marine ecosystems such as

seagrass meadows and coral reefs.

The influence of this terrigenous fine sediment within the GBR has been recently
highlighted by Fabricius et al. (2014), who correlated increased inshore turbidity with
rainfall and runoff events from GBR rivers such as the Burdekin. Finer sediment
particles, often with an attached organic component once in the marine environment, are
easily resuspended and transported along the GBR shelf (Brodie et al., 2012; Orpin et
al.,, 1999; Webster and Ford, 2010; Wolanski et al., 2008) and are the most harmful
sediment type to GBR receiving ecosystems such as corals (Fabricius and Wolanski,
2000; Humphrey et al., 2008; Weber et al., 2006), seagrass (Collier et al., 2012) and
other associated communities such as reef fish (Wenger and McCormick, 2013). The
combined influence of increased fine sediment particles with decreased salinity (i.e.
synergistic effects on coral fertilisation; see Humphrey et al., 2008) during extended

flood plume conditions in above average Burdekin discharge years also requires further



investigation. While this study shows a clear partitioning of sediment fractions through
the BFD (this Chapter) and into the marine environment (Chapter 2), there is still a need
to delineate the marine areas of most risk to the increased sediment loads delivered from
the Burdekin River (Bartley et al., 2014). For example, coral reefs that have developed
and thrived in naturally turbid areas such as Paluma Shoals and Middle Reef (Browne et
al., 2013; Perry et al., 2012) are unlikely to be as adversely affected by increased
sediment loadings as clear water reefs, such as off Pelorus Island where elevated
sediment inputs and associated increased turbidity are argued to have negatively

affected coral reefs (Roff et al., 2013).
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4. Clay mineral sourcetracing and characterisation of Burdekin
River and flood plume fine sediment

Bainbridge Z., Lewis S., Smithers S., Wilkinson S., Douglas G., Hillier S.,
Brodie J. Accepted. Clay mineral source tracing and characterisation of

Burdekin River (NE Australia) and flood plume fine sediment. Journal of Soils
and Sediments, doi: 10.1007/s11368-015-1282-4.

Abstract

Purpose To define the relative contributions of tributaries within the Burdekin River
catchment to fine suspended sediment delivered to the Great Barrier Reef (GBR)

lagoon, and investigate the temporal variability in these contributions.

Materials and Methods Sediments in river and flood plume water samples were
analysed for particle size and clay mineral abundance at 31 sites across the Burdekin
catchment. Sampling sites included minor tributaries, sub-catchment, reservoir and end-
of-river outlets, and the adjacent coastal flood plume. Samples were collected during
multiple wet season streamflow events from 2005—-2011. Particle size data were used to
calculate catchment-wide fine sediment (<10 pm) and clay-only (<4 pm) budgets and a

clay mineral ratio was used to distinguish geological source areas.

Results and discussion This sediment source tracing study identified basaltic, granitic
and sedimentary geologies as the dominant sources of end-of-river and flood plume fine
sediments (<10 um) across the Burdekin. A clay mineral ratio (illite/illite+expandable
clays) clearly distinguished between the two main catchment source areas, highlighting
the importance of considering both of these sources for management of the finer
sediment fractions that are potentially more ecologically damaging in the marine
environment. This ratio also highlighted the relative enrichment of expandable
(smectite-rich ‘shrink-swell’) clays along the salinity gradient within remaining flood

plume fine sediment.

Conclusions The distinctive geological source-related “fingerprints” found in this study
validate the relative proportions of clay minerals as a valuable tracing tool in large and

geologically complex catchment settings, and across freshwater-marine continuums.

Keywords:. turbidity; erosion; catchments; Great Barrier Reef; sediment budget;
sediment fingerprinting; clay mineral ratios



4.1. Introduction

Increased turbidity and sedimentation associated with the delivery of greater quantities
of fine sediments to the coast due to anthropogenic modification of catchments have
seriously degraded many near-shore marine ecosystems around the world (Fabricius,
2005; Golbuu et al., 2011; Lotze et al., 2006; Restrepo et al., 2006; Risk, 2014; Rogers,
1990). Within the Great Barrier Reef (GBR), Australia, there is growing evidence that
increased turbidity and sedimentation associated with agricultural development of the
coastal catchments have negatively impacted valuable ecosystems (Brodie and
Waterhouse, 2012), including seagrass meadows (Collier et al., 2012; Petus et al., 2014)
and coral reefs (Fabricius and De’ath, 2001; Fabricius et al., 2005; Roff et al., 2013).
Indeed, sediment yields to the GBR from coastal catchments (with a total area of
426,000 km®) have increased by ~5.5 fold since they were cleared for agricultural
development (c. 1850) (Kroon et al., 2012). While only a fraction of this material is
generally delivered directly to the GBR (Chapter 2; Lewis et al., 2014), significant
quantities of nitrogen and other contaminants are delivered to the coast attached to fine
sediment. Identifying major catchment source areas of this sediment and an improved
understanding of how it is transported through the catchment and dispersed within GBR
coastal waters are required to better manage this threat (see Bartley et al., 2014 for

review).

Sediment fingerprinting uses one or more physical or biochemical properties of
sediment to identify the upstream origin(s) of this sediment, and investigates river
catchment sediment dynamics at varying spatial and temporal scales (Koiter et al.,
2013). Clay mineral properties of sediment are dependent on parent rock material, time
and environmental conditions that influence weathering (McKenzie et al., 2004;
Viscarra Rossel, 2011). Therefore, the presence and relative abundance of common clay
minerals within a suspended sediment sample may provide a unique ‘fingerprint’ that
can be traced to an individual river or source area (Gingele and De Deckker, 2004).
However, the success of this technique is dependent on the source area fingerprints
being sufficiently different from each other, and limited mixing of multiple upstream
sources at the point of sampling. Clay mineral fingerprinting has been applied as a
sediment-tracing technique to inform palaeoclimatic reconstructions from marine

sediment cores (Gingele and De Deckker, 2004; John et al., 2006; Limmer et al., 2012)
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and to trace contemporary sediment sources within fluvial catchments (Douglas et al.,
2006b; Gingele and De Deckker, 2005; Guyot et al., 2007; Sionneau et al., 2008).
Studies commonly focus on four clay mineral groups including illite, smectite, kaolinite
and chlorite. Kaolinite is typically associated with leached soils under tropical
weathering conditions, and smectite forms from volcanic parent rocks or may
authigenically form in poorly-drained environments. In contrast, illite and chlorite are
typically inherited from parent materials through physical weathering processes in drier

and cooler environments (Gingele and De Deckker, 2005; Viscarra Rossel, 2011).

In an Australian context, clay mineral assemblages have been used to characterise
discharge from large Australian rivers and to examine the spatial distribution of
sediment delivered to offshore marine environments through tracing in sediment cores
collected around the continental margin (Gingele and De Deckker, 2004). Clay mineral
fingerprinting has also revealed how fine suspended sediments with different clay
mineralogies may be strongly fractionated in the marine environment. For example,
smectite-rich clays are preferentially entrained and transported further relative to other
minerals in flood plume waters of the Fitzroy River discharging into the GBR lagoon
(Douglas et al., 2006a). This finding has important implications for understanding the
transport and resuspension potential of fine sediments composed of different clay
minerals in marine settings. For example, Chapter 2 identified clay and fine silts (i.e.
<l6um) to be preferentially transported in Burdekin River primary flood plume waters,
with greater dispersal potential and characteristics (i.e. organic and nutrient-rich) likely
to be most damaging to marine receiving environments. However, there is a need to
further characterise this sediment fraction in terms of its catchment origins and source

processces.

This study uses sediment particle size and clay mineral fingerprinting to characterise the
spatial and temporal variability of suspended sediment collected across Burdekin River
tributaries, larger sub-catchments and coastal flood plumes during consecutive wet
seasons from 2005 to 2011. The clay mineral component focuses only on the finer, <10
pum sediment fraction, of most risk to downstream receiving ecosystems (Chapter 2). A
fine (<10 pm fraction) sediment load budget is constructed to identify the major sources
of clay and very fine silt sized-sediments from within this large catchment (130,400

km®), and to trace their transport and dispersal in resultant coastal flood plumes. The



preferential transport of fine sediments composed of different clay minerals through a
reservoir and within coastal flood plumes are also examined. These findings are
discussed in the context of best managing sediment erosion in the Burdekin catchment
to reduce the export to the GBR of the most damaging fine fractions. The
comprehensive clay mineral abundance dataset (231 samples) is used to link river and
coastal flood plume sediment to the source area geology of upstream tributaries and to
define the contributions to downstream sediment loads of particular geological areas.
The results show that the expandable clays are preferentially transported within flood
plumes, which are likely derived from the Bowen River source. The study approach
highlights the potential of the clay mineral fingerprinting technique for use in other

large and seasonally-dry tropical, or semi-arid catchments.

4.2. Materialsand methods

4.2.1. Catchment characteristics
Refer to Introduction section 1.4 for a detailed description of the Burdekin River
catchment. Further geological description of the Burdekin catchment relevant to this

Chapter is provided below.

The near-coastal Upper Burdekin and Bowen sub-catchments are bordered by steep
mountain ranges, dominated by igneous and sedimentary rock types (Fig. 4.1). The
Nulla Basalt Province occupies a large proportion of the western Upper Burdekin sub-
catchment, and includes basalts ranging from 13,000 years (Toomba basalt flow) to 5
million years in age (Whitehead and Stephenson, 1998). Permian basalts (252-300 Ma)
are located in the Bowen catchment within its lower reaches and within the Little
Bowen River tributary (Lizzie Creek Volcanics; Malone et al., 1966), and highly
weathered Tertiary basalts (20-30 Ma) also occur in the upper section of the Bowen
River sub-catchment (Dickins and Malone, 1973). The drier western sub-catchments
(Cape, Belyando and Suttor) are mostly formed over remnant sedimentary basins, with
small areas of volcanic (Tertiary basalts) and metamorphic rocks in the headwaters of

the Suttor and Belyando (Mistake Creek tributary only) sub-catchments (Fig. 4.1).
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Figure 4.1 Major geologies of the Burdekin River catchment. Site numbers relate to Table 4.1



4.2.2. Sample collection

Flood water surface ‘grab’ samples (top 0.5 m of water column) were collected at 31
locations across the Burdekin River catchment, capturing all stages of the hydrograph
over multiple streamflow events that occurred each wet season (Fig. 1.2). The study
period included six consecutive water years (Oct 1 to Sept 30) from 2005/06 to 2010/11.
Sampling sites included seven streamflow gauge locations draining the five major sub-
catchments of the Burdekin River (Upper Burdekin, Cape, Belyando, Suttor and Bowen
Rivers), the Burdekin Falls Dam (BFD) outlet and the end-of-river freshwater discharge
point (Inkerman). In addition, a network of 24 landholders was established and formally
trained to collect water samples at ungauged minor tributary locations across the
Burdekin (Fig. 1.2; see also Appendix Table A3.1). These sites were established to
increase the spatial density of the dataset collected across this large and sparsely
populated (~25,000 people) river catchment, and included locations inaccessible by road
during flood events. Further details about sample collection can be found in 3.3.1. It is
acknowledged that the surface sampling techniques applied in this study likely
underestimate the sand fraction but nonetheless provide a large, internally consistent

spatial and temporal dataset for assessing catchment fine sediment sources.

Total suspended solids (TSS) concentrations were measured from the water samples
collected across all sites (Chapter 3). Here further analysis of a subset of these samples
for particle size and clay mineralogy is described. Particle size analysis was conducted
on 504 samples selected from the rising, peak and falling stages of the streamflow
hydrograph (Table 4.1). A smaller subset of 231 samples was analysed for clay
mineralogy, with representative samples selected mostly from the rise and peak flood
stages of larger streamflow events to best capture periods where the majority of

suspended sediment was transported through the catchment.

Surface samples from coastal flood plumes adjacent to the Burdekin River mouth were
also collected for each wet season from 2007/08 to 2010/11 (22/01/08; 9/02/09;
24/02/10; 25/03/10; 30/12/10). These samples were collected from the turbid inner
plume (i.e. ‘Primary’ water type; see Petus et al, 2014, Appendix A) immediately
following peak discharge at the end-of-river site. Samples were collected along the
central plume axis within 10 km of the river mouth, following the suspended sediment-

salinity gradient. The two major flood peaks in the 2009/10 wet season were sampled.

77



Table 4.1 Study site details (water years sampled, upstream catchment area, n, number of samples collected), mean TSS concentrations (mg L), average

(mean =+ standard deviation) sediment particle size and clay mineralogy proportions and proportion of basalt in the upstream catchment area.

%

Site Upstream upstream Mean
Major sub- catchment F;)asalt Wet seasons TSS **
(Site ID on Fig. 4.1) catchment (irn(:g) (mafic- data collected (mg L'l)

ultramafic) n

(1) Dry River 680 31 2006/07 3,395 1

(2) Grey Creek 1,005 11 2006/07-2007/08 2,465 5

(3) Camel Creek 260 2 2005/06—2006/07 4,075 4

(4) Clarke River 6,425 33 2006/07—-2008/09 1,230 19

(5) Maryvale Creek 900 61 2006/07; 2008/09 910 4

(6) Running River Upper 680 3 2005’20061‘02/228’09; 235 9

Burdekin

(7) Star River 1,690 6 2006/07-2010/11 210 11
. 2006/07; 2008/09—

(8) Basalt River 2,050 70 2010/11 620 19

(9) Fletcher Creek 885 95 2005/06—2008/09 130 12

(10) Lolworth Creek 2,295 47 2005/06—2008/09 445 5

(Sléfh%?nﬂer Burdekin@ 36,140 28 2005/06-2008/09 735 32

(12) Cape@Taemas Cape 15,860 0 2005/06—2008/09 245 24

(14) Kirk River 210 1 2006/07-2010/11 170 8
. 2006/07, 2008/09—

(15) Elphinstone Creek 50 0 2010/11 1,405 7
. 2005/06—2007/08,

(18) Upper Mistake Creek 75 0 2009/10-2010/11 370 22

(19) Mistake Creek Belyando 8,770 3 2005/06—2006/07 555 4

(20) Upper Belyando 11,260 0 2005/06-2007/08 925 5

River

Sediment particle size (TSS weighted)

(mean £ 1s.d.)

Clay mineralogy (TSS weighted)

(mean £ 1s.d.)

Clay Fine silt Coarse Kaolin lllite Expandables
%) %) @ | " @ %) %)
70 30 0 1 57 5 38
25+7 49+ 4 27+11 4 21+7 15+2 64+8
23+3 47+ 6 30+6 3 22+5 40+5 38+4
27+5 52+5 21+10 13 17+3 41 +18 42 £19
40 £ 20 42+ 4 17+ 18 3 9+2 2+2 89+3
20+4 48+ 4 32+6 4 16 +0.8 24+2 60+2
32+15 51+9 18+ 19 3 9+2 43 +11 48 £ 10
25+8 46+ 6 29+10 8 14+5 6+5 80+8
30+19 37+9 33+13 2 7+0 0+0 93+0
23+9 46+ 3 30+9 3 25+4 30+6 46 £ 2
25 * 45+ 30* 22 18%3 29+5 53+5
35* 43 * 22* 8 25+9 35+14 40 £ 10
21+6 48 £ 15 31+19 2 14+0 24+1 62+1
30+5 50+4 19+8 5 19+3 21+7 60+8
60 + 17 34+11 6+9 5 3x1 41+5 56+ 6
64+6 32+5 4+2 2 13+0.7 24+1 64 +0.7
64 +14 30+6 6+9 5 15+11 30+11 56+5




(21) Native Companion
Creek

(22) Carmichael River

(16) Belyando@
Belyando Crossing

(23) Upper Suttor River

(24) Logan Creek
(17) Suttor@
BowenDevRd

(25) Upper Broken River

(26) Little Bowen River

(27) Bowen River
(Dartmoor)

(28) Upper Bogie River
(29) Bogie River

(30) Bowen@Myuna

(13) BFD@Overflow

(31) BurdekinR@
Inkerman

Plume Groupl
(0.1—10 psu)
Plume Group2
(2—24 psu)

Old Reef Grab Sample

Suttor

Bowen
Bogie

Reservoir

End-of-river

Primary
flood
plume

5,445

2,280

35,055

2,100
3,325

10,870

35
1,490
3,890

255
1,740

7,110

114,620

129,600

na

na

na

10

23

10

21

33

35

40

52

28

13

na

na

na

2005/06-2007/08,
2009/10-2010/11

2006/07

2005/06—-2008/09

2006/07-2008/09
2006/07-2007/08

2005/06—-2008/09

2006/07, 2010/11
2006/07—-2008/09
2006/07, 2008/09
2006/07-2007/08
2006/07-2008/09

2006/07-2008/09

2005/06—-2008/09

2006/07-2010/11*

2007/08-2010/11

2007/08-2010/11

Apr-2012

450 10 49 + 22
1,100 5 51+16
335 21 50 *
850 10 46 + 27
350 4 65+ 25
220 22 61*
115 3 11+5
3,270 11 32+7
1,055 6 36+11
305 3 15+4
510 15 31+16
2,880 110 27 *
180 50 52 *
475 34 37*
65—220 7 53+19
3—45 5 66 + 21

* From Fig. 3.2/4.1 sediment budgets, based on 2005/06-2008/09 PSA data only.

** From Chapter 3

35+13

42+ 14

36 *

44 £ 21

32+14

30*

41*

41+15

27+15

19*

11

17

12

21

49+ 10

51+11
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Overall, 15 plume samples contained sufficient sediment for TSS and clay mineralogy
analyses, while only 14 samples contained enough sediment for particle size analysis.
Flood plume particle size analysis was restricted to samples collected within the more
turbid plume boundaries (generally >10 mg L™). Opportunistically, an additional
benthic sediment sample of terrigenous origin was collected from Old Reef, ~65 km off
the Burdekin coast with a Van Veen grab sampler, in April 2012. This sample was
collected as part of a separate study and was analysed to see if terrigenous sediments

could be detected.

4.2.3. Sediment particle size analysis

Particle size distributions for the water samples were determined using the methodology
described in section 2.2.2. Following Chapter 3, sediments were classified as one of
three size classes: (1) clay (<4 pm); (2) fine silt (4-16 pum); and (3) coarse sediment
(16-2000 pm). Clay, fine silt and coarse sediment contributions from each of the
Burdekin major sub-catchments provided in Chapter 3 have been reanalysed to calculate
a catchment-wide sediment budget for the <10 um sediment fraction (i.e. very fine silt
and clay), representing the fraction recovered for the clay mineral analysis. The clay-
only sediment budget is also provided for comparison. This four-year averaged budget
over the study period (2005/06-2008/09) represents an average for each individual site
and is therefore not summative and does not represent a complete mass balance from
sub-catchment source to the end-of-river. For a full method description see section
3.3.4, including average BFD trapping estimates of the <4 um sediment fraction. The

same methodology was applied to the calculation of the <10 pm fraction.

4.2.4. Clay mineralogy

The <10 pum fraction is increasingly favoured in geochemical sediment tracing studies
(Douglas et al., 2003, 2006b, 2010; Hughes et al., 2009; Olley et al., 2013), to avoid the
need for particle size correction between source and sediment (Wilkinson et al., 2013).
This fine fraction also captures the larger clay minerals (i.e. illite) with individual
particles often larger than the clay (<4 um) fraction (Gibbs, 1977). Collected water
samples of 1-5 L were placed in a beaker in an ultrasonic bath for 20 minutes and then
wet sieved through a 38 um mesh. Samples were transferred into a measuring cylinder
and shaken before following Stoke’s law of settling to recover the <10 pm sediment

fraction (Moore and Reynolds, 1997). This process was repeated 4—5 times per sample



to ensure adequate separation and recovery of this size fraction, which then was
syphoned into a clean beaker and oven dried at 50°C to a thick slurry. The samples were
then prepared for X-ray diffraction (XRD) using the oriented glass slide method
described by Moore and Reynolds (1997).

Clay mineral assemblages were determined using the semi-quantitative method of
Moore and Reynolds (1997). The samples were analysed at the Advanced Analytical
Centre, James Cook University on a Bruker X-ray Diffractometer with a set of four
diffraction patterns run for each sample, including untreated air-dried; solvated in
ethylene glycol by vapour pressure at 60°C for 16 hours; heated to 400°C for 2 hours;
and heated to 550°C for 2 hours. Scans were run at 0.02 steps (counting for 1.2 s step™)
through the range 2-70A for the initial air-dried sample, and a shorter range from 2—
32A for the subsequent treated runs.

The diffraction data were analysed using the Bruker Diffrac Plus EVA software by
measuring peak intensity (as peak area) as described in Hillier (2003). The normalised
reference intensity ratio (NRIR) method was used to estimate relative weight
percentages of the clay mineral groups kaolin, illite and ‘expandables’. The expandables
clay group includes smectites (e.g. montmorillonite) as well as other mixed-layer clay
minerals with a smectitic (expandable) component, all of which have a high capacity to
‘shrink-swell” through water and cation exchange. This classification emphasises that
the expandable clays are not necessarily pure smectites and may vary in composition
from place to place. Kaolin is used in preference to kaolinite since the kaolin group
mineral halloysite is likely present in some sources and this study has not attempted to
distinguish between kaolinite and halloysite. The NRIR approach is semi-quantitative
and does not account for any non-clay minerals also present in the <10 pm sediment
fraction. Quartz was used as an internal peak position standard as it was present in all
samples and produced the largest peak of the non-clay minerals. Individual clay mineral
relative abundance uncertainty is £5% (Hillier, 2003). The ratio of illite to illite +
smectite (I/I+S) used by Douglas et al. (2006a, 2006b) as a surrogate of basaltic to non-
basaltic sources and to investigate enrichment in smectitic-rich clays was also
calculated. As smectite is represented in this study by the expandable (E) clays
grouping, I/I+E is used.
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Chlorite was rarely present in the study samples. Chlorite was only present as a minor
trace mineral (i.e. <2 wt.%) in the Upper Burdekin sub-catchment site (and upstream
tributaries #2, 3, 4, 7), Bowen sub-catchment site (and upstream tributaries #26, 27), the
BFD, end-of-river (Inkerman) and flood plume sites. Chlorite was excluded from

further analysis due to this low abundance.

4.2.5. Dataprocessing and analysis

It was desired that the source contribution results best represent sediment loads, which
is a function of suspended sediment concentration and flow volume. Therefore the
degree to which the samples represented the long-term mean particle size and clay
mineral abundances was improved by weighting the properties of samples with higher
TSS concentrations. Weighting samples by concentration was used as an alternative to
weighting by load for the ungauged sampled tributary sites. Load-based weightings
were applied to the gauged major sub-catchments, reservoir outlet and end-of-river
sites. It is argued that concentration weighting provides a reasonable estimate of load
weighting, because the highest TSS concentrations during streamflow events occur
during the rising/peak stages of the hydrograph (Amos et al., 2004; Belperio, 1979;
Kuhnert et al., 2012). Tributary samples chosen for particle size analysis were thus
screened to represent the larger streamflow events of each wet season. This avoids
problems associated with using data from early wet season ‘first flush’ events that often
have higher TSS concentrations but small discharge volumes not representative of the
wider upstream catchment area. To best capture and weight the dataset towards these
larger flow volume stages, the mean sediment particle size groupings (clay, fine silt,
coarse sediment and <10um fractions) for each tributary site were calculated by

applying a TSS weighting factor, represented as

WPS_y = ZTSS*”]'”X X PSH]_HX (1)

where WPS, = weighted particle size for site y, TSS* = normalised TSS concentration
(mg L") (individual sample proportion of summed TSS concentrations for that site i.e.
n;/n; where n;= > n; + np + n3)) for samples n; to ny and PS = particle size (calculated as

clay, fine silt, coarse and <10 pum fractions) of samples n; to ny.



A similar TSS-weighted approach was utilised to determine mean clay mineral
proportions, although a smaller dataset was available to represent each site, especially at
the tributary scale. One to thirteen mineralogy samples were analysed to represent each
of the ungauged tributary sites (see Table 4.1), with less confidence placed on the sites
where only one or two clay mineralogy samples were analysed (i.e. Dry River, Upper
Bogie River). Highest data confidence is placed on the seven gauged sites where 9-22
samples were analysed per site for clay mineralogy. The variability of clay mineral
assemblages over the streamflow hydrograph and with different streamflow events were
investigated using the Upper Burdekin sub-catchment site as a case study during the
second largest annual discharge water year (2008/09) recorded at the Sellheim gauge
(20 million ML; Fig. 3.1b).

End-of-river freshwater discharge volumes and TSS concentrations varied each wet
season, related to upstream sub-catchment sources, rainfall volumes and intensity,
climatic variability and annual ground cover. Therefore salinity and maximum TSS
concentrations varied along the flood plume transect for each sampled wet season. Clay
mineralogy data for all years sampled (2007/08—-2010/11) were categorised into two
groups (Plume Groups 1 and 2) based on decreasing TSS concentration with increasing
salinity and distance from the river mouth (i.e. 65-220 mg L™ and 3-45 mg L™). This
category best represented the transition across the initial depositional zone within

Upstart Bay (see Fig. 2.8 and Appendix Fig. A2.3).

Ternary graphs were constructed to display the clay mineral data in the context of the
upstream geology of each of the tributary sites and to further examine the relationship
between the major sub-catchments and end-of-river/flood plume sites. In that regard,
‘end member’ tributary sites were identified as basalt (>60% basalt comprised the
upstream catchment area), sedimentary (>80%) and granite (>70%) and plotted
separately to the other sites containing mixed geology (Table 4.2). Sites 1 (Dry River)
and 28 (Upper Bogie River) were excluded from this analysis due to limited clay

mineralogy data.

&3



Table 4.2 Tributary site upstream catchment area geology, with grey shading indicating major
geology represented in Figure 4.3.
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(1) Dry River 31% 0% 0% 31% 11% 2% 10% 19% 26%
(2) Grey Creek 3% 0% 7% 10% 7% 47% 2% 22% 7%
(3) Camel Creek 2% 0% 0% 2% 0% 81% 7% 10% 0%
(4) Clarke River 33% 0% 0% 33% 5% 30% 14% 10% 6%
(5) Maryvale Creek 61% 0% 0% 61% 0% 15% 0% 24% 0%
(6) Running River 1% 0% 2% 3% 0% 1% 78% 0% 17%
(7) Star River 0% 0% 6% 6% 18% 20% 34% 8% 13%
(8) Basalt River 70% 0% 0% 70% 9% 0% 8% 10% 3%
(9) Fletcher Creek 95% 0% 0% 95% 0% 2% 0% 4% 0%
(10) Lolworth Creek 47% 0% 0% 47% 0% 10% 28% 14% 2%
(14) Kirk River 0% 1% 0% 1% 0% 6% 70% 0% 23%
(15) Elphinstone Creek 0% 0% 0% 0% 0% 0% 100% 0% 0%
(18) Upper Mistake Creek 0% 0% 0% 0% 0% 100% 0% 0% 0%
(19) Mistake Creek 3% 0% 0% 3% 2% 20% 0% 68% 8%
(20) Upper Belyando River 0% 0% 0% 0% 0% 51% 0% 49% 0%
(21) Native Companion Creek 1% 0% 0% 1% 0% 50% 0% 49% 0%
(22) Carmichael River 0% 0% 0% 0% 0% 50% 0% 50% 0%
(23) Upper Suttor River 10% 0% 0% 10% 10% 59% 1% 21% 0%
(24) Logan Creek 23% 0% 0% 23% 2% 2% 0% 72% 1%
(25) Upper Broken River 21% 0% 0% 21% 0% 0% 80% 0% 0%
(26) Little Bowen River 33% 0% 0% 33% 2% 58% 4% 3% 0%
(27) Bowen River (Dartmoor) 16% 19% 0% 35% 5% 22% 37% 1% 0%
(28) Upper Bogie River 0% 40% 0% 40% 0% 0% 59% 2% 0%

(29) Bogie River 34% 18% 0% 52% 2% 0% 41% 4% 0%




4.3. Results

4.3.1. Sediment sourcetracing using <10 um fraction and clay mineral
fingerprints

The clay mineral fingerprints of the Upper Burdekin study site samples were
remarkably consistent over all stages of the flow hydrograph and multiple streamflow
events that occurred in the 2008/09 wet season, despite large variations in TSS
concentrations and sediment particle size distribution (Fig. 4.2b and c). The relative
abundance of expandable clays, of most interest in this study, ranged from 43% to 56%
(CV=0.07) and the <10 pm fraction comprised an average of 52% (CV=0.02) across the
wet season samples. In contrast, the proportion of coarse sediment varied between 16—
43% (CV=0.24) and was greatest during the largest rises in streamflow (e.g. 14/01,
27/01, 03/02, Fig. 4.2a).

More broadly across the study sites, the variation in relative clay mineral abundance
between samples from each site across all years were generally within the analytical
error margin (£5%), especially for kaolin (Table 4.1). Relative clay mineral abundances
were most variable in sediments collected at sites with large areas of sedimentary
geology within their upstream catchment (e.g. 30-60%); for example, the Clarke, Star,
Upper Suttor, Suttor and Belyando tributary sites (Table 4.1). Variability was greatest in
suspended sediments from the Clarke River, a large and geologically complex tributary
of the Upper Burdekin (1 s.d.= +18% and +19% for illite and expandable clays,
respectively). In contrast, clay mineral abundances were least variable (SD for all clay
minerals <2%) in samples from the granite-dominated (>70%) tributaries including the

Running and Kirk Rivers.

4.3.2. Tributary sediment characteristics and geological influences

All Belyando and Suttor tributary site samples are dominated by the clay fraction (46—
65%), and due to low coarse fraction components (3—16%) have the largest proportion
of combined clay/fine silt (84-97%) across the Burdekin (Appendix Fig. A4.1). Fine silt
dominates suspended sediment contributed by Bowen and Bogie River tributary sites
(48-51%), except for the smaller, headwater tributary sites hosted within granite rock

areas (sites #25, 28 in Fig. 4.1 and Table 4.1). The suspended sediment within the
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tributaries of the Upper Burdekin sub-catchment were dominated by the fine silt (>45%)
and coarse (15-30%) sediment fractions (Appendix Fig. A4.1).
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Figure 4.2 (a) Discharge at the Upper Burdekin River (Sellheim) gauge during the 2008/09
wet season (03-Jan—06-Feb). River water sample collection periods are overlayed as grey
vertical lines. (b) Graph of TSS concentrations for the Upper Burdekin River (Sellheim)
surface water samples with sediment particle size composition of each sample represented as
clay (<4 pum), fine silt (<16 um) and coarse (>16 pum) sediment. Red line on each sample
indicates the <10 pum fraction analysed for clay mineralogy. (c) Relative proportions of
expandables, illite and kaolin clay mineral groups for each of the water samples represented in
(a). The I/I+E ratio for each sample is represented as a dashed line (ratio for the 5-6/02 is 55).



The clay mineral fingerprints of samples collected at the end-of-sub-catchment for the
Bowen and Suttor sites sit within their respective upstream tributary samples, with
similar fingerprints for the Upper Suttor (#23)—Suttor (#17) and the Little Bowen (#25)—
Bowen@Dartmoor (#27)-Bowen@Myuna (#30) downstream transects, respectively
(Table 4.1). All suspended sediment collected at these sites had a higher proportional
abundance of expandable clays (67-78%), with kaolin relatively more abundant along
the Suttor transect (25%), at the expense of illite (Fig. 4.3a). The Bogie River (#29),
which drains directly into the Burdekin River downstream of the BFD also had a high
abundance of expandable clays (82 +5%; mean +1 s.d.) in all sediment samples. I/I+E
ratios were low (i.e. <14) in sediments across all Suttor and Bowen sub-catchment sites,
with the Suttor and Bogie River sites (ratios of 6—10) distinguishable from the Bowen
River sites (11-14) (Table 4.1).

Clay mineral relative abundances in sediment collected at each of the Belyando
tributary sites were more variable, with increasing kaolin abundance and decreasing
illite related to the proportion of upstream sedimentary and regolith (i.e. channel and
flood plain alluvium and sand plain) geologies (sites #18-22; Fig. 4.3a). The abundance
of expandable clays in sediment from each of these sites varied from 49 to 64%, and the
ratio of I/I+E ranged from 14 to 42 (Table 4.1). Mistake Creek (#19) sediment had the
highest abundance of expandable clays (64 +0.7%) and the small amount of upstream
basalt (3%) had an influence on its position compared to the other Belyando tributaries
(Fig. 4.3a). The Belyando end-of-sub-catchment plots closest to sediment collected at
the Native Companion Creek tributary (#21, Fig. 4.3a), with similar abundances of
expandable clays (49-53%), kaolin (28%) and illite (19-23%). In contrast, the Mistake
Creek tributary sediment had a I/I+E ratio of 27, similar to the end-of-sub-catchment

site (ratio of 26).
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Figure 4.3 Clay mineral ternary diagrams related to source geologies: (a) River sediment for
each sub-catchment outlet and for tributary locations with dominant geologies occupying
either >60% basalt, >70% granite or >80% sedimentary of upstream catchment area (locations
are numbered as per Fig. 4.1). (b) Major sub-catchments, Burdekin Falls Dam outlet, End-of-
river, flood plume (Plume Group 1 denoting the location nearest to the coast) and Old Reef
sediments related to upstream geological sources.



The relative abundances of clay minerals were most spatially variable across the Upper
Burdekin tributary sites, the largest (36,140 km?) and most geologically complex major
sub-catchment (Fig. 4.1). Samples from the basalt dominated (i.e. >60%) western
tributaries (Maryvale Creek (#5), Basalt River (#8), Fletcher Creek (#9)) were most
abundant (80-93%) in expandable clays (Table 4.1, Fig. 4.3a). Illite content was
negligible (0—6%) in sediment collected at these sites, and consequently I/I+E ratios
were 0—7, and were the lowest across the Burdekin. However, the clay mineral signature
of Upper Burdekin end-of-sub-catchment sediments more closely reflected sites
influenced by sedimentary and granitic landscapes (Fig. 4.3a). These included mixed
geology tributaries showing the strong influence of sedimentary geology (e.g. Clarke
River (#4), Star River (#7), Lolworth Creek (#10)), despite comparatively larger
upstream catchment areas of basalt (#4, #10) and granite (#7) geologies (see Table 4.2).
I/I+E in sediment collected at these sites ranged from 39-52 and were the highest across
the Burdekin (Table 4.1). The granite dominated (>70% upstream area) Running (#6)
and Kirk (#14) Rivers and Elphinstone Creek (#15) sites all contained abundant
expandable clays (60—-62%), and tightly cluster on the ternary diagram separating the
basaltic, granitic and sedimentary tributaries (Fig. 4.3a). An I/I+E ratio of ~28 was

characteristic of sediments from these granitic sites.

The expandable clays were least common in suspended sediments collected from the
Cape River sub-catchment (40 £10%), and similar characteristics were observed for the
other western tributaries draining the Great Dividing Range (e.g. Sites #1, 10, 22). Cape
River suspended sediment had a relatively high abundance of kaolin (25 +9%)
compared to most study sites, and its I/I+E ratio of 46 was the highest end-of-sub-

catchment value calculated (Table 4.1).

4.3.3. Sub-catchment sediment characteristics and sources of end-of-river fine
(<10 pm) sediment

The Upper Burdekin sub-catchment was the major contributor of finer sediment

fractions into the BFD, contributing an average of 87% and 82% of the <10 pm fraction

and clay-only (<4 um) loads, respectively, delivered into the dam over the four-year

period (Fig. 4.4). Over this study period the BFD trapped on average ~47% of all <10

pum fraction sediment entering the dam from upstream catchments. Only 31% of the

clay-only fraction was trapped. The <10 um sediment fraction and clay-only budgets
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show almost equal contributions to end-of-river export from the two main source areas

identified in Chapter 3, including (1) overflow sediment from the BFD and (2) the

Bowen River sub-catchment which enters below the dam. The average clay-only end-

of-river load (3.14 million tonnes) comprises approximately half of the <10 um fraction

load (5.99 million tonnes).

Four-year average
sediment load contributions

(million t)

<10 um fraction

Burdekin R. (Sellheim) 3.50

Suttor R. 0.22
Belyando R. 0.12
Cape R. 0.19

Burdekin
Falls

Dam Exported 2.16

~47%
trapped

Lower Burdekin 3.83

(Includes Bowen R. 2.36) ‘

Burdekin R. (Inkerman)
Exported 5.99

Clay (<4 pum) fraction

Burdekin R. (Sellheim) 1.55

Suttor R. 0.16
Belyando R. 0.079
Cape R. 0.10

Burdekin

Falls
Dam Exported 1.32

~30%
trapped

l Lower Burdekin 1.82

(Includes Bowen R. 1.03) \

Burdekin R. (Inkerman)

Exported 3.14

Figure 4.4 Four-year (2005/06-2008/09) average fine sediment (<10 pm fraction) and clay-
only (<4 um) budgets for the Burdekin River catchment. Arrows represent the respective
contributions from each of the Burdekin River major sub-catchments, the Burdekin Falls Dam
spillway, Lower Burdekin (includes a contribution from the gauged Bowen River), and end-
of-river export (Inkerman), where the width of each arrow indicates contribution size in
million tonnes. The Lower Burdekin sub-catchment contribution is calculated by subtracting
the BFD overflow sediment load from the end-of-river sediment load. Bowen River loads
have lower confidence due to a lack of monitoring data available for this site in the latter years

(see 3.5.1).

The expandable clays were the most abundant clay minerals in suspended sediments

collected across the Burdekin’s major sub-catchments, with the greatest abundance

measured at the Bogie (82 £5%), Bowen (76 £9%) and Suttor (67 +£12%) River sites




(Fig. 4.5). These sub-catchment fingerprints can be discriminated by a greater
abundance of kaolin in Suttor sediment (25 £8%) compared to the Bowen (14 +3%) and
Bogie (13 #4%). The Upper Burdekin sub-catchment suspended sediment was
characterised by a dominance of both expandable clays (53 £5%) and illite (29 +5%),
and BFD overflow sediment reflected this Upper Burdekin clay mineral signature (i.e.
<2% variation between sites for each mineral which was within the analytical error
margin) (Fig. 4.5). The I/I+E ratio discriminates this Upper Burdekin-BFD overflow
sediment source signature (ratios of 35 and 34, respectively) from the basaltic and
expandable-rich sediment in the Bowen (ratio of 11) and Suttor (ratio of 10) sub-
catchments. End-of-river (Inkerman) fine sediment also contains abundant expandable
clays (59 +£6%), with an average end-of-river I/I+E ratio of 28 (range of 18-36). This
site was one of the most variable, reflecting wet season variations amongst the two

large, upstream source areas.

Clay mineral type:
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Il o5 e
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-
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Burdekin Falls Burdekin R. Export Primary flood plume
Dam Overflow (Inkerman)

o 9P
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Suttor R.

Figure 4.5 Five-year (2006/07-2010/11) average clay mineralogy for the Burdekin River
major sub-catchments, Burdekin Falls Dam, end-of-river (Inkerman) export, and inshore
Burdekin River primary flood plume, <25 km from the river mouth. Pie charts represent mean
proportions of the three clay mineral groups kaolin, illite and expandables, with the average
I/I+E ratio for each site also displayed. The flood plume data are grouped into two categories
based on decreasing TSS concentration (65-220 mg L™ and 3-45 mg L) with increasing
salinity (0.1-10 psu, and 2-24 psu) and distance from the river mouth.
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4.3.4. Flood plume sediment characteristics and fractionation

End-of-river flood peak TSS concentrations (290-750 mg L) decline rapidly upon
seawater mixing within Upstart Bay, where concentrations fell to 65-220 mg L™ in the
turbid inner Plume Group 1, with salinity ranging between 0.1-10 psu across all flood
plumes sampled (Table 4.3). Further along the flood plume transect, Plume Group 2
samples had sediment concentrations <45 mg L™ and salinity between 2-26 psu. The
proportion of the clay sized-sediment fraction increased along each sampled flood
plume transect, with the largest increase in the 2010/11 transect from 29% to 82% of all
sediment-size fractions (Table 4.3; see also Fig. 2.8 and Appendix Fig. A2.3).

Table 4.3 Suspended sediment characteristics across the river flood peak and adjacent
primary flood plume over five river flood events (2007/08-2010/11), including TSS
concentration (mg L™), proportion of clay sized-sediment fraction (%) and I/I+E ratio.

Sediment characteristics

Water year Location N Tss(mgL?') % Clayfraction  II+E ratio
(range) (mean +1s.d.) (meanz1s.d.)
End-of-river flood peak (Freshwater) 1 345 18 28
2007/2008 Plume Group 1 (0.1—10 psu) 3 85-200 3014 24+1
Plume Group 2 (2—24 psu) 1 25 - 18
End-of-river flood peak (Freshwater) 1 430 32 32
2008/2009 Plume Group 1 (0.1—10 psu) 2 180—220 49+57 27424
Plume Group 2 (2—24 psu) 0 3 - -
End-of-river flood peak (Freshwater) 1 290 50 31
ZE)FOegé,ZlOOl)O Plume Group 1 (0.1—10 psu) 1 65 71 21
Plume Group 2 (2—24 psu) 2 6.5—25 7 28+0.6
End-of-river flood peak (Freshwater) 1 750 20 21
(ﬂ)g?éﬁoll(;)) Plume Group 1 (0.1—10 psu) 0
Plume Group 2 (2—24 psu) 2 11—45 44 £13 13+3.2
End-of-river flood peak (Freshwater) 1 450 29 27
2010/2011 Plume Group 1 (0.1—10 psu) 2 65—140 70+0.7 32+12

Plume Group 2 (2—24 psu) 2 2.8-11 8221 24+£2.1




The average clay mineral fingerprints of the two Plume Groups closely resemble that of
the end-of-river, and were not statistically different (i.e. within 1 standard deviation).
However, declining I/I+E ratio values with increasing salinity along each individual
end-of-river/flood plume transect supports the hypothesis that the smectite-rich
expandable clays are enriched within the plume waters (Table 4.3). The largest declines
were observed in the 2007/08 and March 2010 transects, where I/I+E fell from 28 to 18
and from 21 to 13 along each transect, respectively, with corresponding declines in TSS
concentrations to <50 mg L™, These two transects also captured the largest increases in
salinity (i.e. Plume Group 2 samples had a salinity of 7.7 psu in 2007/08 and 1624 psu
in March 2010). Further offshore the Old Reef benthic sediment sample had an I/I+E

ratio of 11.

4.4. Discussion

4.4.1. Sediment sourcetracing using <10 um fraction and clay mineral
fingerprints

Most clay mineral catchment tracing studies report results using only 1-2 samples to
represent each site (e.g. Gingele and De Deckker, 2005; Guyot et al., 2007) and samples
are often collected from river bed lag deposits, after flood events have occurred. As
such, the utility of this approach may be limited as it is assumed that the residual deposit
is representative of all material transported during the preceding flood event(s). In this
study a comprehensive clay mineral dataset has been produced for >31 sites across the
Burdekin and adjacent coastal flood plume, representative of the rise and peak flood
stages of multiple streamflow events over a six-year period. The spatial and temporal
span of clay mineral relative proportions used to develop often unique source-related
fingerprints achieved in this study demonstrate the value of clay mineralogy for tracing
sediment source and fluxes in large and geologically complex catchments. Clay mineral
fingerprinting has previously been little-used in sediment tracing studies and this study
has shown the stability of these fingerprints in comparison to other techniques such as
geochemical tracing which can display non-conservative behaviour, and thus produce
results that may be difficult to confidently interpret (see Koiter et al.,, 2013). In the
Upper Burdekin (36,140 km?) the relative abundance of clay minerals remained within
4% across a large runoff event despite large fluctuations in TSS concentrations,

sediment particle size, stages of the flow hydrograph and tributary sources (Fig. 4.2),
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and within 5% variation across all study years (Table 4.1). Clay mineral assemblages
for most sites showed similar consistency and were also within the +5% error margin. In
that regard, the data indicate that in many cases only 1-2 samples from an area may be
sufficient to develop a reproducible signature for clay tracing studies. The study results
also validate the use of the clay mineral tracing approach for use in similar catchments
elsewhere, and in studies reconstructing climate change from marine deposits of clays

exported from terrestrial catchments.

It should be expected that sites with large areas of sedimentary geology upstream may
have more temporally-variable mineral abundances relating to the parent-rock material,
or the type of sediments (i.e. shale, limestone etc.). Indeed, this study found greater
variation (typically 10% up to 15%) at tributary sites with two geologies in separate
areas of the upstream catchment. For example, the large (6,425 km®) Clarke River
tributary displayed the greatest variability in clay mineral abundance (i.e. 19% for
expandable clays), reflecting contributions from two dominant geologies with different
mineral signatures (i.e. 33% basalt and 30% sedimentary geology in upstream area;
Table 4.2). Granite (>70%) and basalt (>60%) dominated smaller tributaries (i.e. <1,000
km®) had the least variability in relative abundances of clay minerals over the study

period (i.e. 0-3%).

The consistency in clay mineral assemblages across runoff events and water years for
most study sites also validates the use of the <10 pm sediment fraction for source
tracing (Wilkinson et al., 2013). Despite the large variability in TSS concentration and
the proportion of the coarse sediment fraction over individual hydrograph stages and
separate streamflow events at the Upper Burdekin site (Fig. 4.2), the abundance of
expandable clays and the proportion of the <10 um sediment fraction of total suspended
sediment remained consistent (CV of 0.07 and 0.02, respectively). This reflects the
predominance of the clay minerals in the <10 um fraction whilst tracing of coarser size
fractions (i.e. <63 pm), quartz and to a lesser extent primary minerals (e.g. feldspars or
micas) serve to act as a diluent on the clay mineral fraction. The differences in the
coarse sediment fraction across the Burdekin catchment validates the <10 pm fraction
approach used in this study. In particular the Upper Burdekin sub-catchment and

tributary sediments contain a higher proportion of coarse material (i.e. ~30%) than the



other Burdekin sub-catchments, where the <10 pm fraction represents most suspended

sediment transported (63—90%) (Table 4.1, Appendix Fig. A4.1).

4.4.2. Tributary sediment characteristics and geological influences

This study builds on the earlier application of the I/I+S ratio by Douglas et al. (2006a,
2006b, 2007) and confirms the reliability of this measure of the influence of basalt
geology (and to a lesser extent granite) on river sediment relative to sedimentary
landscapes. Clay mineral ratios have been used previously as proxies of chemical
weathering and to examine environmental trends (Alizai et al., 2012; Limmer et al.,
2012), but have received less attention in contemporary erosion sourcing studies. This
measure deserves broader application to catchments containing these rock types,
through clearly distinguishable geologic source identification across tributary (this
study), reservoir (this study; Douglas et al., 2006b, 2007) and flood plume (this study;
Douglas et al., 2006a) scales. Douglas et al. (2006b) used the I/I+S ratio to discriminate
basaltic source areas (i.e. ratios of 4-10) in the neighbouring Fitzroy River from those
comparatively enriched in illite (i.e. ratio of 47). The results also reveal that the clay
mineralogy of <10 pm suspended sediment is heavily influenced by the geological
signature of upstream catchment areas. Expandable (i.e. smectitic) clays were most
abundant where basalt and other mafic/ultramafic rocks of similar composition
comprised greater than 10% of the upstream catchment area (Fig. 4.3a and 4.6; Table
4.2) resulting in the lowest I/I+E ratios (i.e. 0—18) across the Burdekin and thus
providing a distinctive ‘basalt source’ clay mineral signature (Table 4.1, Fig. 4.6). This
fingerprint was strongest for the Upper Burdekin tributaries (sites #5, 8, 9 in Fig. 4.3a)
which drained large areas (i.e. >60%) of the Nulla Basalt Province (i.e. ratios of 0-7). In
comparison, I/I+E ratio values of Clarke River and Lolworth Creek tributary sediments
were much higher (50 and 39, respectively) despite also containing Nulla Basalt in the
upper catchments; these discrepancies are discussed below. The influence of basaltic
landscapes as the source of downstream fine sediment was greatest in the Bowen and
Suttor sub-catchments, where the expandable clay-rich ‘basalt source’ signature (I/I+E
ratios of 6-14) was evident in sediment collected throughout both sub-catchments from
tributary to the outlet, despite comprising relatively smaller areas (10-33%) of the
upstream catchment (Table 4.1). The Tertiary basalts in these sub-catchments are much
older (20-30 Ma) than those of the Upper Burdekin (0.013—5 Ma; Dickins and Malone,

1973) and hence have had much longer to develop deep weathering profiles. In
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particular, soils derived from Tertiary basalts (35.2-27.4 Ma; Jones and Verdel, 2015)
in the neighbouring Theresa Creek catchment of the Fitzroy River, which borders the
Suttor River and Mistake Creek tributaries (Belyando) were found to be highly erodible
once cultivated (Hughes et al., 2009). Permian basalts (252-300 Ma) and other mafic
geologies may also be sources of fine sediments in the Bowen sub-catchment. Hence,
this higher relative contribution of basalt along the Suttor and Bowen downstream
continuums suggest that soils developed over basalt (and other mafics) are eroding at a
higher rate relative to soils on other geological sources in these catchments. Indeed,
previous studies in the Bowen sub-catchment have identified that mafic (basalt)
geological sources produce higher sediment yields (Wilkinson et al., 2013). However,
further discrimination is required to determine if the Tertiary basalts in the upper
reaches of the Little Bowen tributary are the primary source of fine (<10 um) sediments
within this tributary, or whether the soils developed on sedimentary rocks contribute

most, as suggested in Chapter 3.
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Figure 4.6 I/I+E ratio relationship with the proportion of basalt in the upstream catchment
area. The outliers of the Clarke River and Lolworth Creek tributary sites are highlighted as
crosses and discussed in the text.



The distinctive ‘basalt source’ clay mineral signatures seen in the basalt-dominated
tributaries of the Upper Burdekin are not reflected downstream at the outlet of this
major sub-catchment (Fig. 4.3a). Here, the end-of-sub-catchment signature reflects the
larger volume of fine sediment contributed from tributaries with more erosive
sedimentary derived-soils, such as the Clarke River and Camel Creek, which contain
average TSS concentrations ranging between 1,200—4,000 mg L™ (Fig. 3.2), and high
I/I+E ratios >50. In comparison, average TSS concentrations of the basalt dominated
tributaries ranged from 130-900 mg L' with I/I+E ratios between 0 and 7. This pattern
is also replicated at a smaller scale for the Clarke River sub-catchment, where the strong
basalt signature of the Maryvale Creek tributary is not carried through to the end of the
Clarke River, with I/I+E ratios of 2 and 50, respectively (Fig. 4.3a; Table 4.1). In this
instance the larger sediment volumes (using average TSS concentrations as a proxy;
also see Ciesiolka, 1976) delivered from this catchment are derived from the
sedimentary landscapes. Similarly, the clay mineral fingerprint of the Lolworth Creek
tributary (#10 in the Upper Burdekin) also reflects a greater influence from the lesser
area of upstream sedimentary geology, with a high I/I+E value (ratio of 39) despite an
upstream basalt area of almost 50%. Lolworth Creek contains the Toomba basalt flow,
the youngest basalt feature of the Nulla Basalt Province (~13,000 years) which

comprises large areas of unweathered rock (Whitehead and Stephenson, 1998).

4.4.3. Sub-catchment sediment characteristics and sources of end-of-river fine
(<10 pm) sediment

The clay mineral tracing data found the Upper Burdekin sub-catchment was the
dominant upstream sediment contributor to the BFD overflow, with similar clay mineral
signatures at these two sites (i.e. within 2% for each mineral), which was consistent
with all sediment size budgets i.e. ‘bulk’, fine (<10 pm) and clay (<4 um) fractions
(Fig. 4.2, Chapter 3). Upper Burdekin-BFD overflow fine sediment is characterised by
an abundance of both expandable and illite clays, and this sediment is related most
closely to sedimentary and granitic sources (Fig. 4.3b). The ternary plot also suggests
the Belyando sub-catchment has the next greatest influence on BFD overflow fine

sediments.

Expandable clays dominated (40—76%) fine sediment (<10 pm) across the major sub-
catchments of the Burdekin with varying contributions of kaolin (14-28%) and illite (7—
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35%; Fig. 4.5). The clay mineral abundance ternary diagram plots the end-of-river site
closer to the Upper Burdekin-BFD source, suggesting end-of-river fine sediment
originates from sedimentary and granitic sources, with an additional influence from
some basalt/expandable clay-rich source area(s), including within the Bowen and Bogie
Rivers downstream of the reservoir (Fig. 4.3b). The end-of-river I/I+E ratio
discriminates between these two major source areas to the end-of-river, and the high
variability of this ratio (range of 18-36) reflects the variable contributions from the
Upper Burdekin-BFD (ratios of 35-34) and Bowen River (ratio of 11) sources. These
influences are wet season source dependant, and individual flood peak end-of-river
I/I+E ratios do show variation between these two sources consistent with variation in
sub-catchment rainfall and streamflow event magnitudes. For example, the 2008/09 and
February 2010 end-of-river peak ratios were highest (32 and 31, respectively), reflecting
the Upper Burdekin-BFD source due to major streamflow events in the Upper Burdekin
sub-catchment (see Fig. 3.1). The peak end-of-river I/I+E ratio was lowest (21) in the
March 2010 streamflow event, where the flood peak occurred within 24 hours of
Tropical Cyclone Ululi’s passage over the Bowen River sub-catchment. The 2007/08
streamflow event provides a third example where the I/I+E ratio (28) reflected sediment
contributions from all major sub-catchments of the Burdekin (Table 4.3). Such
variability at a large (133,400 km®), end-of-river site reflecting two distinctive source
contributions is expected at this scale, and this study highlights the importance of
capturing multi-year datasets to identify these variations in annual wet season rainfall
and source contributions. Importantly for end-of-river sediment source identification,
the clay mineral fingerprints provide additional evidence that both major source areas

need to be considered for management of the finer sediment fraction.

4.4.4. Flood plume sediment characteristics and fractionation

Sampling of primary type flood plume waters following Burdekin River streamflow
events reveal that sediment concentrations rapidly decrease upon seawater mixing (from
0.1 psu), with mean end-of-river TSS concentrations declining from 475 to <25 mg L™
within 10 km of the river mouth (Table 4.3). With the deposition of coarser sediment
fractions at the river mouth, the proportion of clay sized-sediments increased by
between 1.5 and 3-fold within the plume. Declining I/I+E ratios along each sampled
transect with increasing salinity provides evidence for relative enrichment of the

expandable (smectite-rich) clays within this remaining fine sediment (Table 4.3), as also



seen in the flood plume waters of the neighbouring Fitzroy River (Douglas et al., 2006a)
and other large rivers globally (Gibbs, 1977; Sionneau et al., 2008). In a study of
Mississippi River sediment transport, Sionneau et al. (2008) found three factors control
the clay mineral distribution in the Gulf of Mexico with the most important factor being
the relative contributions from upstream fluvial sources, as observed in this study. The
differential settling of illite along the gradient from the coast, and surface-ocean
currents were also identified as contributing factors. The physical sorting of larger
sediment particles (Hillier, 1995), including all coarse sediment fractions (i.e. fine silt to
sand) and the larger clay mineral particles within the <10 um fraction (i.e. illites and
kaolins; Gibbs, 1977; Hillier, 1995) also appears to be an important control on sediment

fractionation and deposition in Burdekin flood plumes.

The study findings suggest that fine sediments derived from sedimentary and granitic
terrains delivered by the Upper Burdekin strongly influence both BFD and end-of-river
sediment composition, but are preferentially deposited inshore upon seawater mixing
(Fig. 4.3b). Other GBR studies have found basaltic-derived fine sediment abundant in
both flood plume (Douglas et al., 2006a) and offshore marine deposits (McCulloch et
al., 2003b). However, within the Burdekin flood plume the clay mineral data do not
distinguish between a general enrichment of expandable clays from this Upper
Burdekin-BFD source or an increase in the relative contribution of expandable clay-rich
fine sediment originating from basalt areas in other catchments, such as the Bowen
River. Further study is required to confirm these basaltic-sediments as the primary
source of Burdekin fine sediment transported offshore, perhaps by involving more
detailed XRD investigation of the expandables category, or by using geochemical and
isotopic sourcing techniques. Characterisation of reef flat and other benthic sediment
deposited along the known Burdekin River flood plume trajectory also requires
investigation, with evidence of further enrichment of the expandable clays within the
marine environment seen in the benthic sediment sample collected from Old Reef, 65

km east of the Burdekin River mouth.

99



4.5. Conclusions

In summary, the distinctive geological source-related “fingerprints” found in this study
prove the applicability of clay mineral-based tracing within large, dry tropical
catchments, and across the freshwater to marine continuum. Further, this study
highlights the suitability of a clay mineral ratio (I/I+E) for broader application across
the GBR catchment area, and other similar environments, to discriminate basaltic
sources of fine sediments. Analysis of individual site sediments collected over multiple
streamflow events and water years found consistency in clay mineral relative
abundances, and the I/I+E ratio distinguished basaltic (ratio of 0—7), granitic (28) and
sedimentary (42-52) geological sources. These ratios also clearly distinguished the
Upper Burdekin-BFD reservoir source (34-35) from the expandable clays-rich Bowen
River source (11), and were used in conjunction with the catchment-wide fine sediment
(<10 pm) budget to provide multiple lines of evidence to guide the remediation of fine
sediment sources. This study found annual wet season rainfall distribution and resulting
contributions from the two main source areas to be a dominant factor controlling
Burdekin end-of-river sediment characteristics each year, with varying contributions
from sedimentary and granitic landscapes (Upper Burdekin-BFD reservoir source) as
well as basaltic/expandable clay-rich sources, such as the Bowen River downstream of
the reservoir. Finally, despite this annual variability in end-of-river sediment sources, an
examination of flood plume sediments over consecutive water years found consistency
in the physical sorting and settling of all coarse sediment and larger clay mineral
particles upon mixing with seawater (i.e. 0.1 psu). Further, the I/I+E ratio provided
evidence of relative enrichment of the expandable (smectite-rich) clays within

remaining flood plume sediment after this bulk deposition near the river mouth.



5. Discussion and Conclusions

5.1. Overview

Increased turbidity and sedimentation associated with greater terrestrial runoff
following agricultural development of coastal catchments has resulted in the
degradation of near-shore tropical marine ecosystems around the globe (Fabricius,
2005; Risk, 2014). Over the past decade, research has determined fine (<63 pm),
organic and nutrient-rich terrigenous sediments have the greatest negative effects on
tropical marine ecosystems (Fabricius and Wolanksi, 2000; Perez et al., 2014; Philipp
and Fabricius, 2003; Weber et al., 2006, 2012). Moreover, the role of fine terrigenous
sediments on resuspension regimes and increased turbidity in inshore marine and
estuarine environs has also been examined (Davies-Colley and Smith, 2001; Fabricius
et al., 2014; Wolanski et al., 2008). However, there have been limited field studies to
date examining the size, composition, transformation processes and dispersal of
terrigenous sediments in tropical estuarine and marine environments, or tracing the
sediment of greatest threat back to upstream catchment source areas. Within the Great
Barrier Reef (GBR), suspended sediment export from the Burdekin River, the largest
discrete source, has increased since European settlement of the catchment (Bartley et
al., 2014; Kroon et al., 2012). Increased turbidity and decreased clarity in GBR waters
off the Burdekin can persist for several months following flood plume formation, as
material delivered in those events is resuspended by waves and currents (Fabricius et
al., 2014). Importantly, detailed examination of the composition of this sediment within
these GBR waters, or the identification of its upstream catchment source has not yet
been undertaken. Hence, the primary aim of this thesis is to characterise and source
Burdekin River flood plume suspended sediment, which is most likely to directly affect
coral reef and seagrass ecosystems of the central GBR.

Historically, large seasonally-dry tropical catchments (e.g. >100,000 km?) have been
poorly studied, in part due to the logistical and financial constraints of covering such
extensive scales, and the difficulties in adequately capturing streamflow events in such
highly variable and seasonal climates. However, tropical rivers export large volumes of
suspended sediments into adjacent marine environments during seasonal rainfall and

discharge events, including those associated with cyclonic activity. An increased
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understanding of sediment yields and rates of delivery is especially important where
suspended sediments are transported to environmentally, socially, economically and

culturally important and sensitive marine ecosystems.

This thesis pursues a multi-disciplinary approach to determine the key sources and
transport pathways of suspended sediments across the large Burdekin catchment and
adjacent coastal waters. The study utilises an integrated suspended sediment, particle
size and clay mineralogy dataset consisting of data collected at high spatial and
temporal resolution across the catchment and flood plume waters (see section 1.6).
Burdekin River flood plume dynamics controlling the fractionation, transformation and
dispersal of suspended sediment within the GBR lagoon were examined (Chapter 2),
and used to guide subsequent investigations of catchment sources using sediment
budgets (Chapter 3) and source tracing (Chapter 4). This study confirms the
applicability of these sediment budget and clay mineral-based source tracing techniques
to better understand sediment dynamics in seasonally-dry tropical environments, and for
large catchments. Further the development of particle size specific yields provides a
novel approach to identify key locations within a catchment from which the most
ecologically damaging grainsize fractions are exported. Here | discuss the key findings
of this study within the context of four key research objectives, designed to achieve the

broader research aim outlined above.

Objective 1. ldentify and describe the hydrodynamic, biological and chemical
processes controlling the transformation and dispersal of suspended sediments and
particulate nutrients in flood plumes delivered to the GBR from the Burdekin River

River flood plume hydrodynamic and chemical processes that control the
transformation and delivery of terrigenous sediments and nutrients in the immediate
near-shore marine environment have been the subject of considerable international
research (e.g. Ayukai and Wolanski, 1997; Dagg et al., 2004; Gibbs and Konwar, 1986;
Golbuu et al., 2003; Hill et al., 2000; Lohrenz et al., 1999; Milligan et al., 2007;
Wolanski and Gibbs, 1994). Within the GBR lagoon, the influence of these processes
on the size and composition of suspended sediment and associated nutrients and organic
matter that can be most readily dispersed offshore to sensitive habitats (Coles et al.,

2011; Erftermeijer et al., 2012) remain poorly understood. This study provides a



comprehensive flood plume dataset for the Burdekin River, including five discrete flood
events sampled from 2007/08 to 2010/11 as presented in Chapters 2 and 4. An
examination of flood plume sediment dynamics during peak discharge conditions found
suspended sediment was rapidly deposited once the floodwaters mixed with seawater
and salinity rose above 0.1 psu (Fig. 2.8, Table 4.2). Suspended sediment concentrations
typically decreased to around one percent of the river mouth concentration within the 0
to 10 psu salinity zone (e.g. 450 to 5 mg L™), typically extending no further than 20 km
from the coast (Chapters 2 and 4). While these findings support the conclusions of
earlier Burdekin River flood plume studies (e.g. Devlin and Brodie, 2005; Wolanski and
Jones, 1981), this thesis contributes significantly to the detail and knowledge of the
origin and dynamics of flood plume sediments discharged into coastal waters. Further,
this study coincided with a wetter climatic cycle in the historical rainfall record for the
Burdekin catchment, correlated to the Pacific Decadal Oscillation (Lough, 2011,
Rodriguez-Ramirez et al., 2014). Thus, this study examined a series spanning low
annual flows to unusually large rainfall and river discharge years, including the 3™, 4™
and 6" largest discharge years on record (Fig. 5.1; Lough et al., in press) and uniquely
captures runoff and associated sources of suspended sediment from all areas of this
large catchment (Chapter 3).
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Figure 5.1 Historical Burdekin River annual discharge at the Clare gauge from 1921 to 2012
(DERM, 2012), highlighting the study water years (red), and long-term average annual
discharge (9.18 million ML) for this 91-year period (blue-dotted line).
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Earlier research has shown suspended sediment from the Burdekin River and other
GBR dry tropical rivers, such as the Fitzroy River, mostly settles close to the river
mouths (Devlin and Brodie, 2005; Lewis et al., 2014; Radke et al., 2010; Webster and
Ford, 2010; Wolanski and Jones, 1981). Importantly for the first time in the GBR,
Chapter 2 found all sand (>63 pum) and the majority (>80%) of clay and silt (<63 pm)
sized-sediment exported from the Burdekin River to rapidly settle by the time the
freshwater plume mixed with the receiving seawater, and salinities had increased to just
0.1 psu, normally within 10 km of the coast (Fig. 2.8). Microphotographs of sub-surface
plume water within this zone revealed flocs of sediment particles were settling bound by
organic matter, with floc sizes >100 um in diameter. The influence of both physical and
biological flocculation processes (e.g. size sorting and settling, salinity, production of
binding ‘glues’) in accelerating settling of river suspended sediment as it encounters
seawater have been well documented in other coastal settings internationally (e.g.
Ayukai and Wolanski, 1997; Fox et al., 2004; Gibbs and Konwar, 1986; Hill et al.,
2000; Hillier, 1995). This study provides the first evidence of this process occurring in
the flood plumes of the large, sediment-laden, dry tropical rivers discharging into the
GBR, with the preferential deposition of coarse suspended sediment shown to be

accelerated through biologically-mediated flocculation.

Biologically-mediated flocculation of sediment within turbid coastal waters has been
shown to be driven by heterotrophic bacterial activity, where the low light and salinity
conditions can prevent marine phytoplankton blooms (Dagg et al., 2008; Lohrenz et al.,
1999). Most previous studies have focused on the influence of dissolved inorganic
nitrogen which dominates global nitrogen export (Seitzinger et al., 2010). The results in
Chapter 2 demonstrate that particulate nitrogen and phosphorus are non-conservatively
mixed in this initial turbid, low salinity area of the flood plume. Although some of the
nutrient loss from surface waters is due to physical settling, it is hypothesized these
particulate nutrients also drive bacterial activity in this zone leading to the formation
and subsequent settling of these large organic-rich sediment flocs. In short, the evidence
suggests that particulate nutrients may accelerate suspended sediment deposition close
to the river mouth. As microphotographs of the samples taken from the end-of-river
(freshwater) showed that these sediments were unflocculated, the formation of flocs
must occur upon estuarine mixing where conditions become favorable for bacteria. A

detailed examination of the dynamics and drivers of the particulate nutrients and their



interactions with suspended sediments in coastal estuaries was beyond the scope of the
present study. Great Barrier Reef flood plume research to date has primarily focused on
the secondary plume water types (i.e. intermediate salinity, reduced TSS; Petus et al.,
2014) further offshore, and the uptake of dissolved inorganic nitrogen by marine
phytoplankton where growth is no longer light limited (e.g. Brodie et al., 2010; Davies
and Eyre, 2005; Devlin and Brodie, 2005; Radke et al., 2010). Hence, the influence of
particulate nutrients in driving biogeochemical cycles during initial flood plume
conditions, and redistribution and potential mineralization within the coastal waters in
subsequent dry season months (see Radke et al., 2010) may currently be underestimated
for seasonally-dry tropical rivers. Again, further investigation to resolve this should be a

priority.

Objective 2: Identify and characterise the sediment types that are likely to affect the
greatest area of the GBR and have the most severe direct impacts on GBR ecosystems

The types of sediment that are most readily dispersed in plume waters beyond the initial
turbid zone must be identified to develop effective management priorities to reduce the
direct impact of terrigenous sediments on sensitive tropical marine ecosystems.
Although the transport and transformation of terrigenous sediment and associated
particulate matter in marine waters by flood plumes has been studied for a number of
the world’s largest rivers (see Dagg et al., 2004), few studies have examined flood
plumes generated by seasonally-dry tropical rivers, or those located along the GBR
coast. The extensive areas over which flood plume waters disperse across the inner and
mid-shelf regions of the GBR have now been mapped in detail, including frequency of
spatial exposure (e.g. Fig 9 in Devlin et al., 2013; Fig. 9 in Alvarez-Romero et al.,
2013), using a combination of satellite imagery and in situ measurements of salinity,
chlorophyll a, TSS and nutrients (Alvarez-Romero et al., 2013; Brodie et al., 2010;
Devlin et al., 2012, 2013; Petus et al., 2014; Schroeder et al., 2012). However, to date
the sediment entrained in these plumes has been poorly characterised. Thesis Objective
2 sought to address this knowledge gap. This chapter revealed clay (<4 um) and fine silt
(4-16 um) sediment fractions are dispersed furthest in flood plumes discharged from
the Burdekin River. Thus, further research should focus on the dynamics of these
fractions in terms of their physical behaviour in flood plumes and subsequent

resuspension events, as well as the nutrient and contaminant content of these different
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size fractions. The identification of these size fractions most widely dispersed in flood
plumes can also be used to isolate the catchment source(s) of these clay and fine silt
sediments to most effectively implement catchment management actions to mitigate
downstream impacts. Hence, the results of Chapter 2 guided the focus of investigations
for the later chapters of this thesis.

Clay and fine silt sized-sediments were observed during peak flood conditions as
discrete mineral particles or, once suspended sediment had reduced to <10 mg L™, small
flocs in plume waters adjacent to the coast (Chapter 2). With improving light conditions
as sediment concentrations and associated turbidity decreased in the weeks following
discharge events, biological activity increased in the coastal plume waters (i.e. <20 km
from the mouth), indicated by higher chlorophyll a concentrations, and the presence of
diatoms and zooplankton (observed in microphotographs e.g. Fig. 2.5). During this
phase microphotographs showed suspended sediments encased in biological matter as
large, low-density, floc aggregates (100-200 pm; Fig. 2.6), with sampling indicating
that they maintain this state after seaward propagation at least 100 km from the river
mouth. Thus for the first time in the GBR, this study has identified flood plume fine
sediment (<16 um) is dispersed into the lagoon as organic-rich flocs. These specific
sediment characteristics are those identified to be most damaging to corals (i.e. organic
and nutrient-rich, fine (<63 pm) sediment (Weber et al., 2006, 2012)), that is readily
resuspended and causes enhanced smothering effects due to its propensity to adhere to
coral surfaces (Fabricius and Wolanski, 2000). As the other large rivers discharging into
the GBR are also characterised by high suspended sediment and nutrient loadings it is
hypothesised that nutrient-enhanced biological encasement of fines to form flocs may
be a key mechanism influencing the dispersal of fine terrigenous sediment across most
of the GBR.

The publication arising from Chapter 2 (Bainbridge et al., 2012) was the first to
describe the extent and duration of flood plume conditions resulting from significant
rainfall and river discharge in the extreme 2010/11 water year, associated with one of
the strongest La Nifia events on record (Lough et al., in press). This study identified the
likely impact of such flood plumes resulting from extreme discharge events (i.e. >90"
percentile; Lough et al., in press), carrying suspended sediments, nutrients and other
contaminants that may persist within inshore GBR waters for weeks, and continue to be



resuspended in the months following such events (e.g. Fabricius et al., 2014). For
example, the 2010/11 Burdekin River flood plume persisted for at least 10 weeks within
the GBR. Prior to this extreme rainfall and discharge event, flood plumes had generally
been considered to be short-lived phenomena that quickly become well-mixed with
seawater in the strong winds and currents often prevalent during the wet season months
(Devlin et al., 2001). The interactive effects of reduced salinity and poor water quality
on marine ecosystems has been shown experimentally (Humphrey et al., 2008), and the
detrimental effects on inshore coral reef and seagrass communities attributed to flood
plumes discharged by coastal rivers along the GBR in the extreme 2010/11 water year
have been documented in an array of recent publications (Berkelmans et al., 2012;
Butler et al., 2013; Coles et al., 2014; Fabricius et al., 2014; Jones and Berkelmans,
2014; Thompson et al., 2014; Petus et al., 2014). Further, recent inshore GBR coral reef
health monitoring found increasing volumes of clay and silt sized-sediments settled on
inshore reefs from 2005 to 2012 (Thompson et al., 2013), in addition to regionally
increasing turbidity due to the above average rainfall and river discharge conditions
experienced over this time. These findings support the thesis that finer sediment
particles are being preferentially transported to inshore reef environments during large
river discharge and flood plume events and influence subsequent resuspension events
(Fabricius et al., 2014).

Objective 3: Identify major sources of suspended sediment in the Burdekin catchment,
including the spatial and temporal variability of suspended sediment sub-catchment
contributions, by constructing a catchment-wide budget and partition the budget into
defined (Objective 2) suspended sediment particle size fractions.

Internationally, suspended sediment source and transport processes in seasonally-dry
tropical rivers have received limited attention. However, large seasonally-dry tropical
rivers contribute the highest loads exported from the GBR catchment area and as such
identifying sediment source areas and an improved understanding of how this
suspended sediment is transported through these catchments are imperative to manage
the threat to GBR marine ecosystems. This thesis is the first catchment-wide, empirical-
based approach to construct budgets of sub-catchment discharge and suspended
sediment load contributions for the Burdekin River, and includes the compilation and

analysis of one of the most comprehensive suspended sediment datasets collected across
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all GBR catchments. The data presented in Chapter 3 were collected during wet season
streamflow events, and include five consecutive water year budgets represented by
seven strategic sub-catchment, reservoir outlet and end-of-river streamflow gauging
station locations. These budgets are complemented by data from 24 additional tributary
sites sampled during streamflow events between 2004 and 2011 by a trained volunteer
network. This study illustrated catchment-wide suspended sediment budgets for large
seasonally-dry tropical catchments can readily distinguish consistent, dominant sub-
catchment sources of end-of-river suspended sediment export. The budget approach was
also useful in quantifying the influence of a reservoir (which captures 88% of the entire

catchment area) on end-of-river discharge and suspended sediment export.

Variability in the contributions of suspended sediment from sub-catchments across the
Burdekin catchment can be distinguished by key geomorphic features. The Bowen and
Upper Burdekin sub-catchments were identified as the main sediment contributing sub-
catchments, dominating end-of-river suspended sediment supply throughout the study
period, including water years where rainfall and discharge were larger in the drier
inland sub-catchments. These sub-catchments are characterised by steeper topography,
erosive soils, and wetter climates due to proximity to the coast. The drier inland sub-
catchments (Belyando, Suttor and Cape), characterised by low relief and expansive
anastomosing floodplains were found to generate sediment yields <23 t km? yr™, an
order of magnitude lower than their coastal counterparts (147-530 t km? yr; Table
3.2). This characterisation of sub-catchments by geomorphic attributes and associated
sediment yields provides a rare and valuable sediment yield dataset that can be utilised
for other seasonally-dry tropical or semi-arid studies with similar geomorphic

conditions.

The sediment budget analyses in Chapter 3 identified a sub-catchment representing only
12% of the total catchment area to be the dominant contributor (55-82%) of end-of-
river suspended sediment export, providing a well-defined and constrained geographical
area to target on-ground remedial investment. These results highlight the effectiveness
of the sediment budget technique at this large scale, and provide an empirical approach
to sediment source identification both within large river catchments and dry tropical
environments. For studies of ephemeral river systems such as the Burdekin, this
research also highlighted the importance of intensive sampling regimes that target and



capture larger streamflow events at key sub-catchment locations in order to reduce
uncertainty in calculated suspended sediment loads and accurately quantify sub-
catchment contributions. This can be logistically difficult in such catchments with
spatially and temporally variable hydrological regimes (e.g. Alexander et al., 2001). The
benefits of establishing a trained, technically proficient volunteer sampling network to
overcome the logistical constraints of ‘event’ field sampling across large river
catchments with remote tributaries were also confirmed by this study.

Numerical catchment models have been previously relied upon to identify catchment
sediment sources and sub-catchment load contributions. However, these models have
rarely been validated for the seasonally-dry tropical conditions of the large GBR river
catchments. This thesis has generated a valuable dataset that will support the calibration
and validation of such models for these environments; including suspended sediment
sub-catchment yield rates, catchment-wide sediment budgets under a range of discharge
conditions, and estimates of suspended sediment trapping within reservoirs located in
the catchment. This study included error margins for sub-catchment suspended sediment
loads and reservoir sediment trapping estimates for the first time in the GBR (Chapter 3;
Kuhnert et al., 2012; Lewis et al., 2013), improving data confidence and providing
confidence intervals for model comparison. The highly seasonal and variable nature of
streamflows within seasonally-dry tropical catchments means that models based on
forecasting ‘average annual loads’ will not adequately capture the wide range of
potential annual sediment yields (e.g. 0.004 to 15.7 million tonnes at the end-of-river
site over a 24-year period). Temporal variations in suspended sediment yields
associated with drought breaking floods, or sediment supply-limited years are also not
captured in most forecast models. These constraints should be better acknowledged as a
limitation to the application of numerical catchment models to seasonally-dry tropical

catchments.

Catchment sediment budget studies often represent the <63 um fraction as a single
entity, focusing on the different fluvial transport efficiency of this material which is
transported as suspended sediment, relative to that of bed material which is
predominantly transported along, or close to, the bed (Koiter et al., 2013; McKergow et
al., 2005). In Chapter 3 this study takes a higher-resolution approach and divides this
fraction into clay (<4 pum), fine silt (4-16 um) and coarse (i.e. >16 pm) sediment
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fractions (Fig. 3.3), to identify the sub-catchment sources of clay and fine silt sediments
which can be transported with different efficiencies through impoundments such as the
Burdekin Falls Dam (BFD), and which have most relevance to sustainably managing
the GBR ecosystem (Chapter 2). This component of the thesis provides a unique
approach for application in other tropical river studies, including studies seeking to
determine sub-catchment sources of clay or silt fractions, or reservoir influence on the
transport and deposition of different sediment size fractions. Although the BFD has
minimal influence on end-of-river discharge, the reservoir did significantly reduce
suspended sediments contributed from the upstream catchment area to the end-of-river
(Fig 3.1). Indeed, annual reservoir trapping efficiency of suspended sediments ranged
from 50-85% of total incoming suspended sediments during the study period.
Significantly, the revised sediment budget based on the specific sediment size fractions
found the reservoir preferentially trapped the coarser (>16 pm) sediment fractions
(92%), increasing the proportion of clays and fine silts in the sediment loads being
carried over the dam wall (Fig. 3.3; Lewis et al., 2013). The data also revealed the
highest clay and fine silt loads, of most interest to environmental managers of the GBR,
are not always sourced from areas that yield the largest ‘bulk’ suspended sediment load
(i.e. all size fractions). Whilst the Bowen River was identified as the major source of
‘bulk’ suspended sediments across the Burdekin catchment, when the clay-only fraction
is considered, almost equal loads are contributed from the Bowen River and BFD
overflow sources (e.g. 1.03 and 1.32 million tonnes, respectively, over the study period
average; see section 3.5.4). However, the clay-only specific sediment yield from the
Bowen River (145 t km? yr™) is 10-times higher than the BFD overflow source (11 t
km? yr). Thus, this chapter demonstrated the importance of incorporating sediment
particle size into catchment sediment budget research targeting remediation of source

areas for the finer sediment fractions of most concern to marine park managers.

Objective 4: Examine the potential of clay mineralogy-based tracing to discriminate
discrete sediment sources and trace flood plume suspended sediment within a large,
geologically complex catchment.

The applicability of clay mineralogy as a sediment tracing technique for catchment
studies with a specific focus on tracing terrigenous sediment in flood plumes back to a

catchment origin was evaluated in Chapter 4. Studies linking catchment sources to the



downstream transport and dispersal of this sediment within the adjacent marine
environment are rare (Risk, 2014), particularly those that seek to both characterise and
source sediment carried beyond inshore turbid zones. To address this knowledge gap,
the clay and fine silt sized-sediments carried in secondary plume waters (as identified in
Chapter 2) were traced to geological source areas within high sediment-yielding sub-
catchments of the Burdekin identified in Chapter 3. Clay mineral abundance data were
also used to further characterise flood plume fine sediment most readily dispersed
offshore. Using key clay minerals identified in sediments collected across tributary to
flood plume scales, sedimentary, granitic and basaltic geologies were identified as the
main sources of end-of-river fine (<10 pum) sediment (Fig. 4.3). Sediments derived from
basaltic sources were most clearly distinguishable from other geological sources using a
clay mineral ratio (I/1+E; see 4.2.4; Fig. 4.3a), which highlighted the dominance of
basaltic sources of sub-catchment outlet sediments (e.g. Bowen and Suttor Rivers)
despite comprising relatively small areas (10-33%) of the upstream catchment.
Expandable (smectite-rich) clays also appear to be relatively enriched in flood plume
waters upon seawater mixing (Fig. 4.5), as the coarser sediment (>16 um) is deposited
within the initial turbid zone. Douglas et al. (2006a) and Smith et al. (2008) found
smectites were also enriched in the Fitzroy River estuary, and concluded they contained
a substantial Tertiary basalt component. Hence, there is now evidence suggesting flood
plume sediments most readily dispersed offshore from the two largest sediment sources
to the GBR (i.e. Burdekin and Fitzroy Rivers) are characterised by fine clay originating

from basaltic lithologies within the catchment.

This thesis has utilised complementary, multiple lines of evidence to identify sediment
sources across a large, seasonally-dry tropical catchment, including (i) a series of annual
catchment-wide discharge and sediment budgets using empirical suspended sediment
loads data over a five-year period; (ii) a refined version of this budget incorporating
specific sediment size fractions from four years of available particle size data; and (iii)
tracing of end-of-river and coastal flood plume fine (<10 pm) sediment using clay
mineral abundance data collected over six water years from 31 sites across the
catchment. Recent reviews (Fu et al., 2013; Koiter et al., 2013) have highlighted the
benefits of a ‘multiple lines of evidence’ approach to sediment source investigation,
given the limitations and uncertainties associated with individual monitoring, tracing or

modelling techniques (also discussed above (Objective 3) and sections 3.3.5 and 4.4.1).
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In this study clay mineral tracing provided additional evidence to confirm the sub-
catchment contributions of clay and very fine silt (i.e. <10 um) as identified in the
sediment budget approach. Further, the use of a ratio of common clay minerals enabled
geological source areas within identified sub-catchments to be further discriminated for
targeted landscape rehabilitation. Such approaches to source investigation have been
applied in several northern Australia river catchments (e.g. Ord River (Wasson et al.,
2002), Fitzroy River (Douglas et al., 2008), Mitchell River (Rustomji et al., 2010) and
Normanby River (Brooks et al., 2013)), using a combination of sediment flux/load data,
multiple tracers (e.g. isotopes, geochemistry), gully sediment yield rates and/or
numerical catchment models. This combined approach provides greater confidence in
management recommendations to Government and regional Natural Resource
Management (NRM) organisations commissioning research to target substantial
investment in on-ground remedial efforts. As shown in this thesis, the multiple lines of
evidence approach has particular usefulness and broader global application in poorly
studied catchments, such as those located in dry tropical environments.

The often distinctive geological source-related “fingerprints” found in this study suggest
the relative proportions of clay minerals to be a valuable tracing tool in large and
geologically complex catchments. This technique has particular utility in such
catchments to examine broad trends in fine sediment sources to guide the focused
application of more expensive and time consuming geochemical and/or isotopic tracing
techniques within specific sub-catchment areas. Further, this study found 1-2 samples
from any given source area may be sufficient to generate reproducible signatures,
highlighting the efficacy of this technique and its potential application for similar
sediment tracing and climatic studies in other catchments. It has also been argued that
clay minerals may provide a more suitable tracer that geochemistry, especially in
studies across the saline mixing zone where interference of geochemical tracers can
occur (Koiter et al., 2013). However, geochemical and isotopic fingerprinting
techniques have the advantage of providing quantification of multiple upstream source
area contributions (e.g. Douglas et al., 2008; Wilkinson et al., 2013). Thus a
combination of methods for use within catchments of this scale is likely the most
suitable approach, where these latter techniques may be used to target areas identified as
most relevant by the clay mineral-based approach. The advantages of an intensive,



multi-year sampling approach to the study of highly variable seasonally-dry tropical
catchments have also been highlighted in this thesis, especially to capture annual

variability in source contributions to the end-of-river for larger catchments.

5.2. Concluding remar ks and future research directions

This is the first study to examine sediment particle size fractionation within flood
plumes and adjacent catchments of the GBR and confirms the importance of
biologically-mediated flocculation processes in influencing both the deposition and
dispersion of terrestrial particulate matter within the GBR lagoon. The identification of
both the specific sediment size fractions (<16 pum) and mode of dispersal of this
sediment as organic-rich flocs in initial plume waters provide a significant advancement
in our understanding of terrigenous sediment dispersal and transformation within the
lagoon, and the nature of this sediment as it reaches GBR ecosystems across and along
the shelf. Further, sub-catchment sources of these clay (<4 um) and fine silt (4-16um)
sediments were identified across this large river catchment using particle size specific
catchment sediment budgets. These source areas were further refined to geological
sources using a clay mineral-based tracing technique with great success. This study
highlights the importance of examining the particle size of suspended sediments
exported from the large, dry tropical rivers of the GBR and similar coastal settings, and
should guide further research examining the ecological effects of terrigenous sediment
(and associated nutrients and other contaminants) on coral reefs, seagrass meadows and

other marine ecosystems.

The approach to sediment source identification presented in this thesis for the Burdekin
River catchment is suitable for broad application across the GBR catchment area and
lagoon to aid in further identification of (i) terrigenous sediment sources for on-ground
investment strategies, (ii) the characteristics of this sediment dispersed in flood plumes,
and (iii) the final fate of this sediment and impact within the GBR lagoon. Further

research areas include:

e Much of the research to date examining the ecological effects of terrigenous
sediment on marine ecosystems such as seagrass meadows and coral reefs has
focused on the <63 um ‘mud’ sediment fraction as a single homogenous fraction.
This thesis has demonstrated that <16 um sediment is transported in organic-rich
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flocs whilst coarser sediment deposits near the river mouth. These findings
strongly indicate that the finer clay (<4 um) and fine silt (4-16 um) fractions
should be analysed separately in future investigations. However, it remains likely
that nutrients in all particle sizes can contribute to reduced light clarity and
dispersal of fine sediment fractions within the lagoon, by their dissociation into
the water column and subsequent contribution to algal growth, on sediment flocs
or separately. Therefore, it has also become important to better understand the
particulate nutrient content, and the degree and rates of bioavailability of different
size fractions delivered to coastal waters.

Refinement of the clay mineral ratio as a tool to trace and assign plume sediment
to its geological origin. Strengthening of this tool in combination with
geochemical and/or isotopic tracers to further identify multi-sourced basaltic-
derived sediment is currently under further investigation, with several tracing
projects recently completed in the Burdekin catchment (Burton et al., 2014). Such
tracing could also be extended further within the receiving marine environment to
trace the origin of resuspended sediments and/or deposited sediment on reef flats

and seagrass meadows.

Confirmation of sediment particle size and floc formation processes within
secondary plume waters of other important GBR rivers. In the discussion
(Objective 2) it was hypothesised that sediments discharged from the other large,
sediment-laden rivers of the GBR are also dispersed as organic-rich flocs,
however this depends on the characteristics of sediments (e.g. particle size,
organic content) and associated nutrient loads (e.g. quantity, bioavailability,
species present) carried within these plume waters, which requires further
investigation. The fractionation and transformation processes influencing
sediment contributed from the smaller, wetter catchments of the GBR,
characterised by smaller sediment loads and high dissolved nutrient loadings (i.e.
more intensive fertilizer use; Bainbridge et al., 2009) also requires further

research.

Recent research across northern Australian rivers has identified sub-surface (e.g.
gullies, channel bank) erosion processes as the dominant source of sediment

yields from most large, dry tropical catchments (e.g. Caitcheon et al., 2012; Olley



et al., 2013; Wilkinson et al., 2013). Research to date on sub-surface erosion in
catchments draining to the GBR has focused on the <63 um sediment fraction as a
single homogenous fraction. The findings of this thesis strongly support further
examination of the specific clay and fine silt (<16 pm) fraction contributions
across key source erosion processes.
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Figure A2.1 Salinity contour maps of the Burdekin River plume produced from Sea-Bird
depth profiling conducted along Plume Transects (a) 1 (30/12/10) and (b) 3 (18/01/11).
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Figure A2.4 Variation in two MODIS-L2 variables within a river plume (4/01/11) along the
colour gradient (from red to green) as depicted in the classified true-colour images presented
in Fig. 2.3d. This exemplifies how the two proxies for TSS/turbidity (i.e., normalized water-
leaving radiance at 667 nm (nLW_667) and particulate backscattering coefficient at 555
nm(bbp_555)) vary along the observable colour gradient, as further described by Devlin et al.
(2012).
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Figure A3.la-c Time-series plots showing flow hydrographs (grey line) and TSS
concentrations in mg L™ (black circles) for each of the seven gauged sites over the five
monitored wet seasons (2005-2010).
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Figure A3.1d-f Time-series plots showing flow hydrographs (grey line) and TSS
concentrations in mg L™ (black circles) for each of the seven gauged sites over the five
monitored wet seasons (2005-2010).



g) Burdekin River (Inkerman: 120006B)
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Figure A3.1g Time-series plots showing flow hydrographs (grey line) and TSS
concentrations in mg L (black circles) for each of the seven gauged sites over the five
monitored wet seasons (2005-2010).

Great Barrier Reef Carchments Water Quality Monitodng

The guidelines for water quality sampling listed in this document are based on the protocals
requited by the ACTFR. Freshwater Laboratary for the collection and storage of samples. This
document has been devaloped for use by Graat Barrier Reaf Catchments Water Quality Monitoring
Projects, and as such. ouly includes parmeters specific to these snaies.

SAFEIT ALWATS COMES FIRST]
Do not at auy time take annecessary risks. Always be accompanied by at least oze ofzer
person. If vou are unable to contact the Project Officer before sampling ensure von notify
friends family of your actions. Ensure you bave conducted a risk assessment of your site,
a5 well as current weather condition:. and bave an up to date emergency plan.

. Before sampling, clean hands thoroughly with frechwater. Graase, oils, soap, fertilizers,
sunscreen, hand creams and smoking can all contribute to contamination (2lthoush vou may
need to use 50ap to remove these, ensure ou rinse thoroughly). If possible rinse off hands with
river water before sampling If you are a smoker it is mandatory for you to wear gloves

. Before collacting each set of samples, rinse the bucket, 1id and stirring rod thres times in fhe
siver water, NEVER 20T ¥OUR HANDS I THE BUCKET TO CLEAN, STIR SAMPLE 0K TO FILL ANY
saariz cowTamvers. Discard rinse water sway from the sampling area.

3. After rinsing the bucket collect epough river water fo rinse the 1L TSS bottle thrae times (as
directed in the filling mstructions). Lower the bucket azain to collect he final sample water. if
conditions are unsuitable {2 £. rmizing hard and windy) put the i on the bucket and retamto 2
safe area neatby to fill sample containers

-

Fallow the filling istractions (confained in the fullowing pages) thoroughly when flling
CODMINETs PLEASE NOTE SOME SAMPLES REQUIRE THE SAMPLE TO BE STIREED WITH A ROD
DAEDATELY PRIDR T0 TELLING conTAvERs. This will ensure the collected sample is well

mizad

5. On each sampling run record the date, fime, bottle [T number, ecc on the record sheet provided.
Each kit contains se1s of sampling borties and vials. For sach sampling nn ensure thar all the
ottles and viak with the same identification number are filled ez 157300 - £3”. ramrme TO

EECORD SAMYLING INFORMATION WILL VOID THE SAMPLING FROCESS.

GBR Catchrmgs Watsr Qrality Mioeétoring Summpling Procedures 1

Figure A3.2a Volunteer water sampling procedures for GBR catchment events-based water
quality monitoring developed by the candidate for the volunteer sampling component in
conjunction with the Queensland Government community waterways program for other GBR
catchments.
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FLEASE ENSURE THE SAMPLES AXE STORED AS 500X AS FOSSIELE [N THE JRIDCE OF FREETER
(as specified in filling mstructions), until collectin by the Project Officer

b d

Mote any siznificant change of conditions in the comments section of the racord sheet (e g
change from turbid to clear water, obwious differences in flow from the edge compared tw the
middle, rainfall - ifavailable. etc). Diaw a mud map of your site in the space provided on the
back of the record shest.

=

If possible. please mke a few photos at each sampling ran. Record the photo location (eg:
upstream. downstream) on the record shest next to the time of sampling.

9. Afier sampling, rinse bucket, lid and rod with tap water and allow to dry.
Staring syringe
+  Dull syringe apart and rinse theroughly in tap water. Ba
carzfl not to touch insids the vessel or the end of the
plnger.
Place on tissue or paper towel 1o dry. MNote it is still
impartant to rinse the syringe with mver water as
instructed before sampling agam
+ When sampling a new event, start a new syTinge.

10. Coatact Project Officer after collecting samples or if you have any questions at any time during
the event. Samples will be picked up as so0m a5 possitle

«" Check off sheet

1. Oue IL Plastic bottle - Total Suspended Solids (TSS)
and Conductivity (salts)

+  RINSE bottla out thres (3) fimes with water to be saxpled (shake
with lid om).

+  Discard rizse water way from sampling 2rea.

Stir sample (whon not uing the rod, place it oa the lid of backst

to koo cleaz).

Fill to ovarflowing 20d seal. Do pot leave an ais gap.

Place botde in fridge (prafarably dak location) wt] collaction,

OF. &2 2m aaky oa ice miil callectad by project officar.

+ DONOT faass batths.

Sample can be stored safely in dark refrigerated condifion: for up to
Iweeks

Fleaze note
» To minimise comtamination please keep fingers away
from all tops and lids.
« Never place cap: facing edze down when they are
remeved from the bottle vial

FRIDCE

v ot i camtnines e sy walz

Pour wate o comtaioes, wvuid taching li
ol ket

el o

o Natify Project Officer and family/friends of actions
o Assess safety risks {e.g. carrent weather conditions, access to site, etc) 2. One 11 Brown glass bottle - Pesticides
o Wash hands -
o Rinsebucket, id and rod il
+ DO NOT RINSE hotiles.
Fill botiles and viaks rding to instroctions
i Filli ;nl St e +  Fill to tho sack of the botdds lazving an air gap.
= s i frideelf 2 z +  Place samples in fridge (prefanably dark location) ussil
o e R el i o colloction. OR in an sk en ica msil collocted by project officer
o Rinse bucket and syringe, and store in safe (uncontaminsted) location to dry « DoNoT ot
o Contact Project Officer for collection of samples
€ 05 5 fi Trogical ATk % nd Mo = = i 2
Copyi this peblicasicn. [t muay for sy, maarch o rain webjoct to the Iy o idgs, “Dafirs tha TS5 bomias
inchion of i ra vt
R Catchossnt Watss Qrality Mozissing Sempling Proceduss 2 GBR. Catchrsents Water Quality Mositoring Saxpling Procedures 3
e e e Total Niirnmes s il EREEE 5. Six 10mL Plastic viaks with vellow caps - Dissolved
Phosphorns (TNTP) Nutrieats
*  Stir sample Dizsolved Inorganic Nirogan (DIN's — Nitrate & Nirrive)
+ DONOT RINSE visl Ammonia (NH|

Fill vial to the black Lins with sample wates
© DO NOT QVERFTLL vil thers st be am air gap 0o
prevest wial spliting whes Sezan
+  Remm vial to clip wal bag

Freers the sample a3 soom 25 possible, but if 2ot possibls stom in e
dark, om ice 25 quickly a3 You can fo.5. 2 Tefigerater or o am eiky ca
ice) anti] callectsd by the project officas.

-

. One 20mL ghass vial - Total Organic Carbon (TOC) FRIDGE

= Carefully uncover the alfoil under lid.

= DO NOT touch the mside of the alfail

+ DO NOT rinse the vessal

+ Fill to overflowing and re-place the alfoil seal back on the
botde with the same sids facing down.

= Hands are contaminated with organic material, therefore be
extremely careful when replacing alfoil cover and lid

Place :amples in fridge (profrsbly dk location) unsl collaction, OR i
2= sk omics ntl collscted by preject offizar.

{GBR. Catcbments Watsr Quality Monétoring Samepling Procadiss 4

Frirerabie Reacive Phosphorus (FRP) ~ PO, (Phosphate)
Toral Dizseived Nirogen/Total Dissolved Phagphomis
(TDN.TDF)

+ DONOT RINSE visk.

= Samples must be FILTERED.

»  Sampls water et mot noed ks be stirmed 1F awemame diffeuly i
anparianced when Sltering, allow tha sample to setfe for Smin.

+  Firstly, time ont syringe thros (3} times with the water o be
sampled.

+  Discard rimse water zanay from sampling area.

«  Fill the syringe with samsple water.

+  Attach orangs flter to the tip of the syTinga.

+  Flush cut filter with ~2m=L of sample to prime the Sler paper.

+ DO NOT collect this rinse water ia the vials.

= MNow, ming the primed wyrings amd Sl collect the Sltared

sammple in the plastic vials to the Eme (10mL).

DO NOT OVERFILL wials, theee cmmst be m air gap to prevent

vial splifting whan frozan.

Filtars may be ro-used for the same sat of vials, but they mmatbe

datached Sum the syvings befors re-Slling. Hewsver, use 2 new

Sltar £or ach paw et of viaks {is. Daxt sample run). Ifwaters are

tarbid it may require  faw Sltars to provids snough saple watar

for sach vial

»  Ramrnvish to clip seal bag.

Freeze the samples a3 se0n 23 postible, bat if not posable stors i the
dak, om ice 2 quickly as you cam {a.5. 2 2 reffigerator or in s eiky ca
ice) unt] callected by the project ofices.

T s rech the inletoutlet of fikee

Atk Bl 1o ayinge From packet fo asd
contamizativn fnyh loucking

- —

Curnect wary e hoil viel mnd sy g,
avoiding touhisg s, o of vials sad [
Pl I e s T e
sic for Fiberizg

{GBR. Catcements Water Qrlity Mosétocing Sacspling Procedimes

Figure A3.2b Volunteer water sampling procedures for GBR catchment events-based water
quality monitoring developed by the candidate for the volunteer sampling component in
conjunction with the Queensland Government community waterways program for other GBR
catchments.
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Table A3.1 Ungauged minor tributary sample site details and data collection summary. See

Figure 1.1 for site locations.

Busrggl_dn Minor tributary Hocation Upstrear? wa#ier Water years #TSS Average
catchment sample site Lat Lon area (km°) years sampled samples (mg LY

Upper Burdekin (1) Dry River -18.79 144.85 680 2 2003/04; 2006/07 6 3395
Upper Burdekin ~ (2) Grey Ck -19.01 145.04 1,005 2 2006/07 - 2007/08 10 2465
Upper Burdekin ~ (3) Camel Ck -18.84 145.47 260 2 2005/06 - 2006/07 8 4075
Upper Burdekin (4) Clarke R -19.22 145.43 6,425 3 2006/07 - 2008/09 37 1230
Upper Burdekin  (5) Maryvale Ck -19.43 145.31 900 2 2006/07; 2008/09 7 910
Upper Burdekin (6) Running R -19.13 145.83 680 6 2005/06 - 2010/11 28 235
Upper Burdekin ~ (7) Star R -19.44 145.97 1,690 6 2005/06 - 2010/11 36 210
Upper Burdekin  (8) Basalt R 1962 1458 2,050 5 o o 27 620
Upper Burdekin (9) Fletcher Ck -19.8 145.86 885 7 2004/05 - 2010/11 41 130
Upper Burdekin ~ (10) Lolworth Ck -19.87 145.85 2,295 5 2004/05 - 2008/09 28 445

(14) Kirk River -20 146.75 210 6 2005/06 - 2010/11 32 170

(15) Elphinstone Ck -20.14 146.86 50 5 22000054?069'_2200016(;?171: 16 1405
Belyando (18) Upper Mistake Ck -23.08 147.17 75 6 2005/06 - 2010/11 41 370
Belyando (19) Mistake Ck -21.81 146.88 8,770 2 2005/06 - 2006/07 10 555
Belyando go) UpperBelyando 589 146,57 11,260 4 2200005;?1%'_22%017(;?1% 7 925
Belyando E:zg-r)n’;)l::]l::; o 2293 14656 5,445 5 220000%?1%'_22%017(;?3 16 450
Belyando (22) Carmichael R -22.09 146.26 2,280 1 2006/07 11 1100
Suttor (23)Upper Suttor R~ -21.6  147.6 2,100 6 zzoooozé?037-_zzooo(;g?059; 38 850
Suttor (24) Logan Ck -21.87 147.26 3,325 1 2006/07 5 350
Lower Burdekin (25) Upper Broken R -21.17 148.5 35 2 2006/07; 2010/11 5 115
Lower Burdekin (26) Little Bowen R -20.82 148.08 1,490 3 2006/07 - 2008/09 17 3270
Lower Burdekin Eé?rt?not‘)’;f)” R 2073 148.02 3,890 3 2006/07 - 2008/09 14 1055
Lower Burdekin (28) Upper Bogie R -20.29 147.91 255 3 2005/06 - 2007/08 9 305
Lower Burdekin  (29) Bogie R -20.05 147.32 1,740 4 2005/06 - 2008/09 24 510




Table A3.2 Percent deviance explained by a simple rating curve relationship versus the LRE
model for each of the seven gauged sites. Terms included in the final model are indicated by a
v" in the table. Only those terms that contributed significantly to increasing the deviance
explained were included in the final model. See Kuhnert et al. (2012) for graphical illustration
of these terms fitted to the Burdekin River (Inkerman) site data.

% Deviance Explained Terms Included in Final LRE Model
Site Rating Curve ) . . .
. LRE Linear Quadratic s | 'F:zls”l_ng Discount
(Linear flow  Model  term term easona f. 'T)g terms
term) Im
Upper Bur_dekln 30% 77% v v v v
(Sellheim)

Cape 12% 82% v v v
Belyando 22% 68% v 4 v v
Suttor 8% 79% v v v v
BFD 39% 76% v 4 v v
Bowen 3% 57% v v 4 v v
Burdekin R. 2304 71% v v v v v

(Inkerman)
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ABSTRACT

Modification of terrestrial sediment fluxes can result in increased sedimentation and turbidity in receiving wa-
ters, with detrimental impacts on coral reef ecosystems. Preventing anthropogenic sediment reaching coral
reefs requires a better understanding of the specific characteristics, sources and processes generating the anthro-
pogenic sediment, so that effective watershed management strategies can be implemented. Here, we review and
synthesise research on measured runoff, sediment erosion and sediment delivery from watersheds to near-shore
marine areas, with a strong focus on the Burdekin watershed in the Great Barrier Reef region, Australia. We first
investigate the characteristics of sediment that pose the greatest risk to coral reef ecosystems. Next we track this
sediment back from the marine system into the watershed to determine the storage zones, source areas and pro-
cesses responsible for sediment generation and run-off.
The review determined that only a small proportion of the sediment that has been eroded from the watershed
makes it to the mid and outer reefs. The sediment transported >1 km offshore is generally the clay to fine silt
(<4-16 um) fraction, yet there is considerable potential for other terrestrially derived sediment fractions
(<63 pum) to be stored in the near-shore zone and remobilised during wind and tide driven re-suspension. The
specific source of the fine clay sediments is still under investigation; however, the Bowen, Upper Burdekin and
Lower Burdekin sub-watersheds appear to be the dominant source of the clay and fine silt fractions. Sub-
surface erosion is the dominant process responsible for the fine sediment exported from these watersheds in re-
cent times, although further work on the particle size of this material is required. Maintaining average minimum
ground cover >75% will likely be required to reduce runoff and prevent sub-soil erosion; however, it is not known
whether ground cover management alone will reduce sediment supply to ecologically acceptable levels.
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ARTICLE INFO ABSTRACT

Keywords: We argue that the residence times of key pollutants exported to the Great Barrier Reef (GBR) are greater
Watershed in the GBR lagoon than those of the water itself, in contradiction to some previous assumptions. Adverse
Rl‘(’jef catchments effects of the pollutant discharge will be greater and longer lasting than previously considered, in turn
Sediment

requiring stronger or more urgent action to remediate land practices. Residence times of fine sediments,

lljeusttrilceigzs nitrogen and phosphorug pesticides and trace metals ar'e sugges'ted to be from ygars to decades in the
Trapping GBR lagoon and highly likely to be greater tha.n the residence t{me of water, estlmate_d at around 15-
Flushing 365 days. The recovery of corals and seagrass in the central region of the GBR following current land-
Reef degradation use remediation in the catchment depends on the residence time of these contaminants. Ecohydrological
Reef recovery modeling suggests that this recovery may take decades even with adequate levels of improved land man-
Climate change agement practices.
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Calculating sediment trapping efficiencies for reservoirs in tropical
settings: A case study from the Burdekin Falls Dam, NE Australia

Stephen E. Lewis,' Zoé T. Bainbridge,' Petra M. Kuhnert,” Bradford S. Sherman,’
Brent Henderson,4 Cameron Dougall,5 Michelle Cooperf’ and Jon E. Brodie!

Received 9 September 2012; revised 19 December 2012 ; accepted 21 January 2013 ; published 25 February 2013.

[1] The Brune and Churchill curves have long been used to predict sediment trapping
efficiencies for reservoirs in the USA which typically experience winter and spring-
dominant runoff. Their suitability for reservoirs receiving highly variable summer-dominant
inflows has not previously been evaluated. This study compares sediment trapping
efficiency (TE) data with the predictions of the two established curves for the Burdekin
Falls Dam, a large reservoir in northern tropical Australia which receives highly variable
summer-dominant runoff. The measured TE of the reservoir ranged between 50% and 85%
and was considerably less than estimates using the Brune and Churchill curves over the 5
year study period. We modified the original equations so that daily trapping can be
calculated and weighted based on daily flow volumes. This modification better accounts for
shorter residence times experienced by such systems characterized by relatively high
intraannual flow variability. The modification to the Churchill equation reasonably
predicted sediment TEs for the Burdekin Dam for four of the five monitored years and over
the whole monitoring period. We identified four key sediment particle classes: (1) <0.5 pm
which exclusively passes over the dam spillway; (2) 0.5-5.0 um which, on average, 50% is
trapped in the reservoir; (3) 5.0-30 pm most (75%) of which is trapped; and (4) >30 um
which is almost totally (95%) trapped in the dam reservoir. We show that the modification
to the Churchill equation has broader application to predict reservoir TE provided that daily

flow data are available.

Citation:
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(2013), Calculating sediment trapping efficiencies for reservoirs in tropical settings: A case study from the Burdekin Falls Dam, NE

Australia, Water Resour. Res., 49, doi:10.1002/wrcr.20117.

1. Introduction

[2] The anthropogenic disturbance of the water cycle
through reservoir construction, agriculture, deforestation,
and urbanization has caused considerable changes in the
fluxes of freshwater, sediment, and nutrients to the ocean
[see Vordsmarty and Sahagian, 2000 ; Syvitski et al., 2005
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Horowitz et al., 2008]. These changes have many geomor-
phological and ecological consequences for downstream
environments. Increasing sediment and nutrient loads have
been linked to, for example, decline in coral cover and sea-
grass abundance [e.g., Fabricius, 2005; Restrepo et al.,
2006], while reductions in sediment and nutrient loads have
caused coastal erosion and the collapse of inshore fisheries
[reviewed in Syvitski, 2003 ; Syvitski et al., 2005]. Models
have predicted that 3 — 5 Gt of sediment is trapped by reser-
voirs annually compared to a total global sediment flux of
20 Gt per year [Syvitski, 2003; Vérésmarty et al., 2003;
Syvitski et al., 2005]. It is evident that large increases or
reductions in sediment and associated nutrient loads disturb
the dynamic balance of coastlines and delicate ecosystems.
[3] Accurate quantification of sediment trapping in reser-
voirs improves the estimates of river sediment export, allows
the useful life of reservoirs to be determined, and provides
insights into sediment transport and dynamics of watersheds.
However, several of the empirical equations to estimate res-
ervoir trapping efficiency (TE) [e.g., Brown, 1943 ; Church-
ill, 1948 ; Brune, 1953; Chen, 1975] have been developed in
temperate environments for normally ponded reservoirs and
their use in subtropical and tropical climatic regimes is ques-
tionable. In particular, differences in the timing (i.e., impli-
cations for the stratification of reservoir) and variability of
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inflows and fluctuating water levels throughout the year in
these tropical systems considerably influence the residence
time of such reservoirs which cannot be accounted by the
empirical equations in their current form. Therefore, a new
approach is required to provide relatively fast and accurate
estimates of sediment TE for the large number of reservoirs
situated in tropical settings.

[4] The Burdekin Falls Dam (BFD) is located in the Dry
Tropics of north-east Australia and receives highly variable
interannual and intraannual inflows which are concentrated
in the wet season months (December to April). Estimates
of the TE of the BFD vary greatly with the common empir-
ical equations [e.g., Brune, 1953 ; Heinemann, 1981] sug-
gesting that 80-90% of incoming sediment is trapped
[Prosser et al., 2002 ; McKergow et al., 2005] while field
studies suggest that negligible sediment (but not quantified)
is retained in the reservoir [Faithful and Griffiths, 2000].
The BFD regulates 88% of the Burdekin River watershed
which, in turn, is the largest contributor of suspended sedi-
ment to the Great Barrier Reef (GBR) [Kroon et al., 2012].
Thus, accurate quantification of the sediment TE of the
BFD is important to prioritize remedial works to reduce
sediment delivery from the Burdekin River. Moreover, the
latest modeling framework for the GBR watershed (Source
Catchments) has increased temporal resolution to a daily
time step [Carroll et al., 2012] and so there is a need for a
simple model to reliably predict daily reservoir TEs.

[s] The key objective of this research is to evaluate
whether the Brume [1953], Churchill [1948], or Chen
[1975] methods can reliably estimate sediment trapping for
the BFD reservoir over five monitored water years. We
quantify the proportion of sediment loads and particle size
fractions delivered from the four upstream watersheds and
examine the implications for management of “bulk sedi-
ment” versus “size-specific” fractions as a result of our
findings. We explore potential modifications that can be
made to the Brune and Churchill equations to improve res-
ervoir trapping predictions for the BFD. Finally, we exam-
ine whether these modifications can be applied to other
reservoirs where adequate data are available.

2. Empirical Trapping Efficiency Equations

[6] TE estimators calculate the percentage of the inflow-
ing sediment mass that remains permanently in the reser-
voir. Several methods for calculating TE exist in the
literature [Borland, 1971; Heinemann, 1984 ; Chen, 1975,
Verstraeten and Poesen, 2000; Espinosa-Villegas and
Schnoor, 2009]. Historically, the two most common
approaches are (1) the relationship developed by Brune
[1953] and (2) the sedimentation index curve of Churchill
[1948]. The Brune [1953] curve, which equates “capacity
to inflow ratio”, requires little input data, is simple to
apply, and has been widely adopted to estimate reservoir
TE. In contrast, the Churchill [1948] curve incorporates
both water retention period (hereafter referred to as resi-
dence time) and flow velocity to calculate a “sedimentation
index” for the reservoir. The Churchill [1948] index pro-
duces two curves that describe TEs for “locally derived”
sediment upstream of the reservoir and for “overflow sedi-
ments” that have passed through other upstream reservoirs.
The data sets used to formulate both the Brune [1953] and

Churchill [1948] curves are based on measured TEs from
“normally ponded” reservoirs. These reservoirs are located
in temperate climatic regimes that receive more regular
inflows throughout the year (i.e., snowmelt influence) com-
pared to tropical and subtropical rivers such as those of the
GBR watershed which are characterized by highly variable
seasonal flows. Importantly, these empirical equations
specify the use of “average annual inflow” and do not
account for watersheds with highly variable intraannual
inflows. A seemingly more comprehensive technique for
calculating reservoir TE was developed by Chen [1975].
This technique incorporates flow velocity and particle size
data using Camp’s [1946] settling velocity equations to pre-
dict TE for each particle size class.

[7] In this study, we examine three commonly used
methods for calculating TE statistics, the Brune [1953],
Churchill [1948], and Chen [1975] methods (hereafter
referred to as Brune, Churchill, and Chen, respectively),
and apply them to the BFD. The Brune and Churchill
curves were developed empirically using measured TEs of
reservoirs whereas the Chen relations reflect essentially a
theoretical analysis of particle settling. We investigate
modifications to the Brune and Churchill equations so they
may produce daily trapping estimates and assess their suit-
ability for calculating TE for reservoirs with much shorter
residence times due to high intraannual flow variability and
stratified water columns which have not previously been
accounted for.

[8] The Brune curve (TEgr) as given by Heinemann
[1981] is

.
TEpr = 100 (0.012+ 1.02)’ @

where 7= V/Q is the residence time (in years), V is the res-
ervoir volume (m®) at capacity and Q is the mean annual
inflow (m® yr ).

[o] The Churchill curve (TEcy) is

9.61 x 1067'> 02

TEcy = 112 — 800 x <
u

2

where the constant, 9.61 x 10° represents a conversion
from years to seconds and meters to feet to meet the
requirements of the Espinosa-Villegas and Schnoor [2009]
equation and u is the mean annual velocity of the inflow (in
ms ') which is expressed as

3.17x10°°Q
ST a ®
where the constant, 3.17 x 10~° represents a conversion
between inflow per year to inflow per second and A4 is the
surface area of the reservoir (in m?) which is calculated by
V/IL (L =the length of the reservoir measured from the dam
wall to the most upstream impounded water at dam
capacity in m).
[10] Chen provides the upper and lower bounds for the
TE of a basin. The highest efficiency occurs when the water
column is completely still and the particles sink uniformly.
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In this case, the reservoir is stratified where Chen’s equa-
tion (TECN(stratiﬁed)) 18

TE CN(stratified) = WA/Q7 (4)

where w is the settling velocity of the different particle
sizes [inm yr~': see Table 2 in Chen, 1975].

[11] The lowest TE occurs for a continuously mixing,
i.e., actively turbulent, water column and is given by

TE CH(mixed) — —exp( - WA/Q)' (5)

[12] We note here that the lowest efficiency case is anal-
ogous to an inflow entering a well-mixed reservoir, a condi-
tion that is likely to occur in winter and early spring
assuming ice-free conditions. The highest efficiency case
(equation (4)) would be similar to an inflow entering a
strongly stratified reservoir, i.e., late spring—early autumn,
and assuming no actively mixing surface layer. Tropical
and subtropical reservoirs, such as the BFD, often
receive > 90% of their inflow over 1-2 months during the
summer wet season when reservoir thermal stratification is
the strongest. In addition, the seasonal inflow variability is
much greater in the tropics compared to the North Ameri-
can streams upon which the Brune and Churchill relations
are based. Finally, the North American inflows tend to
occur in winter/spring when reservoir stratification is rela-
tively weaker. As a consequence, the residence times for
the North American streams are relatively greater than
those in tropical environments (see discussion).

[13] Modifications to the Brune and Churchill equations
were made so that daily TEs can be calculated to account
for the reduction in residence times experienced by the
BFD. The daily residence time, 7°, is computed as

= 5/365, (6)

where Q; is the inflow volume (m?) on day i.

[14] The daily TEs, TEgg ;, and TEcyy ;, are computed by
substituting (6) for 7 in equations (1) and (2). Because the
majority of river sediment is transported during higher
inflow periods, the daily TEs are then weighted based on
daily flow volumes. The new set of equations for the Brune
and Churchill methods, TEgr- and TEcy+, become

n
 TEpr.O;
TE I lel BR,th (7)

Zj:l o

n
_ TEcn, 0
TE I Zz:l CH,tQt . (8)

27:1 O

[15] We applied equations (7) and (8) for each water year
(i.e., n =number of days from 1 October to 30 September)
and also to those periods when the BFD was spilling to cal-
culate sediment trapping in the BFD.

[16] We also performed the calculations assuming the
measured discharge downstream of the dam was equivalent
to the inflow rather than adding up the three upstream

gauges and also accounting for the ungauged upstream area
(8% of the total upstream area). Considering only periods
when the dam was spilling, this assumption implicitly
includes contributions from direct precipitation and evapo-
ration. TEs computed using either estimate of inflow agreed
to within 2%. We note that evaporation and the release of
irrigation water would have significant effects on dam lev-
els in the dry season. We estimate that annual evaporation
amounts in the BFD are between 3.0 x 10° and 5.3 x 10°
m® yr~! based on our water budgets (although note uncer-
tainties in flow gauge estimates) and average annual evapo-
ration (~ 2400 mm yr': Bureau of Meteorology [2012];
surface area of dam = 2.2 x 10® m?). Thus, it generally rep-
resents < 10% of the total annual average inflows to the
dam (i.e., within uncertainty estimates of inflow) or ~ 25%
of the dam capacity. We note that direct precipitation into
the dam averages ~ 1.5 x 10°* m® yr ' [650 mm yr ':
Bureau of Meteorology, 2012].

3. Methods

3.1.

[17] Suspended sediment samples were collected using a
combination of manual and automated sampling [Lewis et
al., 2009a, 2009b; supporting information] techniques over
five consecutive wet seasons (2005/2006 to 2009/2010).
Samples were collected from as close as practical to the
stream flow gauging stations representing each major tribu-
tary upstream of the BFD (Burdekin, Cape, Belyando and
Suttor Rivers) and the BFD spillway (Figure 1). A total of
868 samples were collected over the rising, peak, and fall-
ing stages of the hydrograph following significant rainfall
events (Figure 2) and analyzed for total suspended solids
(TSS).

[18] Previous sampling of the Burdekin River has shown
that clay and silt particles (<63 um) are well mixed
throughout the water column, although the sand fraction
can increase towards the river bed [see Belperio, 1979;
Amos et al., 2004]. Hence, our sampling method (i.e.,
mostly from the top 50 cm of the water column) adequately
captures the clay and silt fractions but is likely to underesti-
mate the coarser bed load component. We contend that this
approach is suitable for the purpose of this study as very lit-
tle of the sand fraction passes through the BFD [see Faith-
Sful and Griffiths, 2000; this study) and the particle size
composition of sediments in grab samples collected from
the reservoir floor (M. Cooper, unpublished data, 2005) is
similar to that measured in the surface inflow waters
(i.e., <6% sand: this study); these results suggest that the
bed load fraction is largely deposited before it enters the
reservoir. The TSS data collected from the autosamplers
(i.e., samples from the lower to mid water column) in the
2009/2010 wet season also showed similar concentrations
to those samples collected from the surface. Furthermore,
the TE method of Churchill predicts the “percent of incom-
ing silt passing through reservoir”, and Chen has shown
that both the Brune and Churchill methods are designed
specifically to predict the trapping of silt sized particles.

Sample Collection

3.2. Load Calculations

[19] Flow data from the Burdekin River at Sellheim
(gauge no. 120002C), Cape River at Taemas (120302B),

1019



LEWIS ET AL.: CALCULATING TRAPPING EFFICIENCIES OF RESERVOIRS

W e
DERM gaugin
® gauging

stations/
sampling sites
o N B DERM gauge
® Towns

4 Boundaries of
a _ ' 1N/’ Burdekin River
Townsville sub-catchments

gowen

Uppe?Burdg’kin
River at Sellheim

0
Burdekin Falls

Dam overflow

A

\
ke Dalrymple
(since 1987) ackay

e N\
Suttor Rive?St. Anns

Suttor River
\(Bowen Dev. Rd.)

Scale
0 100 km
| F—

¥}

Figure 1. Map of the Burdekin River watershed, north Queensland, Australia showing sampling loca-
tions used in this study.

Belyando River at Gregory Developmental Road (120301B), loads (Figure 2). The Suttor River at Bowen Developmental
Suttor River at St Anns (120303A), and the Burdekin River Road (120310A) gauge did not become operational until the
at Hydro Site (BFD overflow: 120015A) were used with the  2006/2007 wet season and so we used the downstream Suttor
corresponding TSS data to calculate suspended sediment River at St Anns gauge minus the Belyando River gauge
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Figure 2. An example of typical flow hydrographs and total suspended sediment (TSS) concentrations
for the four upstream rivers and BFD overflow for the 2007/2008 water year. (A) The upper Burdekin
River consistently has the highest TSS concentrations and mostly produces the largest flows contributing
to the BFD overflow. (B) The Cape, Belyando and Suttor Rivers, in comparison, generally have lower
TSS concentrations (note change in scale) and have lower flows. Note the higher TSS concentrations on
the rising limb of the flow and the relatively short durations (i.e., 5-10 days) of the highly variable
inflows to the dam and over the dam spillway (~30 days).

flow data to estimate the total discharge (and thus suspended
sediment load) for the Suttor River arm (Figure 1). This pro-
cess assumes that the mean annual TSS concentration
(MAC) for Rosetta Creek (a tributary of the Suttor River con-
tributing to the measurement at the St Anns gauge) is identi-
cal to that measured at the Suttor River at Bowen
Developmental Road.

[20] TSS loads were calculated using a regression (rat-
ing-curve) style “Loads Regression Estimator” (LRE)
[Kuhnert et al., 2012]. This estimator incorporates addi-
tional predictors that account for meaningful features in the
flow and concentration relationship including the concept
of a “first flush”, sample distribution across the flow hydro-
graph and the exhaustion of sediment supply and therefore
TSS concentrations over the flow period (“discounted

flow”), all of which improve the prediction of concentra-
tion. A particular advantage of the LRE, compared to other
methods, is the ability to quantify uncertainties in the load
estimates that also incorporate the errors in flow rates
[Kuhnert et al., 2012]. These errors are input into the model
as a coefficient of variation (CV) and represent the error
due to spatial positioning of a gauge and measurement error
of flow, both of which were assigned a CV of 10%. We
note that this method is an important distinction between
our previous investigations [Lewis et al., 2009a, 2009b]
which used the linear interpolation technique for load cal-
culation and only provided a qualitative estimate of uncer-
tainty. Moreover, the differences in the flow volumes
reported in our previous work are likely related to the de-
velopment of revised flow rating curves and improved flow
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validation by the Queensland Department of Natural
Resources and Mines [State of Queensland, 2012]. Output
from the LRE model are load estimates in tonnes and a
measure of uncertainty in the estimate that can be reported
as a standard deviation, a confidence interval or a CV. We
report the latter in the results section of this manuscript
where the loads have been rounded to two significant fig-
ures (raw outputs are presented in supporting information
Tables S2-S6).

[21] Sediment trapping in the BFD was calculated using
the dam inflow and overflow sediment loads (note that
overflow loads include release water for irrigation) and
uncertainty in the trapping estimates were calculated as fol-
lows. Let R represent the ratio between the load (in tonnes)
calculated at the BFD overflow (L) and the load calculated
at the inflow to the Dam (), such that R = 1‘0 . Let T repre-
sent the proportion of the load that is trapped such that
T=1 — R. Then the variance for the trapping estimate can
be calculated as follows and 80% confidence intervals can
be calculated in the usual way.

Var (T) = Var (R)

(Lo) )
= Var| —=
Ly

» E2L0 Var(LO)
T B, | E?L,

Var(L])
E%L;

assuming independence and appealing to a well-known sta-
tistical approximation for the variance of a ratio of two ran-
dom variables [Stuart and Ord, 1987].

[22] Now Var(L;) = Var(X, L)

= Z Var(Ly)

where L represents the load at subcatchment s and assum-
ing independence

Var(Lp) = variance of load at overflow site.

E[Lo] = estimate of load at overflow site.

E[L;] = estimate of load at inflow site.

(10)

3.3. Particle Size Load Calculations

[23] We used a three-step process to calculate loads for
each of the 83 particle bin sizes for the upstream rivers and
BFD overflow to examine the trapping of specific particle
sizes in the BFD and to quantify their watershed sources.
First, we used linear interpolation to calculate daily particle
size distribution on days where no sample was collected
provided that data existed before and after that interpolated
day. This interpolation was conducted on the particle size
data from each river and for the BFD overflow. Second, we
multiplied the daily suspended sediment load (calculated
by the LRE) by the corresponding particle size distribution
data. These daily particle size distribution load data were
then summed for each river and BFD overflow for four
individual monitored water years (2005/2006 to 2008/
2009). Third, the particle size distribution load data were
extrapolated to account for the period outside of the sample
collection to match the total suspended sediment load
calculated for each river and BFD overflow over the

monitored water years. While the data provide important
insights into the movement of different particle size frac-
tions through the dam, the sparse collection of samples for
the upstream rivers prohibits the calculation of a compre-
hensive mass balance.

4. Results

4.1. Flow Variability

[24] The 5 year monitoring program captured consider-
able variability in flow entering the BFD reservoir from the
upstream watershed, ranglng from small flows in 2005/06
(total inflow 3.4 X 109 m®) to very large flows in 2007/
2008 (19.2 x 10° m?) and 2008/2009 (25.6 x 10° m?)
(Tables S2-S6, supporting information) compared to the
mean annual inflow of 7.2 x 10° m® for the period 1987—
2010. In particular, the flows in the Belyando and Suttor
Rivers in 2007/2008 and in the Burdekin River in 2008/
2009 were exceptionally large and likely represent 1 in 30
to 1 in 50 year events. Each of the contributing tributary
watershed areas received widespread rainfall in at least
three of the 5 years which caused appreciable flows and so
our data set has complete coverage of available land-type
and geological sources in the watershed that influence the
characteristics of the suspended sediments that enter the
BFD reservoir.

4.2. Suspended Sediment Concentrations

[25] TSS concentrations were highest on the rising/peak
stages of the flow hydrographs in all watersheds (Figure 2).
In the very large event flows of 2007/2008, TSS concentra-
tions were considerably lower (mean annual concentration
of 50-120 mg L") in the Belyando and Suttor Rivers, than
for other years (180-650 mg L™"). This result suggests that
sediment exhaustion/dilution or settling of sediments due
to the overbank flows occurred during the 2007/2008 wet
season. In comparison, the TSS concentrations in the upper
Burdekin (mean annual concentration of 680-800 mg L")
and Cape Rivers (205-360 mg L™") were similar over all
five wet seasons despite considerable variability in total
discharge (see Tables S2—S6 in supporting information).

4.3. Sediment Budgets and Reservoir Trapping

[26] The sediment budgets constructed over the five
sampled water years suggest that the BFD trapped 85%
(80% CI=79-91) of suspended sediment in the 2005/2006
water year, 56% (80% CI=40-71) in 2006/07, 50% (80%
CI=36-64) in 2007/2008, 70% (80% CI=58-81) in 2008/
2009 and 82% (80% CI=77-86) in 2009/2010 (Table 1).
TSS loads delivered to the BFD were predominantly
sourced from the upper Burdekin River which contributed
70%—-94% of the total sediment load delivered to the dam
over the five sampled water years, with the other water-
sheds contributing < 11% each (see Tables S2—S6 in sup-
porting information).

4.4. Comparisons to Empirical Equations

[27] The measured data from the BFD do not agree with
the standard Brune or Churchill curves used to predict res-
ervoir trapping (Figure 3). These equations overestimate
trapping in the BFD by as much as 26% while the Chen
equations that incorporate particle size also overestimate
trapping by as much as 28% (Table 2). The modifications
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Table 1. Summary of Sediment Loads Received by the Burdekin Falls Dam and Sediment Loads Passing Over the Dam Spillway
during the Five Monitored Water Years®

Year 2005/2006  CV  2006/2007 CV 2007/2008 Ccv 2008/2009 CV  2009/2010 CV
Dam overflow discharge (m®) 2.1 x 10° 6.5 x 10° 18.0 x 10° 25.0 x 10° 5.5 x 10°
Upper Burdekin sediment load (tonnes) 2,100,000 14% 3,100,000 13% 4,700,000 10% 15,000,000 14% 1,700,000 12%
Cape River sediment load (tonnes) 34,000 15% 190,000 12% 500,000 11% 470,000 10% 160,000 6%
Belyando River sediment load (tonnes) 180,000 17% 130,000 26% 210,000 13% 110,000 11% 160,000 8%
Suttor River sediment load (tonnes) 96,000 19% 100,000 10% 710,000 13% 140,000 10% 220,000 7%
Other estimated sediment load (tonnes)b 10,000 360,000 150,000 300,000 200,000
Sediment load inflow waters (tonnes) 2,500,000  12% 3,900,000 11% 6,200,000 8% 16,000,000 13% 2,500,000 9%
Sediment load overflow waters (tonnes) 370,000 28% 1,700,000  25% 3,100,000 21% 4,900,000 27% 450,000 16%
Sediment trapping (%) 85(79-91) 56 (40-71) 50 (36-64) 70 (58-81) 82 (77-86)

“Each load estimate in tonnes is accompanied by the CV as a measure of uncertainty. Sediment trapping estimates are presented as percentages accom-
panied with conservative 80% confidence intervals.
®Estimated loads for the ungauged catchment area above the dam.
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Figure 3. (A) The Brune (1953) and (B) Churchill (1948) curves used to predict the TEs of reservoirs
with measured data (and associated error) from the Burdekin Falls Dam overlaid. Also shown are the
results obtained when the equations were modified to account for the highly seasonal event flows from
the Burdekin River (using the daily overflow calculations only in Table 2). T&B = Trimble and Bube

(1990).
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Table 2. Summary of TEs Estimated for the Burdekin Falls Dam®

Year 2005/2006 2006/2007 2007/2008 2008/2009 2009/2010 2006-2010
Measured sediment trapping (%) 85 (79-91) 56 (40-71) 50 (36—64) 70 (58-81) 82 (77-86) 66 (60-72)
Intraannual flow CV 1.83 2.76 2.18 2.51 2.12 2.30
Brune [1953]—std technique 97% 94% 88% 85% 95% 91%
Churchill [1948]—std technique 100% 97% 90% 87% 98% 94%
Chen [1975] mixed 97% 94% 89% 93% N/A N/A
Chen [1975] stratified 99% 96% 92% 97% N/A N/A
Brune—daily adjustment 90% 62% 53% 45% 82% 55%
Churchill—daily adjustment 95% 71% 61% 53% 86% 63%
Brune—daily event overflow only 85% 56% 51% 44% 80% 52%
Churchill—daily event overflow only 89% 65% 60% 52% 84% 60%

“The numbers in bold show the TE calculations that lie within the estimated 80% confidence intervals.

to the Brune and Churchill equations that calculate daily
trapping and weight daily flow volumes over the water year
greatly improve the trapping estimates for the BFD.
Although the modified Brune equation agreed with meas-
ured trapping (within the 80% confidence intervals) for the
individual 2005/2006, 2006/2007, 2007/2008, and 2009/
2010 water years, it did not accurately predict trapping for
the combined 5 year period. In contrast, the modified
Churchill equation predicted TE to within 80% confidence
intervals over the 5 year period and predicted annual trap-
ping accurately for the 2006/2007, 2007/2008, and 2009/
2010 water years. The predictions of the modified Churchill
equation improve further when the period of the dam over-
flow is considered exclusively in which case it predicts the
2005/2006, 2006/2007, 2007/2008, and 2009/2010 water
years within the confidence intervals as well as the TE over
the 5 year period. While the same application of the modi-
fied Brune equation also predicted the same individual
water years, it did not predict TE over the whole 5 year pe-
riod (Table 2).

4.5. Particle Size Distribution

[28] The particle size data for the BFD overflow display
a distinctive bimodal distribution. The finer distribution
contains particles between 0.04 pm and 0.60 pm with a
peak at 0.20 pm, while the coarser and more dominant frac-
tion ranged between 1.0 and 30 um with a peak centered at
4.5 um (Figure 4A). Bimodal distributions were also char-
acteristic of the four upstream rivers. Only the particles in
the coarser distribution fraction were trapped in the BFD
reservoir. The trapped sediments predominantly ranged in
size between 1.0 and 200 um with a peak at 12 pm (Figure
4A). The particle size fractions for the inflow sediments
over the monitored years are composed of 27% clay (< 4
pum), 67% silt (4—63 pm), and 6% sand (> 63 um). In com-
parison, the overflow fractions consist of 52% clay, 47%
silt, and 1% sand. We note that the lack of samples col-
lected from the upstream catchments for certain water years
has resulted in the mass balance discrepancy apparent for
the particles < 1 um (Figure 4A).

[29] The particle size distribution load data suggest that
four key fractions are important in transportation through
the BFD (Figure 4B). The size fraction <0.5 pm was not
trapped by the BFD and was predominantly delivered from
the Suttor River (~50%) with the three other rivers contrib-
uting 15%-20% each of this fraction. On average, 50%

of the 0.5-5.0 um size fraction was trapped in the BFD
reservoir which was largely delivered from the upper Bur-
dekin River (87%). The 5.0-30 pum size fraction was
mostly trapped (~75%) by the BFD and was predominantly
sourced from the upper Burdekin River (91%). Finally, the
size fraction >30 pm was almost totally trapped by the
BFD (>95%) and this fraction was again mainly carried
from the upper Burdekin River (95%).

5. Discussion

[30] The results of this study show that the vast majority
(70-94%) of the suspended sediment load delivered to the
BFD is derived from the upper Burdekin River arm. This
finding supports the results of Cooper et al.’s [2006] trace
element and isotopic tracing study which found that bottom
sediments within Lake Dalrymple were sourced to this trib-
utary. Therefore, any management intended to reduce bulk
suspended sediment delivery (i.e., all size fractions) to the
dam should focus remedial efforts on the upper Burdekin
River watershed.

[31] Our data suggest that the two most commonly used
methods to predict reservoir TEs, the Brune and Churchill
equations [e.g., Verstraeten and Poesen, 2000], consider-
ably overestimate trapping in the BFD. These curves have
been developed for “normally ponded” reservoirs which
experience relatively regular flows throughout the water
year (see later). Furthermore, the Chen equations, which
incorporate particle settling of different size fractions and
consider both mixed and stratified systems, also consider-
ably overestimate sediment trapping in the BFD (Table 2).

[32] There are several potential reasons, related to water
transit time and sediment sinking velocity, that make the
Brune, Churchill and Chen relationships not reliably pre-
dict sediment trapping in the BFD. These include (1) differ-
ences in dam stratification; (2) variability of the inflows;
and (3) particle size, each of which is discussed below.

[33] The BFD receives most of its inflow during the
summer period when the water column is temperature strati-
fied [Chudek et al., 1998; Faithful and Griffiths, 2000].
Under such conditions inflows with similar temperatures,
lower ionic strength and higher TSS concentrations than the
dam resident water, flow through either the surface layer or
metalimnion [see Faithful and Griffiths, 2000] as an inter-
flow. As such, the inflow waters experience a shorter travel
time through the reservoir than would be the case were the
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Figure 4. (A) Particle size distribution load data for the four inflow rivers, the BFD overflow and the

size distribution of the sediment trapped in the reservoir over the 4 monitored years. Note that the upper
Burdekin and trapped particle size distribution load have been plotted on the right y axis which has a dif-
ferent scale to the y axis on the left of the graph. (B) The proportion of particle size fractions contributed
from each of the four inflow rivers and the proportion of different particle size fractions that have been
trapped in the BFD reservoir are shown. Also shown is the predicted TE for particle size fractions using

the Chen [1975] stratified equation.

water column fully mixed (i.e., in the case of cold, sedi-
ment-rich inflows that result in bottom density currents).
The shorter travel time allows less sediment to sink to the
bottom of the reservoir before the inflow passes through the
storage. TSS measurements through the water column of
the BFD reservoir during the large flows in the 2008/2009
water year were ~ 100 mg L™ higher in the bottom waters
of the BFD (surface TSS=250+58 mg L', n=9; 15 m
depth=283 =6 mg L', n=3; 30 m depth =350 + 30 mg
L_l, n=3); however, the concentrations in the surface
waters still reflect the influence of the event flows and are
much higher than during ambient no/low flow conditions (<
10 mg L™"). The relationships developed by Brune and
Churchill are likely to be more accurate for systems where
the timing of the inflow means it is much more likely to
enter a well-mixed (or very weakly stratified) reservoir—
possibly as an underflow (i.e., colder snow melt water) lead-
ing to greater residence times than are experienced in the
BFD. In contrast, the depth (range from 15 to 40 m) and
length (i.e., meandering) variation of the reservoir suggest

changing residence times throughout the impounded water
which would influence the actual residence time (and hence
possibly explain departures from the predictions using
Chen’s method).

[34] The intraannual variability of inflows to the BFD is
much higher than those from the empirical TE database
(i.e., the data used to formulate the Brune and Churchill
curves) which also result in much shorter residence times
for the BFD. This implies that less trapping should occur
than the empirical predictions and is consistent with our
findings. The intraannual coefficients of variation for the
reservoir stream inflows used to develop the Brune curve
are considerably lower (typical range 0.06-0.95; mean
0.59: United States Geological Survey, 2012; note only
data prior to the 1954 water year were used to reflect the
data presented by Brune) than the rivers of the GBR water-
shed (range 0.65-1.5; mean 1.1: State of Queensland,
2010). In fact, the Burdekin River has one of the larger
intraannual coefficients of variation (1.3) and also a rela-
tively high interannual CV (1.1). Given the Brune, Churchill
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and Chen equations specify the use of “annual” flow data,
the TE of reservoirs that experience higher intraannual
inflows are likely to be overestimated by these methods.

[35] Another possible mechanism why the Brune and
Churchill methods overestimate TE could be that the
incoming sediments to the BFD are relatively finer and
sink more slowly than those upon which the empirical rela-
tionships were based. Unfortunately particle size data are
unavailable for the USA reservoirs to draw direct compari-
sons with the Burdekin data set. However, Chen’s [1975]
analysis showed that the Churchill curves for “local silt”
and “upstream” sediments predict trapping for the very
fine/fine silt fraction (4—16 pm) while the Brune curve cov-
ers both the very fine/fine silt and coarse/medium clay
(1-16 pm) fractions. This analysis suggests that both the
Brune and Churchill curves should predict trapping for the
Burdekin data if particle size was the main influence on
trapping (peak particle size of 4.5 pm for overflow sedi-
ments and 7.1 pm for the inflow sediments in normally dis-
tributed plots: Figure 4A). Indeed, the TE data for the
BFD falls outside of Brune’s envelope curves (Figure 3A)
that reflect the trapping of finer and coarser sediments,
respectively [see Chen, 1975; Verstraeten and Poesen,
2000].

[36] Since the measured dam TE data for the BFD plot
well outside of the Brune curve envelopes (Figure 3A) and
also well off the Churchill curve (Figure 3B), the lack of fit
of our data to these empirical relationships is less influ-
enced by particle size than flow variability and stratifica-
tion. Ward [1980] showed that the Brune curve
overestimated the TE for reservoirs on highly variable
watersheds in Zimbabwe where the inflow sediments con-
tained a coarser fraction (9%—19% sand) than the particle
size distribution of the BFD inflow waters and of the bot-
tom sediments (~ 6% sand). Interestingly, Chen’s equation
for stratified reservoirs reliably predicts the change in parti-
cle size TE for the finer fractions (0.02—2.0 pm) when it is
applied to the 2005/2006 and 2008/2009 flow data (i.e., the
range of flows over the monitoring program) (Figure 4B);
however, the equation does not accurately predict trapping
for the coarser particles (2.0-30 pum).

[37] Our modifications to the Brune and Churchill equa-
tions account for the more variable residence times in the
BFD by calculating the daily TEs and weighting the daily
inflow volumes to calculate the annual (or seasonal) sedi-
ment trapping. While the TE data used to develop the
Brune curve were based on “period of record” ranging
from 0.75-72 years (mean=17.2 years, median=10.2
years), subsequent studies suggest that this relationship
should only be used to predict “long-term” TEs [i.e., it is
not suitable for single events, Verstraeten and Poesen,
2000]. We note, to our knowledge, no study has specified
the length of record required for the optimal application of
the Brune curve. In contrast, the Churchill curve was devel-
oped using quarterly (i.e., 3 monthly) TE data and Borland
[1971] showed that this relationship could be applied to
accurately predict trapping over both shorter (as short as 5
days) and longer (as long as 20 years) periods. Indeed,
Espinosa-Villegas and Schnoor [2009] showed that the
Churchill equation accurately predicted trapping over a 33
year period for the Coralville Reservoir, lowa; we note that
the particle size fraction ranges reported for clay, silt, and

sand for this reservoir are comparable to the inflow sedi-
ments to the BFD.

[38] While our modifications to the Brune and Churchill
equations better predicted the annual TEs of the BFD
(within or just outside confidence intervals), only the modi-
fied Churchill equation accurately predicted trapping over
the 5 year study period. Most previous studies [e.g., Bor-
land, 1971 ; Trimble and Bube, 1990; Verstraeten and Poe-
sen, 2000; Espinosa-Villegas and Schnoor, 2009] favor the
Churchill curve as it incorporates the effective residence
time (flow velocity plus residence time) compared to the
Brune curve which is a function of residence time only.
Hence, the modified Churchill equation is likely to have a
wider application to predict trapping for a range of periods
(from single events to decades) and account for a greater
range of inflow variability. For the BFD, our modified
Churchill equation provides accurate TE estimates when
the period of dam overflow is considered exclusively. The
only water year where the method is outside the uncertainty
bounds coincides with the extreme 2008/2009 discharge
from the upper Burdekin River. This method under-pre-
dicted trapping which likely reflects the relatively coarser
material (and much larger sediment load) that was deliv-
ered from this event (i.e., sediment > 30 um: Figure 5).

[39] We tested our modified Churchill and Brune equa-
tions on previous TE studies where daily flow data are
available including the Coralville Reservoir [Espinosa-Vil-
legas and Schnoor, 2009], the Corpus Christi Reservoir,
the Imperial Dam [Brune, 1953] and Hales Bar [Churchill,
1948], USA (Figure 6; Tables S7 and S8 in the supporting
information). The modified Churchill equation underesti-
mates TEs for the Coralville Reservoir, Jowa where the
trapping predicted over the whole 33 year period (70.2%)
is lower than the measured (80.3%) and predicted (79.1%)
trapping using the standard Churchill equation [Espinosa-
Villegas and Schnoor, 2009]. However, the operation of the
Coralville Reservoir (designed for flood protection) may
strongly influence these trapping estimates and explain
why the modified Churchill equation and other standard
techniques (i.e., Dendy (69.3%), Brune (53.7%), Heine-
mann (63.5%), and Brown (64.9%)), have underestimated
sediment trapping over this period [data analysis presented
in Espinosa-Villegas and Schnoor, 2009]. Observations of
the inflow and outflow data for the Coralville Reservoir
show that, during certain flood events, the outflow peaks
precede the inflows and hence suggest that waters were
released from the reservoir prior to the event inflows reach-
ing the impoundment. In these cases, the dam should trap
more sediment than if it was operated as a “normally
ponded” reservoir.

[40] For the other reservoirs examined, both the standard
and modified Brune and Churchill equations could not
accurately predict TEs for the Corpus Christi Reservoir or
for Imperial Dam. Interestingly, the standard Churchill
equation overpredicted sediment TEs for the Corpus Christi
Reservoir over the two periods (1934-1942 and 1942-
1948) while the modified Churchill equation under-pre-
dicted trapping over these same periods. Only the standard
Brune equation accurately predicted trapping for one of the
periods (1934-1942; Table S8 in supporting information).
Unfortunately, annual TE data for the Corpus Christi Res-
ervoir are not available which may have provided better
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insights to examine the performance of these methods over
individual years.

[41] Similarly, TE data for individual years are not avail-
able for the Imperial Dam Reservoir which limits our inter-
pretation of these data. The Imperial Dam is situated on the
Colorado River which is highly regulated with several
upstream reservoirs and has a very low intraannual CV (<
0.10). Indeed, this low CV explains the little difference
(generally < 1%) in the TEs predicted between the standard
and modified techniques (Table S8 in supporting informa-
tion). Both the standard and modified Brune equations
accurately predicted trapping for the 1938-1942 period,
although both overestimated trapping for 1943—1947. The
standard and modified Churchill equations overestimated
trapping for both periods. In this case, the Churchill curve
for “fine silt discharged from an upstream reservoir” may
be more appropriate to apply for this reservoir given the
presence of several dams upstream of this site.

[42] For the Hales Bar Reservoir, the modified Churchill
equation accurately predicted (values within 5% of the
measured trapping) TEs for 12 of the 17 time periods
examined compared to the standard technique which only
predicted 6 of the 17 periods (Table S8 in supporting infor-
mation). In comparison the standard and modified Brune
equations accurately predicted trapping for 10 of 17 and 11
of 17 time periods, respectively. Given that the Hales Bar
data were originally used to construct the Churchill curve
for “local silt”, we suggest that our modified Churchill
equation generally improves trapping predictions compared
to the standard technique and can be applied across a wider
range of reservoirs. Indeed, the lines of best fit for all the
TE data show that the modified Churchill and Brune meth-
ods provide greater predictability (i.e., the percentage dif-
ference between the measured and calculated trapping
remains around 0%) across the range of intraannual coeffi-
cients of variation for the inflows (Figure 6). This result
confirms that the modified equations better account for
flow variability and show considerable promise to predict
TEs of reservoirs across a wider range of locations. Our
analysis shows that the modified Churchill equation cannot
accurately predict TEs for all individual years or for dams
that have certain operational protocols (e.g., flood mitiga-
tion), although it is likely to perform as well or better than
the standard method. Indeed, the TE data for the BFD plot
randomly along the Brune and Churchill curves when the
modified equations are applied (Figure 3) reflecting the line
of best fit in accordance with how the curves were origi-
nally developed.

[43] Physically based numerical modeling techniques
can provide more accurate estimates of TE and using this
approach it is possible to directly estimate the effects of
sinking, particle aggregation, and diffusive transport on
sediment dynamics [Casamitiana and Schladow, 1993].
Indeed, by the time a proposed reservoir enters the environ-
mental impact assessment stage, it is likely that 2D or 3D
hydrodynamic models will be employed to provide the best
possible understanding of a dam’s expected performance
which consider various operational scenarios. However, the
data requirements for reservoir hydrodynamic modeling
may be excessive when the research objective requires cou-
pling of such a model with large spatially distributed mod-
els of catchment erosion that simulate periods of decades.

In comparison, the use of the modified Churchill equation
can provide a rapid and relatively accurate assessment of
reservoir sediment trapping which only relies on the avail-
ability of daily inflow data.

6. Conclusions

[44] A 5 year sediment TE study of the BFD, Australia
shows that the classic Brune and Churchill empirical rela-
tionships overestimate TEs in this reservoir located in the
tropics. This is most likely due to the reduction in effective
residence time caused by highly variable intraannual
inflows as well as the reservoir stratification characteristics
(i.e., timing of inflows). When the Churchill equation was
modified to account for this intraannual variability by
weighting daily TEs with corresponding daily inflow vol-
umes, the TE predictions were within confidence intervals
for four of the five years as well as for the total sediment
trapped over the 5 year monitoring period (when the period
of overflow was considered exclusively). This simple modi-
fication shows promise to predict TEs of reservoirs that
receive highly variable intraannual inflows as well as for
the less variable streams of the USA but requires further
testing at other locations. We caution that the particle size
distribution of inflow sediments may affect this relationship
particularly when they are skewed towards a finer or
coarser fraction. The very fine suspended sediment fraction
(<5 um) largely passes over the Burdekin Falls Dam spill-
way and is predominantly sourced from the upper Burdekin
and Suttor Rivers. The management of this fraction is im-
portant for the export of sediment to the Great Barrier Reef
lagoon [e.g., Bainbridge et al., 2012].
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[11 The loads regression estimator (LRE) was introduced by Wang et al. (2011) as an
improved approach for quantifying the export of loads and the corresponding uncertainty
from river systems, where data are limited. We extend this methodology and show how
LRE can be used to analyze a 24 year record of total suspended sediment concentrations
for the Burdekin River. For large catchments with highly variable discharge such as that of
the Burdekin River, it is important to quantify loads and their uncertainties accurately to
determine the current load and to monitor the effect of changes in catchment management.
The extended methodology incorporates (1) multiple discounted flow terms to represent the

effect of flow history on concentration, (2) a term that captures sediment trapping and
spatial sources of flow in terms of the ratio of flow from above the Burdekin Falls Dam,
and (3) catchment vegetation cover. Furthermore, we validated model structure and
performance in relation to the application tested. We also considered errors in gauged flow
rates of 10% that were consistent with the literature. The results for the Burdekin site
indicate substantial variability in loads across years. The inclusion of vegetation cover as a
predictor had a significant impact on total suspended sediment (TSS) concentration, with
values up to 2.1% lower noted per increasing percentage of vegetation cover. TSS
concentration was up to 38% lower in years with greater proportions of flow from above the
dam. The extended LRE methodology resulted in improved model performance. The results
suggest that management of vegetation cover in dry years can reduce TSS loads from the

Burdekin catchment, and this is the focus of future work.

Citation: Kuhnert, P. M., B. L. Henderson, S. E. Lewis, Z. T. Bainbridge, S. N. Wilkinson, and J. E. Brodie (2012), Quantifying total
suspended sediment export from the Burdekin River catchment using the loads regression estimator tool, Water Resour. Res., 48,

W04533, doi:10.1029/2011WR011080.

1. Introduction

[2] Sediments and nutrients are high-priority river con-
taminants that can significantly affect freshwater and
receiving estuarine and marine environments [Brodie et al.,
2012; De’ath and Fabricius, 2010; Doney, 2010; Furnas,
2003]. In the Great Barrier Reef (GBR) catchment area in
northeastern Australia, a strong emphasis is placed on
quantifying pollutant loads (suspended sediments, nutrients
and pesticides) and their sources of uncertainty for the
purpose of detecting trends in loads [Reef Water Quality
Protection Plan Secretariat, 2009]. Estimates of loads with
associated uncertainty from monitoring data are therefore
required to determine current baseline exports, sources of
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pollution and a means to assess progress toward Australian
and Queensland government “reef plan” targets. Although
this could be met by improvements to measurement pro-
grams that focus on frequent sampling, in reality monitor-
ing records will often contain gaps because of equipment
failure or impaired site access. Even where sampling is reli-
able and representative, in variable climates it is desirable
to utilize the available historical monitoring records of vari-
able sampling frequency for assessing long-term loads. For
monitoring current and future total suspended sediment
(TSS) loads, turbidity meters can provide an alternative to
statistical analysis of measured TSS concentrations, partic-
ularly in smaller channels where TSS concentrations can be
highly variable during runoff events. However, the cost of
deploying and maintaining these instruments means that
standard TSS monitoring continues to be used at many
sites. Furthermore, turbidity meters must be calibrated
against measured TSS concentrations in water samples
from the site. At large river cross sections variation with
depth in the suspended concentration of sand can be an
additional complication. For example, a transmissometer,
described in the paper by Mitchell and Furnas [2001] was
tested in the GBR catchment area. Because of the extreme
depth range of the Burdekin River between low flow
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(where depth was minimal) and high flow (tens of meters),
the probe was positioned near the bottom. However, a ro-
bust relationship between a transmissometer reading of tur-
bidity and TSS in mg L' could not be developed. For
several reasons therefore, a predictive load estimation tool
incorporating explanatory variables and providing some
diagnostic capability is useful for analyzing TSS concentra-
tions and loads in large, complex and highly variable river
systems.

[3] Estimating pollutant loads at river stations typically
requires models that predict temporal patterns of pollutant
concentration between sampling times [A4sselman, 2000].
To date, methods used to calculate pollutant loads in the
GBR consist of the popular ratio estimators and linear
interpolation [Cooper and Watts, 2002; Letcher et al.,
2002; Littlewood and Marsh, 2005]. However, these esti-
mators lack flexibility as they cannot identify the major
contributors and sources of contaminants. They also do not
provide estimates of uncertainty in concentration and flow
rates and therefore do not incorporate those into standard
error calculations, if indeed they are provided. Further-
more, they cannot quantify the loads in years where pollu-
tant concentrations are poorly sampled or missing.

[4] Rating curves have been a widely used method for
estimating pollutant loads and quantifying the respective
uncertainty [Cohn, 1995; Cohn et al., 1992 ; Rustomji and
Wilkinson, 2008 ; Thomas, 1985, 1988 ; Thomas and Lewis,
1995; Walling, 1977; Wang et al., 2011]. The latest of
these approaches by Wang et al. [2011] provides estimates
of loads from monitoring data and has recently been used
to provide baseline estimates of loads for reporting [Kroon
et al., 2012] as well as provide a framework for sample size
estimation to determine the number of years of monitoring
data required to detect trends [Darnell et al., 2012]. The
method proposed by Wang et al. [2011], which we refer to
as the Loads Regression Estimator, hereafter termed LRE,
is based upon the traditional rating curve approach by Cohn
et al. [1992] but extends the methodology to incorporate
hydrological variables that attempt to mimic temporal char-
acteristics of a river system using a flexible generalized
additive modeling (GAM) framework. The method incor-
porates key measures of uncertainty: measurement error in
the sampled flow and concentration; model uncertainty
arising from a lack of understanding of the underlying
hydrological processes; and sampling uncertainty arising
from the way in which flow and concentration are sampled,
i.e., more frequently during high-intensity discharge events.
In addition to accommodating uncertainties in concentra-
tion, errors in flow rates can be directly incorporated into
the uncertainty calculation of the loads estimate. Further-
more, this framework develops a historical representation
of concentration and flow for the system, enabling the esti-
mation of loads for years where no monitoring data were
collected. Of course, the accuracy of the loads in these
instances is subject to how well the model captures the sys-
tem processes.

[5] In this paper we extend the LRE methodology pro-
posed by Wang et al. [2011] to cater for highly variable
river systems where monitoring data are limited. The LRE
methodology and its extensions are illustrated using a long-
term record of total suspended sediment sampled at the Ink-
erman Bridge site on the Burdekin River. As the Burdekin
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catchment represents one of the driest and largest catch-
ments in the GBR catchment area, data captured at the Ink-
erman Bridge site are limited through the period 1986-—
2010. The primary purpose of the LRE applied to this site
is to derive best estimates of past sediment yield to estab-
lish a baseline for assessing future changes.

2. Case Study: Inkerman Bridge, Burdekin
River

2.1.

[6] The Burdekin River drains the second largest basin
(area ~130,000 km?) draining to the GBR lagoon and it
represents the largest in terms of mean gauged annual dis-
charge and total annual sediment export to the GBR [Fur-
nas, 2003] (Figure 1). Cattle grazing represents the
dominant land use within the catchment (95%) with the
remaining 5% composed of other uses, including cropping
[Furnas, 2003]. The geology of the catchment is quite var-
ied containing igneous, sedimentary and metamorphic rock
provinces [Bainbridge et al., 2008] and a wide variety of
soil types. Precipitation within the catchment occurs pri-
marily within a well-defined, summer wet season with
higher falls near the coast and in the northern parts of the
catchment [Amos et al., 2004; Furnas, 2003]. The annual
discharge of northern Australian rivers is highly variable in
Australian and world terms [Petheram et al., 2008]. The
recorded annual discharge of the Burdekin River at Inker-
man Bridge (water year: October 1 to September 30) ranges
from 247,110 ML (1930/1931) to 54,066,311 ML (1973/
1974) over the 90 year record to 2010. Development of the
catchment by European settlers began in the mid-1800s with
the introduction of sheep and cattle [Lewis et al., 2007] and
the commencement of alluvial mining. It is generally
accepted these activities would have increased the annual
average flux of sediment to the GBR lagoon [Belperio,
1979; McKergow et al., 2005] and trace element analysis of
coral cores has provided evidence in support of that proposi-
tion [Lewis et al., 2007 ; McCulloch et al., 2003].

[7] Several attempts have been made to estimate the cur-
rent “annual average” suspended sediment export and the
“natural” (pre-European settlement) load for the Burdekin
River. The first estimate was reported by Belperio [1979],
who used a regression-based sediment rating curve approach
to calculate an annual average load of 3.45 x 10° t using
monitoring data from the 1970s. Since then annual average
suspended sediment load estimates (summarized by Brodie
et al. [2009, Table 5]) have been derived using monitoring
data (estimates range between 3.8 and 4.6 x 10° t) and catch-
ment models (2.4-9.0 x10° t yr~") with some models also
predicting ‘natural’ loads (0.48-2.1 x 10° t). We note that
no previous load calculations have included an estimate of
the uncertainty apart from the recent work by Kroon et al.
[2012] that used a base LRE model to obtain average annual
estimates of loads.

Catchment Characteristics

2.2. TSS Sampling at Inkerman Bridge on the
Burdekin River

[8] TSS data were collected from the Inkerman Bridge
site on the Burdekin River between 1986 and 2010 (692
samples spanning 24 water years). This site is 20 river km
upstream of the river mouth, with a catchment area of
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~130,000 km?. TSS samples were collected from the sur-
face of the river (top 50 cm of water column). Samples
were collected from the center of the channel flow over the
rising, peak and falling stages of the flow hydrograph as
well as during base flow conditions. Particle size analysis of
the routine surface TSS samples as used in this study show
that they are predominantly silt and clay size fractions, with
a small amount of sand which is generally less than 10% of
total mass [Bainbridge et al., 2012]. Measurements of sus-
pended sediment across the cross section and through the
depth profile of the Burdekin River in the vicinity of Inker-
man also found that sand composes less than 10% of the
TSS concentration at the surface [Belperio, 1979, Figures 5
and 6; Amos et al., 2004, Figure 8]. Further, these two latter
studies show that the surface concentrations of silt and clay
in the Burdekin River are representative of the entire cross
section, and thus the load estimates in the present study are
considered representative of the combined silt-clay size
fractions. While the concentration of sand transported in
suspension does increase with depth below the water sur-
face [Belperio, 1979], sand load is not of interest for assess-
ing TSS impacts beyond its point of deposition near the
river mouth.

[o] The samples were cooled and transported to the labo-
ratory for analysis. The samples have been collected
through a number of programs and research providers over
the 24 year period by the Australian Institute of Marine Sci-
ence, the Queensland Department of Environment and
Resource Management (DERM: both surface water data
archive and GBR Loads Monitoring programs), University
of Queensland and North Queensland Dry Tropics NRM.
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The sampling design for most of these programs was devel-
oped to calculate suspended sediment export from the Bur-
dekin River and as such samples collected were biased
toward high flows, when the vast majority of annual flow is
discharged. However, the data archive in the DERM pro-
gram targeted baseline flows. Figure 2 shows the TSS sam-
ples collected along with the temporal coverage of flow
spanning 24 years of monitoring at the Inkerman Bridge
site on the Burdekin catchment.

[10] While TSS analysis was performed at a number of
laboratories, the same standard method was applied. Sam-
ples were filtered through preweighed filter membranes,
oven-dried and reweighed to determine the dry TSS weight
as described by American Public Health Association
[2005]. TSS (in mg L") was calculated by dividing the
mass of the retained matter (in mg) by the volume of sam-
ple filtered (in L).

[11] Figure 3 shows the bias incurred from the sampling
of concentration and flow for the Inkerman Bridge site on
the Burdekin catchment. The relative bias in concentration
was calculated by dividing the average flow recorded at
concentration samples by the average flow recorded at reg-
ular time intervals. Note, if there are gaps in flow, the flow
record will need to be infilled to a regular time series using
a Hermite spline interpolation [Fritsch and Carlson, 1980]
or equivalent. Similarly, the relative bias in flow was
obtained by dividing the average observed flow by the av-
erage regularized flow. Since the flow was continuously
measured the bias between predicted and observed flows
was 1 (and thus no bias). Concentration however, is meas-
ured at irregular intervals with relative biases varying
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Figure 2. Observed flow (gray line) overlayed with TSS samples (points) showing the temporal coverage
of data collected at Burdekin River at Inkerman Bridge between 1 October 1986 and 30 September 2010.
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Relative Bias

between 0.01 and 26 across all water years, indicating sub-
stantial bias in concentration sampling, particularly during
the later years where monitoring was restricted to high-
flow discharge events only.

3. Quantifying Loads in the Burdekin River

[12] The LRE is built around a four-step process consist-
ing of estimation steps for flow, estimation steps for con-
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respectively.

GAM introduces flexibility into the model by way of tempo-
rally smooth terms that are driven by the data.

[14] The GAM is composed of two components. The first
includes terms that enter into the model linearly, while the

second incorporates flexible (smooth) terms driven by the

centration, estimation of the load including evaluation of
model structure and calculation of the variance that incor-
porates errors in both concentration and flow [Wang et al.,
2011]. As flow at the Inkerman Bridge site is measured at
regular intervals (hourly) from the Clare gauge (120006B)

15 river km upstream of Inkerman Bridge, no interpolation
of the flow record is necessary and we concentrate on esti-
mation steps for concentration and the corresponding load
and variance estimates. Furthermore, we focus on the
extensions of the LRE that are applicable for the case study
presented.

3.1. A Predictive Model for Concentration

[13] The LRE methodology fits a GAM [Wood, 2006] to
concentration (on the log scale) over the duration of the
monitoring data. The model incorporates key hydrological
processes of a river system (some of which are highlighted
by Morehead et al. [2003]), through terms created from flow
data with the aim of reducing the unexplained variance. The

P
log (1) = Bo + Y Brvui +
k=1

k=

m

sk (zw) + &
1

data. The model is considered semiparametric because of
the inclusion of smooth terms in the model (second summa-
tion) and is represented mathematically as

(M

where x; and zj; are covariates measured at the ith sample
and s4(-) represents a spline that fits a flexible function to
the data. The basic suite of terms we consider in any base
model include linear (x;;) and quadratic terms (x,;) for
flow, to capture nonlinearity in the relationship between
flow and concentration; a rising or falling limb term (x3;),

represented by a categorical variable that reflects concen-
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tration differences between the rising (+1), falling (—1) or
stable (0) sections of hydrograph cover of an event; a
cyclic term (z);) that captures seasonal effects throughout a
water year; and a smooth discounting term (zy;) that repre-
sents the effect of recent prior flow volume on concentra-
tion as an attempt to mimic exhaustion and hysteresis
properties of the hydrological system. These base terms are
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all described by Wang et al. [2011]. Although arbitrary
trend terms could be explored [Wang et al., 2011] and these
often explain considerable amounts of unexplained varia-
tion in the data, we suggest they be omitted from the analy-
sis and include only terms that have a direct interpretation.
That is, terms that could be interpreted easily by managers
(e.g., changes to vegetation, land use and land structure)
and therefore be used to determine necessary changes to
the landscape that may reduce loads.

[15] In developing a predictive model for the Burdekin
end of river site, we begin with the suite of base terms high-
lighted by Wang et al. [2011] and identify those terms im-
portant in describing the relationship between concentration
and flow, which lead to the final predictive model. Although
these terms have been described elsewhere [Wang et al.
2011], we provide a brief description of their meaning in
the context of the case study presented here for ease of
interpretation and highlight differences to the Wang et al.
[2011] implementation where necessary.

3.1.1. Linear and Quadratic Terms for Flow

[16] The relationship between concentration and flow on
the log scale is often linear or quadratic in terms of its
shape and has been explored in the literature [Belperio,
1979; Cohn, 1995; Cohn et al., 1992]. Figure 4 shows the
relationship between TSS concentration and flow (log scale)
for 692 samples taken at the Inkerman Bridge site on the
Burdekin River. A loess smoother is overlayed to highlight
linear and quadratic features of the relationship between
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W04533

concentration and flow, showing more than 2 orders of
magnitude (log units) increase in concentration as the size
of the flow increases. Inclusion of a quadratic term for flow
in the model is therefore important.

3.1.2. Rising-Falling Limb

[17] The rising and falling limbs are periods of increase
or decrease of flow over time during an event. The move-
ment of concentration can behave differently during these
flow stages and can be higher on either the rise or the fall,
the nature and timing of the event and hydrological charac-
teristics of the catchment [e.g., Nistor and Church, 2005,
Morehead et al., 2003]. Larger events have the capacity to
move higher TSS concentrations, and can display more sys-
tematic concentration differences between rising and fall-
ing limbs (Figure 5). Therefore, we represent rising-falling
limb behavior for events peaking above the 90th percentile
flow in each water year, as shown in Figure 6a. On average,
at the Burdekin site 67% of flow volume occurred above
the 90th percentile in each water year. The 90th percentile,
¢°° is used as a trigger for the rising-falling limb term, xs;
which is a categorical variable as shown in equation (2) that
indicates flow on the rise (+1), fall (—1) or flat (0), where
the latter may also be an indication of base flow conditions.
Figure 6b shows the resulting contribution of TSS concen-
tration for the Inkerman Bridge site (estimate and 95% con-
fidence intervals) from samples located on the rise or fall of
an event in the Burdekin River and indicates a lack of sig-
nificance as both bars cross the baseline at 1. Although this

TSS (mg/L)

Flow (m%s)

Figure 4. Relationship between TSS and flow for the Burdekin site at Inkerman Bridge with a loess

smoother overlayed across the points.
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Depth {m)

Figure 5. Total suspended solid concentration as estimated by a turbidity probe calibrated to measured
concentrations, plotted against flow depth, for the Bowen River at Myuna, a tributary of the Burdekin
River (location shown in Figure 1). The event peak concentrations declined through the wet season, sug-
gesting decline or exhaustion of sediment availability. In events above the 2 m stage, concentration was
consistently higher on the rising limb than on the falling limb.

term can be important in a baseline model for many river
systems, for the Burdekin, it is shown to be insignificant.

1 ifg; > g;_andg; > g

xy =4 —1 ifg < g, andg; > ¢ @

0 otherwise

3.1.3. Cyclic Seasonal Terms

[18] Intra-annual variations in concentration can be im-
portant aspects of behavior in many climate zones, includ-
ing tropical rivers like the Burdekin River. Here, tropical
weather systems are prevalent during summer months, pro-
ducing heavy rainfall that causes sediment erosion and
transport through the watershed, resulting in the bulk of an-
nual suspended sediment export to the GBR lagoon. We fit
a seasonal term using a cyclic cubic regression spline to
ensure that a smooth function of time fit across the year
does not change discontinuously at the end of the year
[Wood, 2006]. Note, this is a different representation to that
used by Wang et al. [2011] that is more flexible, allowing
the data to define the peaks and troughs through seasons.
The cyclic spline was achieved by positioning 10 spline
knots (locations in time where a change in concentration is
likely to occur), equally spaced across the 12 months of the
year to estimate the contribution of the seasonal term in the
GAM as shown in Figure 7 using data from the Inkerman
Bridge site. Peaks in TSS concentration are noted for No-
vember—December and April-May with declines noted
between July—September. The decline from December to
February occurs during the wet season when the majority
of large events occur. This indicates dilution of concentra-
tion by volume of water, and/or exhaustion of the sediment
supply from within the catchment. Concentrations in the
Bowen River tributary of the Burdekin River also illustrate

such a decline during the middle of the wet season (Figure 5).
Inclusion of such a term in the final model for concentration
is therefore advantageous.

3.1.4. Smooth Discounted Flow

[19] The discounted flow term z,; represents a simple ex-
ponential weighting of flow history designed to allow the
recent prior flow volume to influence concentration predic-
tions. The term is expressed as

2, = s{log [yi(6)]},
7:(8) = dri1 + (1 = 6)g;_y, (3)

1
and x; = Zc}m for discount factor §, where k; represents
m=1
the cumulative flow up to the ith day. As the discount vari-
able ¢ approaches 1, the discounting term, v becomes a cu-
mulative summation of flow over the entire monitoring
period. Conversely, as 6 approaches 0, v mimics the origi-
nal flow time series. Choosing a value for ¢ between 0 and
1 therefore produces a discounting term that represents a
mixture of the original flow series and a cumulative one,
where ¢ represents the level of mixing or smoothing
between the two (Figure 8). Including more than one dis-
counting term in the model can therefore capture complex
processes like hysteresis between events, where the move-
ment of concentration at a particular point in time is related
to past events and therefore exhibits a lag, for example,
higher concentrations occurring following a dry period.
The movement of concentration can also be affected by
periods of exhaustion, where multiple large events reduce
TSS availability into the system. Table 1 presents a range
of discounting levels and shows that as the discount
decreases, past events have little bearing on the current
event. Figure 9 shows the contribution of four discounting
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(a) Flow record (1995-2000)
. — flow
10" 7| ---- rising/falling limb
10°
10° 4 -
10"
T T T T T
1996 1997 1998 1999 2000
(b) Date
— Significant at 5% level
© Not significant at 5% level
= Baseline
g " eoncenraon
1.08x increase in
concentration
N
o

Falling Limb Rising Limb

Figure 6. Construction of the rising-falling limb term and its contribution to sediment concentration in
the loads regression estimator (LRE) model. (a) The rising-falling limb overlayed on top of a flow record
(log scale) based on a 90th percentile cutoff determined for each water year between 1995 and 2000 to
capture large events. (b) The estimated contribution (circles) of concentration from the fall or rise of an
event with 95% confidence intervals. Baseline levels are indicated by a dashed gray line drawn at 1.
Levels of increase or decrease are reported at the top of each bar.
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Figure 7. Seasonal term with 95% confidence intervals (shaded) showing the variation in TSS concen-
tration (log scale) over a water year (October—September) at the Inkerman Bridge site in the Burdekin

River.

terms fit in the one model for TSS concentration at the Ink-
erman Bridge site in the Burdekin River. In Figure 9a for
example, TSS concentration increases linearly with increas-
ing flow assuming a small flow discounting term. However,
as § — 1, flow accumulates producing a decrease in pre-
dicted TSS concentration at high flow (Figure 9d). The
inclusion of more than one discounting term may therefore
be appropriate and should be tested in the model. For the
Burdekin model, all four terms were included.

3.1.5. Additional Covariates

[20] As is often the case, the base model may not be suf-
ficient for every type of river system encountered, particu-
larly if multiple years are being examined. Complex
relationships may exist, particularly in variable river sys-
tems like the Burdekin where drought breaking years are
not uncommon. In these instances, additional terms need to
be investigated to explain the temporal variations in con-
centration. These variables may represent additional terms
extracted from the hydrograph such as the rate of change
(representing a surrogate for the rainfall intensity), or pollu-
tant sources (e.g., total flow or proportion of flow arising
from subcatchments), spatial structures (e.g., a dam) or terms
that capture antecedent conditions and possible management
intervention (e.g., ground cover and vegetation). Although
the inclusion of such terms may only explain a small propor-
tion of the variance in a model, their input can be valuable
because of their ability to explain complex processes.

[21] To accommodate the complex features inherent in
variable river systems like the Burdekin, we incorporated

two additional covariates. The first of these investigated the
ratio of flow from above and below the Burdekin Falls
Dam, as the contributions from various subcatchments in
the Burdekin can lead to considerably different suspended
sediment loads because of different geology and soil types,
stream and catchment characteristics (e.g., slope, bank
heights, vegetation types, gully density, etc.), and the effect
of the dam on trapping sediment from upstream. We
obtained hourly flow data from the Burdekin River at Hydro
site (gauge 120015A) which represents the flow contribu-
tion from the catchment area (115,000 km?) above the Bur-
dekin Falls Dam. We computed the ratio of this flow with
the total flow occurring at the Burdekin River at Clare
gauge, which represents the end-of-catchment site. This ra-
tio is sometimes greater than 1 as some water is lost because
of water offtake for irrigation in the lower Burdekin sugar-
cane industry during the relatively dry water years.

[22] The second covariate considered was dry-season
vegetation cover for the catchment as it is well known that
poor vegetation ground cover can lead to an increase in soil
erosion [Mclvor et al., 1995; Scanlan et al., 1996] and
therefore an increase in TSS loads. Vegetation ground cover
data (Scarth et al. [2006]), in the form of an annual (end of
dry season) ground cover index (GCI) for 52 subcatchments
of the Burdekin were obtained from the Department of Envi-
ronment and Resource Management (Queensland Remote
Sensing Centre). The GCI estimates the percentage of plant
material (dead or alive) that is covering underlying soil or
rock material, through a known statistical relationship between
measurements of cover made by satellite sensors calibrated to
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Illustration of different levels of discounting of flow, ¢ for a sample water year (1986/1987)

collected at Inkerman Bridge in the Burdekin River using discounts of (a) § = 0.1 (equivalent to the orig-
inal flow), (b) 6 = 0.5 (minimal smoothing), (¢) 6 = 0.75 (moderate smoothing), and (d) 6 = 0.99 (equiv-
alent to the cumulative flow over the water year). The discounted term ~(0) is overlayed as a black line.

field-based observations [Schmidt et al., 2010]. We extracted
the median GCI value across the Burdekin catchment for each
year of the study period to be used as an input into the model.

3.2. A Model for Inkerman Bridge

[23] We fitted the base LRE model to data from the Ink-
erman Bridge site on the Burdekin River and investigated
significant model terms using backward elimination. Addi-
tional discounting terms and covariates consisting of a vege-
tation term and the contribution of flow from above the dam
were fit after the base model was identified and their signifi-
cance was evaluated using the generalized cross-validation
criterion (GCV) and p values for each term. Terms were

Table 1. Summary of Discounting Values Used in the Exponen-
tial Weighting of Flow History That Can Be Chosen to Reflect
How Much Weight of the Current Flow Is due to Flows That
Occurred in the Past

Days Until 50% of Days Until 5% of

Discount Percent Weight of Current Weight of Current
99% 69 >100
95% 14 59
90% 7 29
75% 3 11
50% 1 5

eliminated that had the largest p value and therefore,
decreased the GCV. The GCV is a criterion similar to ordi-
nary cross validation but with better computational proper-
ties. It is used in this instance to evaluate the performance
of spline-based terms in a GAM to identify the optimal set
of knots and therefore the level of smoothness required to
achieve a good fit without creating a model that is too
complex.

[24] Diagnostics were then examined to determine the fit
of the model and whether there were any serious departures
from normality. Among the standard diagnostics, we exam-
ined stationarity. That is, whether the residuals were autocor-
related and if present, we refitted the model with an AR1
term to capture the correlation between sampling times (i.e.,
how much of the concentration at time ¢ is related to the con-
centration measured at ¢ — 1) using generalized least squares
[Pinheiro and Bates, 2000] and estimated the variance-co-
variance matrix accordingly. The LRE model was fit using
the R programming language [R Development Core Team,
2005], making use of the mgev [Wood, 2006] and nlme
[Venables and Ripley, 1998] packages. Details regarding the
code can be obtained from the first author.

[25] The values of each term in the final model, which
explained approximately 71% of the variation in the data
are shown in Table 2 and include linear and quadratic terms
for flow, vegetation cover, the ratio of flow above the dam,
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Figure 9. Smooth discounting terms fit to TSS concentrations (log-scale) at the Inkerman Bridge site
in the Burdekin River computed for (a) 6 = 0.1, (b) 6 = 0.75, (¢c) 6 = 0.95, and (d) 6 = 0.99. Shaded
regions in each figure indicated 95% confidence bounds on the estimates. A rug plot is shown at the base

of each plot to indicate the distribution of data available.

a seasonal term and multiple discounting terms to capture
hydrological features of the system. In this example, the
correlation estimated from the autoregressive process is
estimated to be 0.97, indicating quite strong correlation
between concentration measurements taken from one time

Table 2. Parameter Estimates for the Fixed Effects, Smooth
Terms, and Correlation Term Resulting From the Fitted Loads
Regression Estimator (LRE) Model to the Inkerman Bridge Site in
the Burdekin Catchment

point to another. As the rising-falling limb term was not
significant (p value >0.05) it was therefore not included in
the final model. Table 3 shows a subset of models explored
before identifying the optimal model. Model 1 fits all the
terms in the model, while models 2—4 represent additional
fits from a backward elimination that omits the term that
contributes the least in terms of the percent variation
explained and GCV value. These models are compared
with the Wang et al. [2011] model (model 5) and a simple
representation of concentration and flow (model 6). The
results indicate the large contributions made by the inclu-
sion of the hydrological terms outlined in Wang et al.

Parameter Estimate Standard Error value . . .. R .

P [2011] (17.5%) and the inclusion of additional discounting

Intercept 12.280 1.195 <0.001  terms (12.1%) introduced in this paper. The addition of veg-

L"Ei(ggg) 1464 0.249 ~0.001 etation cover and the contribution of flow from upstream
Quadratic 0111 0014 <0.001 Sites provide an additional 4%.

Vegetation cover —0.021 0.003 <0.001 [26] Of major interest in this model are the two addi-

Ratio of flow above dam —0.977 0.186 <0.001  tional covariates. The inclusion of vegetation cover indicated

Effective Degrees a significant decrease in TSS concentration as vegetation

Smooth Terms of Freedom pvalue Cover increases (i.e., 2.1% decrease per percentage increase

in vegetation cover). Furthermore, for every unit increase in

Sea(srir(li)lth) 4250 0.014 flow above the dam, we observe a significant decrease in

Diicounting terms ’ ’ TSS concentration (up to 38%). Although the inclusion of

s(d=0.1) 1.001 <0.001 these terms explains only an additional 4% of the variation,

s(d = 0.75) 6.073 <0.001  they provide an explanation of the decrease in loads observed

SEZ = ggg; S'Z)gg <g~88} during the 1996/1997 and 1997/1998 water years, when con-

s(d=0. . <0. : :
Correlation (AR1(6)) 09723 sistent high volumes of flow entered the system but a much

smaller load resulted in the latter of the two years. Similarly,

11 of 18



W04533

KUHNERT ET AL.: REGRESSION ESTIMATOR TOOL FOR POLLUTANT LOADS

W04533

Table 3. Comparison of a Subset of Models Fit to the Inkerman Bridge Site, Burdekin River®

Percent Variation Percent

Model Explanation GCV Explained Contribution

1. Intercept + flow terms + limb + seasonal + flow discount Base model (5) + additional 0.409 71.3% 0.2%
terms + vegetation cover + ratio of flow above dam discounting terms and covariates

2. Intercept + flow terms + seasonal + flow discount terms Model 1 — limb 0.409 71.1% 2.0%
+ vegetation cover + ratio of flow above dam

3. Intercept + flow terms + seasonal + flow discount terms Model 1 — limb — vegetation cover 0.445 69.1% 2.0%
+ ratio of flow above dam

4. Intercept + flow terms + seasonal + flow discount terms Model 1 — limb — vegetation cover 0.472 67.1% 12.1%

— ratio of flow above dam
5. Intercept + flow terms + limb + seasonal + flow discount term Base model [Wang et al., 2011] 0.607 55.0% 17.5%
6. Intercept + flow terms Simple flow representation 0.808 37.5% -

“Each model is accompanied by the generalized cross-validation (GCV) score, the percentage of variance explained by the model, and the percent con-
tribution from the inclusion or exclusion of particular terms in each model. Model 2 is the final model used.

the load estimated in the 2008/2009 water year was 27%
lower when compared to the load estimated in 2007/2008 de-
spite the annual flows being within 6%.

[27] An interesting feature in Figure 10b is a possible
cyclic pattern observed in the annual mean concentration,
showing higher TSS loads in 1987/1988, 1996/1997, 2004/
2005 and 2005/2006. Although we could not explicitly
explain the higher loads during these periods with specific
climatic terms in the model e.g., effects due to El Nifio or La
Nifia cycles, it was hypothesized that major cyclones cross-
ing the North Queensland coast, affecting areas around Innis-
fail (1986, 2006: Tropical Cyclones Winifred and Larry),
Bowen (1988: Tropical Cyclone Charlie), Cairns/Townsville
(1997: Tropical Cyclone Justin) (Bureau of Meteorology,
Previous tropical cyclones, http ://www.bom.gov.au/cyclone/
history/index.shtml2011) and therefore impacting on the
Burdekin catchment, could be the main contributor.

3.3. Estimating the Load and Quantifying the
Variance

[28] The estimation of load in each water year involves
multiplying the flow measured at regular time intervals by
the concentration predicted at each regularized flow value
and then summing over the water year. An expression of
the load in any one water year is

M
L=K Z @mfImeXp (Um) (4)
m=1

where K is a unit conversion constant for producing a load
in tons given concentration is measured in milligrams per
liter (mg L") for TSS and flow is measured in cubic meters
per second, ¢,, and ¢,, represent predicted regularized flow
and concentration at regular time, m, and exp (o,,) repre-
sents the standard bias correction term for operating on the
log scale. See Wang et al. [2011] for details.

[29] The expression shown in equation (5) incorporates
errors in the flow rates that the user can provide in the form
of a coefficient of variation, a;; and «; [Wang et al. 2011].

var (L|C, Q) = trace{var (3)X”PPTX}

2 N N 5
+ S {1+ 0 /Ologd, } + od{1 + 0y /atogq, )
For completeness, we outline the components of the var-
iance expression. In equation (5), P = (I}, 1, ..., 1ly), rep-
resents a vector of loads estimated for each regular time

interval, m, L, = Kéw,,exp (o) and £(Q) = X, where M
represents the maximum number of time intervals. The sec-
ond term in equation (5) represents an error due to the spa-
tial positioning of the gauge, while the third term represents
a relative measurement error in the flow rate. A brief sum-
mary of the variance calculation is provided by Wang et al.
[2011], however, the complete derivation of this expression
is contained in the auxiliary material." The calculation of
the (1 — a)% confidence intervals can then be achieved in

the usual way by taking exp (ﬁ * vy p4/ var (Z,)) where «

represents the significance value that you wish to attain and
V,/2 Tepresents the percentage point from a normal distribu-
tion for a given level of significance.

[30] The loads methodology produces a total load, in
tons, for each water year. To facilitate the comparison of
loads through time a method of standardizing the load to
provide an annual flow-weighted mean concentration is
required. We derive the flow-weighted concentration along
with an expression of the variance.

[31] Let L,, represent the load in millions of tons calcu-
lated for a water year, w using the expression shown in
equation (5) and let F,, represent the total volume of flow
in mega liters occurring in a water year. We constructed an
annual flow-weighted mean concentration, 4,, by dividing
the total load by the total volume of flow and multipllying
by the necessary constant A to obtain a result inmg L™ -,

Ay = ALy /P ©)

with corresponding variance
N
Var(Aw) = FVar(Lw) (7)

w

Confidence intervals can be computed accordingly

[32] The resulting estimates of loads are shown in Figure
10 and Table 4. Figure 10a shows the TSS load estimates
(squares) and 80% confidence intervals for each water year,
accompanied by the total volume of flow observed in that
water year as a bar plot to the right. Annual flow weighted
mean concentrations and associated 80% confidence inter-
vals are shown in Figure 10b.

'Auxiliary materials are available in the HTML. doi:10.1029/
2011WRO011080.
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Figure 10. A summary of model estimates from

2004/2005
2005/2006

fitting the LRE model to the Inkerman Bridge site in

the Burdekin River showing (a) estimated TSS loads (Mt) and 80% confidence intervals produced for
each water year with a corresponding bar plot showing the total volume of flow to the right and (b) the
annual mean concentration (mg L") and associated 80% confidence intervals.

[33] As a secondary analysis, we also recalculated the
load estimates assuming errors in the flow rates; in particu-
lar, a 10%, 30% and 50% error related to the spatial posi-
tioning of the gauge and the measurement of flow. As
expected, the results showed no change in the best estimate
of load in each water year. However, the CV of load
estimates in each year increased with increasing uncer-
tainty in flow, as expected (Figure 11).

13

4. Validation of Model and Load Estimates

[34] We used k-fold cross validation [Efron and Tibshir-
ani, 1993], where k£ = 10 to investigate the predictive per-
formance of the model for the Burdekin data set. Cross
validation is performed by dividing the data into & subsets
of approximately equal size, fitting the LRE model £ times,
each time leaving out one of the subsets and predicting on
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Table 4. Load Estimates Produced for Each Water Year From the Inkerman Bridge Site in the Burdekin River Using LRE*

Water Year w Total Flow (ML) L, (Mt) SE CV (%) n I:i;l 1:3:9 A, (mgL™h ;13,'1 y ?f
1986/1987 656,326 0.103 0.02 22.9 18 0.077 0.138 157 117 211
1987/1988 3,978,072 4.574 2.12 46.4 14 2.526 8.285 1150 635 2083
1988/1989 9,181,633 4.376 1.25 28.6 8 3.032 6.317 477 330 688
1989/1990 9,348,329 3.272 0.96 29.3 10 2.247 4.766 350 240 510
1990/1991 40,289,050 15.741 4.45 28.3 6 10.955 22.617 391 272 561
1991/1992 530,578 0.009 0.00 24.4 3 0.006 0.012 16 12 22
1992/1993 554,509 0.004 0.00 19.7 4 0.003 0.005 7 5 9
1993/1994 2,927,424 0.385 0.11 28.2 2 0.269 0.553 132 92 189
1994/1995 774,658 0.048 0.01 22.9 2 0.036 0.065 63 47 84
1995/1996 2,162,926 1.450 0.60 41.2 24 0.855 2.460 671 395 1137
1996/1997 8,679,227 8.371 2.53 30.2 79 5.686 12.324 965 655 1420
1997/1998 9,045,261 5.006 2.47 49.4 39 2.658 9.427 553 294 1042
1998/1999 6,007,503 1.605 0.30 18.4 73 1.268 2.033 267 211 338
1999/2000 13,849,068 5.232 1.62 30.9 122 3.521 7.775 378 254 561
2000/2001 8,765,625 0.283 0.07 23.8 2 0.209 0.384 32 24 44
2001/2002 4,485,247 2.141 1.16 543 8 1.067 4.296 477 238 958
2002/2003 2,092,792 0.755 0.28 36.6 10 0.472 1.207 361 226 577
2003/2004 1,516,142 0.384 0.12 31.4 18 0.256 0.574 253 169 378
2004/2005 4,328,213 4.338 231 533 23 2.192 8.585 1002 506 1983
2005/2006 2,199,683 0.884 0.32 36.0 23 0.557 1.401 402 253 637
2006/2007 9,768,650 7.195 3.35 46.6 52 3.960 13.073 737 405 1338
2007/2008 27,502,587 14.806 4.82 32.6 53 9.757 22.469 539 355 817
2008/2009 29,352,221 10.855 3.47 31.9 52 7.208 16.346 370 246 557
2009/2010 7,787,247 2.485 0.68 27.5 47 1.747 3.535 319 224 454

“Each load estimate is accompanied by the total flow (ML), the standard error (SE) of the load estimate, the coefficient of variation (CV) expressed as a
percentage, the sample size (n) and lower and upper bounds (Zwﬁ and Zw: ) corresponding to an 80% confidence interval. The average mean concentration
(4,,) and associated 80% confidence intervals are also presented in the last three columns and are reported to the nearest mg L~ since laboratory measure-
ments are only reported to this level of precision.
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Figure 11. Coefficient of variation for the predicted loads at each water year shown for a model assum-
ing no errors (solid line), 10% errors (dashed line), 30% errors (dotted line), and 50% errors (dot-dashed
line) in the measurement and spatial location of flow gauges.

14 of 18



W04533

the omitted subset of data. The choice of £ is typically ten-
fold so as to optimize the variance-bias tradeoff with values
of either 10 or 20 optimally used [Kohavi, 1995]. For the
Burdekin case study, this involves randomly selecting
observations, stratified by water year to avoid unrealistic
sampling scenarios where samples occur in 1 year. The
LRE model was fit to the £ — 1 subsets of data with predic-
tions formed on the & th subset. The approach has been
shown to be superior to split-sample validation and is popu-
lar in machine learning and statistics applications for explor-
ing the prediction error, a measure that determines how well
a model predicts the response of a future observation. The
prediction error is calculated as the expected squared differ-
ence between a future response and its prediction from the
model [Efron and Tibshirani, 1993]. Therefore, if y; repre-
sents the i th observed response and j/i_k<'> represents the fit-
ted value for the i th observation with the k(i) th subset of
data removed, then the cross-validated prediction error can

1< k)2
be represented as PECY = _Z (yi_ 9 k( )) . Errors close
n

p
to 0 indicate robustness of the model to unseen observations.

[35] We implemented tenfold cross validation to the Bur-
dekin example and produced a cross-validated prediction
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error in observed instantaneous concentrations of 0.464,
indicating low prediction error and suggesting that the
model is robust to new observations. Note, this is compara-
ble to the GCV estimate produced for the model for the
complete data set (GCV = 0.409) and reflects the close
relationship between predicted and observed TSS concen-
trations as shown in Figure 12 (i.e., points are scattered
along the diagonal).

5. Discussion and Conclusions

[36] The LRE model presents a methodology for model-
ing concentration to provide estimates of river pollutant
loads with uncertainties with application to the Inkerman
Bridge site on the Burdekin River. The method’s ability to
capture complex characteristics of this river system pro-
vides the ability to explain the sources of concentration
changes over time and how this impacts on loads.

[37] Unlike standard methods for calculating loads, such
as linear interpolation, ratio estimators and rating curves,
the LRE methodology contains temporally dynamic terms
which provides more credible estimates compared to steady
state rating curve approaches. This is true for loads over
short time periods, such as individual years, and variable

Predictions from 10-fold CV
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Figure 12. Results from performing tenfold cross validation showing the observed and predicted con-

centration in each water year.
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climates where concentration is poorly predicted by flow
alone. Multiple discounting terms help to represent hystere-
sis and exhaustion behavior evident in observed concentra-
tions in many river systems as demonstrated by the
Burdekin River. The inclusion of additional terms repre-
senting the spatial source of runoff and vegetation cover
indicates that catchment conditions in 1 year influenced
(reduced) the sediment load in the subsequent year. Further,
the method can be applied to data independent of the sam-
pling regime. We have also demonstrated methods for eval-
uating whether the terms included in the model describe the
hydrological processes and adequately capture the variation
and complex relationships exhibited by the system.

[38] The reliability of the model was examined through
the GCV score, examination of residuals to test for statio-
narity and cross validation, the latter providing an estimate
similar to GCV that indicates the model’s ability to predict
future observations accurately. The results from tenfold
cross validation indicated that the model provided a reason-
able fit to the data. Despite this, the load calculations in
Figure 10 showed variability in loads spanning the 24 year
period, with wide 80% confidence intervals for those water
years exhibiting large discharges due to large rainfall
events. These wide confidence intervals are the result of
unexplained variation in the model. In fact, the large varia-
tions in loads and quantified uncertainties are a clear indi-
cation that the Burdekin River is a highly complex and
variable river system, subjected to drought-breaking floods
that lead to increases in sediment transport to the GBR
lagoon [McCulloch et al., 2003].

[39] Compared to the commonly used linear interpola-
tion method, the load calculations presented by LRE are
similar for the years calculated in Table 5, apart from one
calculation in 2005/2006, where the linear interpolation
estimate is at the lower bound the LRE 80% confidence
interval. Table 5 provides some reassurance that the loads
estimated by LRE are in line with standard methods but
provides improved explanatory and predictive power in
addition to providing confidence intervals to determine the
variability in loads among years.

Table 5. Comparison of LRE and Linear Interpolation Loads
Estimates for Years Spanning 1995-2000 and 2004-2010"

LRE 80%
Confidence
TSS (10°t) Intervals
Total Discharge Linear
Year (10° ML) Interpolation LRE  Lower Upper
1995/1996 2.16 1.5 1.45 0.86 2.46
1996/1997 8.66 6.8 8.37 5.69 12.32
1997/1998 8.97 35 5.01 2.66 9.43
1998/1999 5.98 1.4 1.61 1.27 2.03
1999/2000 13.32 4.0 5.23 3.52 7.78
2004/2005 4.27 2.7 4.34 2.19 8.59
2005/2006 2.00 0.5 0.88 0.56 1.40
2006/2007 8.50 6.1 7.20 3.96 13.07
2007/2008 26.50 12.3 14.81 9.76 22.47
2008/2009 29.20 9.0 10.86  7.21 16.35
2009/2010 7.79 1.9 2.49 1.75 3.54

?Only years where linear interpolation could be applied are listed. Total
discharges for each water year are also listed. TSS, total suspended
sediment.
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[40] The LRE methodology is unbiased by gaps in flow
and concentration monitoring data as it uses a regularized
flow record to predict concentration for a given regression
model and to calculate the loads accordingly. In the case of
the Burdekin River, flow was recorded at regular hourly
intervals, but this is not the case at all sites. The regulariza-
tion method currently implemented in LRE deals with small
gaps efficiently using a Hermite spline interpolation. How-
ever, one limitation of the method is the interpolation of
large gaps in the flow record. In these instances, the spline
interpolation does not work well. Pagendam and Welsh
[2011] have developed an approach that provides a realiza-
tion of the flow series that has the potential to infill large
gaps in flow data more efficiently and accurately, provided
that the covariates characterizing the mean has a strong rela-
tionship with flow. The method can also provide estimates
of uncertainty in the flow record that could be used to inform
the errors in flows and input into the LRE model. We are
currently investigating this approach as a method for flow
regularization in flow records that exhibit large gaps in flow.

[41] A second limitation of the approach is the ability of
the model to predict concentration and to compute an accu-
rate estimate of the load. We included two additional terms
in the model to capture some of the complex features of the
concentration-flow relationship for the Burdekin River.
Other more complex covariates could have been consid-
ered. For instance, instead of just breaking flow up into
“above dam” and “below dam” as we do here, we could
have included a much more complex breakup into, say, six
flow regions based on rainfall in each of the major sub-
catchments: Bowen, Belyando, Suttor, upper Burdekin,
Cape, and the lower Burdekin. However, the creation of
these terms becomes challenging as the detailed location of
major rainfall gauges is not always known and this infor-
mation has marked effects on load. Of course the model is
only as good as the data and covariates that are used to de-
velop it. If the data are not representative of the system,
then the calculated loads will not adequately reflect the
movement of pollutants at the site. Even if we have the best
data and covariates included in the model, sampling bias
may still be an issue. In these instances, provided that we
have covered enough of the hydrological conditions to
ensure the prediction errors are minimized, the model can
still be confidently used to predict concentrations and esti-
mate loads. To facilitate this, diagnostic checks that exam-
ine the predictive performance of the model need to be
performed to ensure the final model is representative of the
system being studied. It is important to acknowledge that
the methodology presented here is not intended to replace
monitoring programs but complement them by using histor-
ical data to establish baselines against which to assess
future change. Of course where significant future changes
are likely, these will need to be monitored independently as
they will not be represented by the model and any predic-
tions from the model are likely to be underestimated. Fur-
thermore, the uncertainty associated with baseline estimates
may make it virtually impossible to comment scientifically
on changes incurred by the implementation of management
strategies. Although not an ideal outcome, this highlights
the complexity of quantifying sediment fluxes.

[42] The application of the method to other water quality
data sets [Kroon et al., 2012] for broader management
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purposes shows promise as a tool for quantifying pollutant
loads with associated uncertainties. Recent examples of
LRE implementation have included that of Kroon et al.
[2012], where pollutant baseline loads were estimated for
all GBR end-of-catchment sites having adequate monitor-
ing data. Estimates of a catchment-wide sediment budget
for the Burdekin is another example, where LRE methodol-
ogy was used to provide estimates of loads with uncertain-
ties for each water year from 2005-2010 for five river
stations within the Burdekin catchment. These estimates
were then combined and the uncertainties propagated to
give sediment trapping estimates for the Burdekin Falls
Dam during each year monitored by S. E. Lewis et al.
(manuscript in preparation), to identify years where trap-
ping was highest, and compare results with standard reser-
voir trapping algorithms developed for more temperate
climates.

[43] Load estimates with attached confidence intervals
from LRE are complementary to, and potentially useful for
constraining, deterministic and spatially resolved models of
pollutant delivery through river networks such as the Sed-
Net conceptual process model of pollutant sources and
transport [Wilkinson et al., 2009], and land use concentra-
tion-based models of pollutant generation [Argent et al.,
2009]. A natural extension to the problem of loads estima-
tion is the integration or assimilation of monitoring data
with spatially resolved pollutant transport models [Berliner,
2003 ; Wikle and Berliner, 2007]. Through this integration,
the prediction of a system’s state is averaged with a new
measurement about that state, thus incorporating errors in
not only the state of the system but the measurement about
it, in a similar way to how meteorological observations are
used to improve the predictions of process-based weather
models [Kalnay, 2003]. This is currently an area of future
research, which we are exploring using the Burdekin catch-
ment as a case study.
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