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EXECUTIVE SUMMARY
Overview
This report has been prepared for The Queensland Ports Association, and addresses sedimentary
and nutrient issues relating to dredging and emplacement of dredged sediment at sea.
The report concludes that:
•

The inner-shelf (where all dredging occurs) is naturally turbid with wave action frequently
suspending muddy seabed sediments, producing environmental conditions different from
the outer-shelf ‘blue-water’ reefs. Inner-shelf reefs are adapted to highly turbid conditions;

•

Cyclones play a major role in influencing the sedimentary nature of the inner shelf (and
associated habitats). Intense cyclones are the norm, rather than the exception, and have
probably ‘reset’ many marine benthic habitats on the GBR shelf at least every few decades.
The reefs and other habitats of the inner shelf have therefore evolved in a state of constant
change and are consequently naturally highly variable over time;

•

The current debate on dredging in the GBR has not placed sufficient attention on
sedimentary processes (which determine the nature of habitats) nor has considered
observed changes to the GBR in appropriate time frames;

•

Dredging-related volumes of sediment resuspension are at least an order of magnitude less
than those occurring naturally. SE trade wind events result in much greater sediment
resuspension each day than that resulting from periodic dredging;

•

The process of comparing volumes of river and dredge-related sediment inputs to the entire
GBR shelf is meaningless;

•

Nutrient release from dredging operations and emplacement of dredged sediment at sea are
negligible and are one or two orders of magnitude less than the riverine fluxes;

•

The monitoring datasets used to support the current debate on the health of the GBR cover
timescales of years to a few decades. Habitat changes over such timescales cannot be
viewed simply as evidence of anthropogenic effects; natural variation will be involved;

•

Little published science demonstrates unequivocally that the GBR shelf system is severely
damaged. There is significant doubt about some influential papers that have argued for a
recent human-influenced decline in the GBR and/or that the GBR is near a ‘tipping point’;

•

Effective management of dredging related impacts needs to be site-specific and based upon
an understanding of those sediment transport pathways potentially influenced, because the
pathways play a large role in controlling potential impacts to ecological resources
associated with that pathway.
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Introduction
The condition of the Great Barrier Reef (GBR) and the influence of anthropogenic effects are under
a spotlight, on the national and international stages. In particular, the increase in nutrient and
sediment inputs into the GBR lagoon since European settlement has been considered by many to be
amongst the key threats to the health of the Reef.
Since the expansion of Queensland’s mineral-exporting ports (e.g. coal, LNG) in the last decade,
the considerable public and media attention relating to nutrient and sediment inputs from landbased sources has extended to port-related dredging and emplacement of dredged sediment at sea.
Previously, dredging was certainly regarded as a local issue affecting regions within a few tens of
kilometres from various ports, but recently port expansion has been linked to system-wide decline
of the entire GBR (UNESCO, 2012, http://whc.unesco.org/document/117104).
Issues associated with the dispersal of sediment suspended by dredging and emplacement of
dredged sediment at sea and the impacts of that sediment on areas of high conservation value (e.g.
coral reefs) have thus been of particular interest.
Dredging is an essential part of port operation, and has been conducted in Queensland for over 100
years (Morton et al., 2014). Most ports are located in shallow inner-shelf areas and have
constructed channels to provide access to vessels requiring deeper water. These channels need
routine maintenance dredging, to remove that sediment from over-deepened areas which would
have otherwise made its way over or across the seabed. On occasions, capital dredging operations
are undertaken to expand existing channels or develop new ones.
The Queensland Ports Association consequently commissioned this report to help interested parties
increase their understanding of the GBR sedimentary regime and the potential influence of portrelated dredging and emplacement of sediment at sea.
The inner-shelf of the GBR
The central GBR continental shelf is divisible into three parts: inner, middle and outer as defined
by their sediments and geology; all port-related dredging occurs in the inner shelf.
The inner shelf is the recipient of the land-derived (terrigenous) sediment inputs and has
accumulated terrigenous sediment throughout the last 7,000 - 8,000 years. In the last few hundred
years, most of the sediment delivered from rivers leading into the GBR lagoon has been deposited
close to the major river mouths (e.g. within 50 km, for the Burdekin River). The river-supplied
muds are generally deposited in coastal embayments, especially in mangrove systems and sheltered
subtidal zones, but can be temporarily incorporated into deeper-water sediments by bioturbation.
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Figure 1. Simplified bathymetry and the terminology of the inner, middle and outer shelf in
the central GBR region, and location of LADS image of Figure 57 (oblique
rectangle).

The inner shelf is characterized by:
•

•
•

•

terrigenous sediments, comprising sands, muddy sands and sandy muds. These sediments
are in ample supply close to land (maximum thickness of 4–5 m) and extend offshore for
8–10 km, where, in depths greater than ~20 m, they taper to be only a few cm thick;
well-mixed surface sediments, caused by pervasive bioturbation. Seabed sediments have a
relatively low carbonate content (< 30 %), different to those of the middle shelf;
naturally turbid waters, due to resuspension of the terrigenous sediments by waves (the
dominant periodic oceanographic cause of high turbidity) when there are strong onshore
winds. The inner shelf does not naturally have the sparkling blue water associated with the
outer-shelf reefs, and has never done so in the past;
sediment accumulation in north-facing embayments such as Cleveland Bay, Trinity Bay
and Princess Charlotte Bay, because they are sheltered from the prevailing south-easterly
winds and waves;
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•

along-shelf sediment transport along non-embayed open parts of the shelf (e.g. Halifax
Bay, or between Innisfail and Cairns).

The inner shelf experiences a markedly different suite of oceanographic processes to the middle
and outer shelf, with resultant different seabed sediments, sediment transport regimes, water quality
and habitats.
In brief, inner shelf waters are relatively muddy, turbid and poorly flushed. The waters of the
middle and outer shelf are clearer and better flushed because they are heavily influenced by largescale oceanic circulation driven from the Coral Sea. Flushing times for water on the outer-shelf
reef matrix are less than a month, and for inner shelf waters are around 3 months or less. Both are
subject to significant seasonal and episodic changes in water quality. This compares to more
enclosed water bodies (e.g. 25 years for the Baltic Sea) where long residence times can become
problematic if there are significant pollutant sources.
The importance of understanding sedimentary processes
An understanding of the surface sedimentary systems is vital to managing marine ecosystems and,
in particular, to help appreciate the potential for impacts relating to sediment transport associated
with dredging and emplacement of dredged sediment (e.g. turbidity plumes). Knowledge of the
nature of sediment dynamics on the GBR system is of critical scientific and management
importance to:
•

provide context to the need for dredging;

•

inform engineering and environmental assessments of planned designs;

•

improve understanding of how benthic habitats have developed;

•

help appreciate the key influences on water quality, and;

•

inform the design of dredging related monitoring efforts, and the interpretation of collected
datasets and their significance.

For example, all benthic habitats lie on a sediment transport pathway of some type, and the relevant
pathway is a key control upon their nature and changes through time. However, the debate about
various anthropogenic influences, especially dredging, has not been considered with a sufficient
level of understanding of the sedimentary processes that operate in the GBR. Related sedimentary
geoscience literature has been relatively unrecognised. The impact debate has focussed mainly on
ecological aspects (e.g. changes in coral reef condition) and links to the sediment regime have
largely been presumed rather than rigorously tested.
The overarching sediment-related phenomena operate at much longer timescales than the normal
temporal scale of ecology. Failure to acknowledge this and the processes involved may lead to the
overestimation of anthropogenic impacts (Hopley et al., 2007). Natural changes in the composition
and location of habitats on the GBR shelf system have always happened and are entirely expected,
with changes being gradual and/or episodic.
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From the perspective of managing dredging impacts, an understanding of the sedimentary regime
of the relevant affected habitats is vital. Sediment dynamics affects the nature of benthic habitats
(e.g. seagrass, corals or unvegetated seabed) and some habitats and environments are likely to be
routinely disturbed by natural processes (e.g. cyclones) controlling their measured condition and
extent.
This report provides information to enable readers to appreciate the key sedimentary processes
operating in the GBR.
Sediment transport pathways
It is important to understand the underlying concept of a sediment transport pathway. This concept
and a suite of related issues are integral parts of much of the scientific material presented in this
report.
The key components of a sediment transport pathway are sources (which undergo erosion and
provide sediment particles), pathways (along which particles of sediment move), temporary stores
(where sediment accumulation may take place before being remobilised) and finally sediment sinks
(where accumulation takes place).
All benthic habitats lie on a sediment transport pathway of some type, so that the past and present
nature of the relevant sediment pathway is a key control upon the nature of that habitat at that
location, and the likelihood of change over time. Sediment transport pathways have an overarching
influence on natural benthic habitats and if perturbed to a significant extent by anthropogenic
activities, such as dredging, habitats may be affected.
Some of the pathways operating on the GBR coast and shelf may be up to hundreds of km in
length, continuous and well supplied with sediment, with little chance of becoming disrupted or
changed, either naturally or by dredging activity. Other might be shorter, intermittent and ‘starved’
of sediment, with a resulting greater chance of disruption. Clearly, beginning to determine the
effects and areas influenced by dredging activities on the GBR shelf requires an understanding of
these pathways.
The importance of understanding sediment pathways in assessing relocation options and alternative
uses for maintenance and capital dredged sediment is well recognised overseas. Options include
those aimed at retaining sediment within the natural sediment system to support sediment‐based
habitats, shorelines and infrastructure (e.g. OSPAR, 2014).
Similarly, effective management in selecting dredged sediment emplacement sites should consider
sediment transport pathways in terms of whether they have a high or low rate of throughput (i.e.
whether an associated dredged sediment emplacement site is relatively dispersive or retentive). For
example, the middle shelf, or those inner-shelf areas (and associated habitats) which display
evidence of episodic severe disturbance due to cyclones, might be ideal long-term places to
relocate dredged sediment.
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Effective management of dredging related impacts needs to be site-specific and based upon an
understanding of those sediment transport pathways potentially influenced, because the pathways
play a large role in controlling potential impacts to ecological resources.
Inner-shelf turbidity and dredging
The requirement for maintenance dredging operations at most ports is an indication of the
considerable quantities of sediment which are naturally mobilised in the inner shelf of the GBR and
which are ultimately trapped in channels, berths and basins. Maintenance dredging is proof of a
dynamic sedimentary environment and the presence of active sediment transport pathways.
In Cleveland Bay, for example, the 0.4 M m3 of sediment that falls each year into the channels,
berths and basins of the Port of Townsville represents only a very small fraction of the total that is
disturbed over the whole bay each year.

Figure 2. MODIS Aqua satellite image of 12 October 2006, taken during a strong dry-season
wind event, clearly showing the turbid coastal boundary layer which, for
example, in Cleveland Bay (middle arrow), extends seawards to beyond
Magnetic Island.

SE trade-wind events result in considerable sediment resuspension. Wind-waves capable of
resuspending bed sediment in water depths to around 15 m, occur for ~40 days/yr in the Townsville
region (Orpin et al. 1999) and similar periods are likely for much of the GBR coastline. The
quantity of sediment resuspended in Cleveland Bay during such events can be estimated at 0.1 M
m3, a large fraction of the annual quantity dredged.
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During these periods, water turbidity close to inner-shelf reefs will generally exceed 20 NTU
(roughly 20 mg/l) and at other seabed areas with a muddy substrate, such as inner Cleveland Bay,
can exceed 200 mg/l (Larcombe et al., 1995). Volumetrically, turbidity events caused by dredging
are minor compared with wave-driven resuspension, and more so compared with sediment
resuspended during cyclones.
Some scientists consider inner-shelf reefs to be ‘‘at risk’ due to their close proximity to the
mainland and consider such reefs to be degraded with respect to live coral cover and coral
diversity. However, inner-shelf reefs occurring in naturally turbid areas cannot be considered as a
degraded form of an outer shelf ‘blue-water’ reef or any other type of reef. It is simply
inappropriate to consider one type of coral reef a poor example of another.
Reefs associated with the inner shelf
There are a wide variety of reef types or coral communities in the GBR, reflecting the range of
local oceanographic and sediment conditions in which corals occur. Reefs in different physical and
sedimentary environments are unlikely to have similar reef species, coral cover, age distributions,
proportions of broken coral and a range of other aspects. Many reef flats are ephemeral in nature,
and their internal structure indicates a long history of modification by cyclones.
Coring of turbid inner-shelf reefs has shown that many have successfully occupied very muddy
environments since they were formed a few thousand years ago. Instead of considering corals in
such habitats as being under threat, we might more correctly recognise the modern and past
occurrence of such habitats as indicators of their natural adaptation to their environment.
Whilst sediment supply to the inner shelf has increased over the last 200 years, this change would
be immeasurable in terms of sediment dynamics because of the ample pre-existing available
sediments on the inner shelf and the episodic nature of natural sediment supply. Further, given the
relatively rapid rates of water flushing through the GBR shelf, sediment-related biological turnover
of nutrients and incorporation of nutrients into the thick blanket of inner-shelf sediments, changes
in sediment supply have probably been of little long-term consequence to the reefal communities of
the inner shelf.
For example, Perry et al. (2008b) studied the extremely turbid Paluma Shoals reefs (Halifax Bay)
and found that the past coral assemblages exhibited no measurable evidence of community shift
that could be attributable to post-European water-quality changes, had such changes occurred.
These reefs are one of a variety of sediment-associated reefs and are adapted to the regularly high
turbidity. Perry and Smithers (2011) cautioned that ‘‘degraded reef states cannot de facto be
considered to automatically reflect increased anthropogenic stress’’, i.e. those reefs that may appear
to be “degraded” may be in a natural state which is different to the picture-postcard ecosystems
associated with the clear-water outer-shelf coral reefs. Surprisingly, such literature is relatively
poorly cited, considering its fundamental importance to understanding inner-shelf reefs.
Understanding the past development and growth of inner-shelf coral communities is crucial for
predicting their future trajectories and for placing contemporary ecological and environmental
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changes within appropriate reef-forming timescales (centennial-millennial).
This report
emphasises the importance of understanding the past in underpinning appropriate environmental
management.

Figure 3. Coral microatolls at the southern reef of Paluma Shoals. The microatoll flanks are
of live coral, and are sediment free, while their centre is filled with mud. This is
typical of turbid-zone reef flats and there is no reason to relate this to human
activity of any kind.

The role of cyclones
On average, 4.7 tropical cyclones (TC) affect the Queensland region each year 1, and there are
almost twice as many cyclone events during La Niña than during El Niño 2. The increase in
cyclonic activity on the GBR over the past 4 years reflects the strong La Niña weather pattern that
developed in 2010. Cyclones are a normal part of the present GBR continental shelf and have
occurred throughout the 8000 years of development of the modern coral reef system (e.g.
Larcombe & Carter, 2004; Liu et al., 2014).
(i)

Sediment transport

Cyclones are the main mechanism of bed sediment transport for much of the GBR shelf system.
Cyclone-associated currents (up to 1.5 m/s) can mobilise sand and some gravel, thus controlling
sediment transport and seabed morphology over periods of years or more. Such currents can also
1

http://www.bom.gov.au/cyclone/about/eastern.shtml#history

2

http://www.bom.gov.au/cyclone/about/eastern.shtml
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influence the net sediment movement on some otherwise tidally dominated sections of the shelf
(Harris, 1995).
Sedimentary bedforms reveal thousands of years of GBR-wide extreme sediment transport events,
with evidence on parts of the inner shelf but especially widespread across the middle shelf, where
the bedforms are better preserved. There is strong evidence for thousands of years of repeated
extremely violent seabed sediment transport events, across hundreds of square kilometres at a time.
Therefore, if it was otherwise practical and acceptable, the middle shelf of the GBR, or those innershelf areas which display similar evidence of such episodic high-magnitude disturbance, might be
ideal long-term places to relocate dredged sediment.
For the inner shelf, cyclones mobilise great quantities of sediment, through the combined effects of
waves and currents. It has been estimated (Carter et al., 2009) that in 1986, TC Winifred moved
140 million m3 of sediment as it moved across the continental shelf. A layer of the seabed up to 15
cm thick was agitated, out to a depth of ~40 m. TC Yasi might have suspended more than 500
million m3 of sediment, although the degree of uncertainty is large.
These figures compare with the typical annual maintenance dredging volumes over the last decade
at Queensland ports of <50,000 to 600,000 m3 per port (Morton et al., 2014). The quantity of
sediment moved during a major cyclone is thus enormous and much larger than the largest capital
dredging operations, dwarfing anthropogenic influences upon the shelf transport regime.
(ii)

Effects on inner-shelf reefs

Inner-shelf reefs and habitats experience regular natural disturbances and their management needs
to be seen in this light. Cyclones, in particular, are a natural feature of the inner shelf’s
environmental setting, and it is well documented that such events can strongly affect individual
reefs. Such cyclones have probably always ‘reset’ many coral reef flats and other marine benthic
habitats at least every few decades, across much of the central GBR shelf, largely as a consequence
of natural climatic cycles. This is particularly the case for the detrital turbid-zone reefs on the
open, relatively exposed non-embayed coastlines, and for those fringing reefs exposed to waves.
The reefs of the inner shelf have therefore evolved in a state of constant change, with major
sedimentary changes (primarily due to cyclones) effectively switching different habitats on and off
along the inner shelf, probably since the GBR’s reefs began to develop around 8000 years ago, but
especially in the last 6,000 years. As a result, most habitats on the GBR inner shelf have a long
history of significant natural change. Observed changes to such habitats over periods of months to
decades cannot be merely viewed as evidence of anthropogenic sedimentary effects.
Dredging and nutrients
Dredging must cause some localised nutrient related effects for short periods of time. However, it
is unreasonable to expect that it could cause a significant system-wide effect, because there are
other far more important mechanisms which control the fluxes of nutrients (Furnas et al., 2011).
Here, we note the dynamics of Nitrogen, but similar arguments apply to Phosphorous.
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(i)

Nitrogen fluxes

Of crucial importance is the cycling of sediments into and out of the seabed, which varies with
location and time of year. Taken together, bioturbation, wave action, tidal currents and cyclonic
disturbance affect roughly the top 20 cm of the sediment column, so this thickness of sediment
actively contributes to the nutrient-exchange processes of the GBR lagoon. Therefore over
timescales of a few years or so, partly dependent upon cyclones, the Nitrogen fluxes of the GBR
lagoon are likely to be dominated by the huge nutrient storage of the sediments, in conjunction with
the large exchange between sediments and the water column.
Sediment-water nutrient exchange on the inner-shelf is far more important than river inputs.
Regarding Nitrogen, wet-season cycling across the sediment-water interface is probably 5 times
larger than river fluxes. For the dry season (and offshore zone), cycling across the sediment-water
interface is probably 700 times larger than river fluxes.
There are also fluxes of nutrients associated with the constant resuspension and settling of
sediment, of similar magnitude to the cycling fluxes, further reducing the significance of riverine
input, especially given the very large quantities of sediment resuspended during cyclones.
(ii)

Flushing influences

The other factor of primary significance to nutrient fluxes in the GBR lagoon is the exchange of
water with the Pacific Ocean. The outer-shelf reef matrix, which contains 99% of the GBR’s
corals, is up to 100 km from river mouths and dredging activities, but is intimately linked with to
Pacific Ocean waters, of low nutrient concentration. Enormous volumes of water are continuously
flushed out of the GBR lagoon to be replaced with water from the Pacific Ocean. For the Southern
GBR, every 8 hours, a volume of water is flushed to the Coral Sea approximately equivalent to a
full year’s volume of river water input (Choukroun et al., 2010).
(iii)

Comparisons to dredging

The quantities of Nitrogen involved with dredging are very small compared with other influences
(at least an order of magnitude) and especially compared with Nitrogen cycling figures (noted
above) and cyclonic effects. As an example, TC Winifred (1986) resuspended ~140 M m3 of
sediment (Carter et al., 2009) so that, assuming the total Nitrogen content of the sediment is 0.03%
(Furnas et al., 2011), the cyclone disturbed 50,000 tonnes of Nitrogen, compared with perhaps
1,000 tonnes for a large 3 M m3 capital dredging project.
However even the small dredge-related numbers in such simplistic comparisons may overestimate
the actual contribution of dredging to the nutrient budget. Most of the relatively small quantity of
nutrients associated with the sediment disturbed by dredging does not become available in the
water column because it is trapped on sediment particles and buried. The Nitrogen in the placed
sediment will eventually cycle into and out of the water column but this will generally be at a
broadly similar rate to the original seabed.
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There is no evidence that dredged sediment emplaced onto the seabed “leaks” Nitrogen or other
nutrients into (and out of) the water column at a different rate from the original sediment that it
covers. Any nutrient increases due to emplacement of sediment at sea are likely to be minor
relative to the large natural sediment-water cycling fluxes.
For the inner shelf, dredging fluxes of nutrients are 10-100 times less than the riverine fluxes, so
that it is logical to conclude that nutrient released from dredging operations is negligible overall.
For the outer shelf, dredging contributions to nutrient concentrations would be even less, especially
given the natural flushing rates.
Riverine vs dredging related sediment inputs
The issue of terrigenous sediments and potential environmental impacts to inner-shelf reefs is a key
part of the current debate and UNESCO’s concerns. Since European settlement, nutrient and
sediment inputs into the Great Barrier Reef (GBR) lagoon have increased markedly as a result of
agricultural intensification and river catchment modification.
A great deal of effort has gone into reducing terrigenous inputs of sediment down the rivers which
deliver fluvial sediment into the GBR shelf system. There are clear and substantial arguments for
reducing sediment runoff within the GBR’s catchments on the basis of retaining the valuable
agricultural soils.
However, the arguments for reducing sediment runoff because of potential sedimentary impacts on
the GBR shelf system and its habitats are much less convincing, as noted in section 8.3 of this
report. This is largely because there is a limited appreciation of how insignificant the observed
increased sediment inputs are compared to the natural sedimentary regime of the inner-shelf, and of
the GBR shelf system as a whole. A historical paucity of long-term (>decadal) ecological data has
also contributed to the fears about coral habitats, but this should be calmed by the emerging
century-scale studies of reef evolution and sedimentation (e.g. Perry et al., 2008b; Reymond et al.,
2013).
Several media articles have noted the considerable funds expended on reducing terrigenous inputs
of sediment to the GBR and question why dredged sediment is permitted to be disposed of at sea.
It is not clear what such a comparison seeks to achieve. Any approach to management of
sediments which is based upon a comparison of fluvial and dredged-sediment volumes fails to
recognise that the key sedimentary issue is to consider whether any additional volume of sediment,
of whatever source, is of consequence to the nature of the receiving sediment transport pathway.
Unless these aspects are understood, such comparisons are meaningless.
The ‘Death by a Thousand Cuts’ and ‘Tipping Point’ concepts
A range of published scientific papers have claimed and/or predicted various levels of detrimental
impacts on the GBR system over the past few decades, from a range of potential drivers. Most
recently, dredging and emplacement of dredged sediment at sea have been seen as serious threats to
the health of the GBR.

Report No. J1682v1
Job No. J3031

Page xi

Sedimentary Geoscience of GBR Shelf – Context for Management of Dredged Sediment
"Commercial-in-Confidence"

Two concepts, the Death by a Thousand Cuts (DBATC) and the Tipping Point, are commonly
involved in arguments which promote changes to existing dredge management practices. These
concepts can be used to claim significant damage caused by any individual stressor and are not
helpful to understanding the condition of the GBR and linkages to anthropogenic activities.
(i)

Death by a Thousand Cuts

The GBR faces perceived threats from agricultural runoff (sediment, nutrients and pesticides),
rising temperatures, falling pH and fishing, amongst others. In commentaries about such threats,
the concept of the GBR system experiencing a “Death by a Thousand Cuts” 3 is commonly raised.
The concept is based upon an assumption that the impact of an individual threat is compounded by
the presence of others, so that the impact of multiple threats acting together is seen as much worse
than that expected from the sum of their individual impacts (UNESCO, 20124).
That there are a large number of perceived threats, each of which, by itself, may be tolerable but
which together may be dangerous, poses many challenges for science. This is because it is very
difficult to show that a particular factor, such as dredging, by itself has any measureable effect, and
consequently, rarely are statements made positively attributing a quantitative loss of coral, seagrass
or other aspects of the GBR ecosystem to a particular factor. It is not possible to attribute a
proportion of coral loss to sediments, nutrients, or dredging, primarily because the GBR
sedimentary system is a highly complex one, with many linked processes, operating at different
spatial and temporal scales, and that there multiple potential factors.
Unfortunately, despite its appeal and apparently reasonable nature, the DBATC concept, when used
as an argument, is also virtually impossible to counter. Any argument that cannot be falsified (or
be disprovable) must be viewed with caution – it is virtually impossible to prove a negative, i.e. to
prove that a specific factor isn’t the cause. Without quantitative knowledge of the contribution of
the effect of each stressor, as well as the nature of their interactions, the logical conclusion of a
DBATC argument is that zero effect from a particular stressor can be tolerated.
This is not a practically useful conclusion to arrive at, it implicitly prevents scientific discussion of
what level of ‘stress’ caused by dredging is tolerable, and does not lead to more effective
management. However, a greater understanding of the sedimentary process involved and system
history would reduce the uncertainty of many aspects of the DBATC argument.

3

http://www.theguardian.com/environment/planet-oz/2014/jan/31/great-barrier-reef-australia-dredgingabbot-point-coal-export,
http://www.spiegel.de/international/world/australia-debates-how-to-protect-the-great-barrier-reef-a900911.html
http://news.nationalgeographic.com.au/news/2013/06/130608-great-barrier-reef-australia-world-heritageunesco-environment-science-global-warming/
4

http://whc.unesco.org/document/117104
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(i)

Tipping Point

In discussing threats to the GBR and the need for various management approaches, the Tipping
Point’ concept is often invoked such as in the “GBR consensus statement” (Brodie, 2013) and a
large number of mainstream media reports 5. In essence the claim is that due to multiple stressors,
the GBR is approaching a point of ‘no return’, and that even a small stressor could tip the GBR
‘over the edge’.
The Tipping Point concept presumes that the GBR ecosystem is a very unstable system which is
highly sensitive to small perturbations. However, the scientific evidence for this proposition is
weak. It is very important to protect the GBR system and its many components, but the ecological
resilience of the GBR system is rarely talked about and the focus has on the condition of the GBR
over recent decadal periods.
The GBR ecosystem is indeed remarkably diverse, and it might follow that it inherently has a high
degree of resilience, which is consistent with its sedimentary history. It may be argued that the
recent group of cyclones over the last few years is unusual or puts severe stress on the system, so
that extra care is needed in managing potential impacts, but the geological evidence on the GBR
shelf and at the coast indicates that, for at least the last 1000 years, and probably much longer, there
have been repeated cycles between periods of relatively weak and strong cyclones, with the cycles
operating on timescales of 1 or 2 decades.
Variations in the shelf system associated with cyclones are therefore the norm, rather than the
exception. Judgements on whether particular species, communities or habitats are actually
vulnerable or in a 'degraded' state need, as a prerequisite, an understanding of whether their
associated environments are subject to natural, episodic and potentially widespread changes, and
the timescales over which they operate. To date, such an understanding is weak.
Scientific evidence for changes in the recent condition of the GBR
Assessing the ‘health’ of the GBR ecosystem and its changes is very difficult, but this does not
does not mean that we shouldn’t try. Given the internationally iconic nature of the GBR, any
significant reduction in its condition over ecologically significant timescales would clearly be
unwelcome.
Predictions of decline cannot be based upon comparisons of the inner-shelf turbid-zone coral reefs
of the GBR with the reefs elsewhere on the shelf. As noted in this report (sections 3.0 and 5.4.3)
and the extensive literature, many inner-shelf reefs experience naturally high turbidity, high
nutrient concentrations, large temperature fluctuations, support large numbers of corals and

5

http://www.abc.net.au/worldtoday/content/2012/s3640739.htm

http://www.smh.com.au/environment/climate-change/coral-wonderland-at-tipping-point-201207132210n.html
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undergo large changes at times. Comparisons with other reefs on the GBR shelf have little
scientific justification – it is comparing apples with oranges.
A range of published scientific papers have claimed and/or predicted various levels of impacts on
the GBR system (sections 10.4 - 10.6). Scrutiny of some of these papers reveals significant
degrees of unreliability. Many more, some of which dominate the current debate, remain untested.
A key difficulty in assessing the significance of observed ‘change’ relates to the natural temporal
variability of the system. In the absence of a clear signal, which may be masked by the natural
variability, scientists can be forced to use indirect measures of the system or statistical analysis to
discern a weak signal from the background noise. This leaves considerable scope for
misinterpretation.
This report reviews several keystone papers which have claimed that the GBR faces serious
problems and underpin many statements in the media, by politicians and organisations of all types,
political, environmental, scientific, and industrial. The review demonstrates that there is significant
doubt about the veracity of some of the most influential papers that argue for a recent humaninfluenced decline in the state of the GBR. Some papers’ faults invalidate their conclusions.
These findings highlight that there is no guaranteed system of quality assurance, because whilst all
these papers were peer reviewed, peer review is rarely rigorous enough to subject the original
works to sometimes necessary antagonistic review. To do this, it is generally appropriate to use the
original data, to check analytical methods and results, and ensure that alternative explanations are
thoroughly considered. This could take many week or months, and in conventional peer review, is
never done.
Although it is improbable that all the science showing the GBR is damaged is unreliable, it is
possible that there is a systematic failure of the scientific processes which has diverted the
conventional thinking in a particular direction. There is an important need to ensure that peer
review amongst marine scientists is not self-selecting of the dominant idea, and that contrarian
opinion is welcomed because it spurs debate and sharpens ideas.
It should be appreciated that the authors of this report do not dispute that there has been some
damage done to GBR ecosystems by human activity, and do not dispute that the GBR faces threats
in the future. However, we contend that little of the science unequivocally demonstrates that the
GBR is severely damaged, and consider that, based on the existing scientific evidence, there is
considerable doubt that the GBR is anywhere near a notional ‘tipping point’.
Future research
There is generally insufficient evidence with which to test claims of environmental damage caused
by dredging, however modern sedimentary techniques exist which can be used to begin to address
these gaps and reduce the uncertainties. Future research must include:
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•

Basic mapping of the sediment transport pathways and their physical characteristics is a
vital step in the process of understanding the impacts of dredging and the emplacement of
dredged sediment at sea;

•

Collection of new geological evidence regarding past changes in sediment transport and
sedimentary deposits is key to help assess the likelihood of long-term detrimental
influences upon the seabed.

•

Appropriate field measurements of sediment transport to underpin assessments of what
areas, and contained habitats, might be influenced by dispersed sediments, at what times,
and under what conditions.
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marine directional indicators. Data derive from sites including New
Zealand, Australia’s north-west shelf, the Huon Peninsula, Queensland, the
Sunda Shelf, Western Australia, the Northern Territory, South Australia
and New South Wales. (From Lewis et al., 2012).............................................39
Figure 23. Middle and latter stages of the Post-Glacial sea-level rise in relative sea level for
the central GBR shelf), emphasising the relative fall of ~1.5 m in the last
3,000 years (Modified from Larcombe et al, 1995). ..........................................40
Figure 24. Sample elevations and radiocarbon ages (with error bars) of dated coral data from
the central GBR. Upper line = sea-level curve of Larcombe et al. (1995),
developed primarily from clastic sedimentary deposits. Lower line = depth
of 4.5 m below sea level, indicating the likely lower boundary of the
existence field of potential coastal turbid-zone coral reefs (based on data
from Paluma Shoals, Halifax Bay). The shaded areas denote the existence
field of coastal turbid-zone reefs of the late transgression, in which all data
derive from reefs which are today in turbid zones (South Myall, Rykers
Reefs [Cape Tribulation], and the fringing reefs at Lindquist, Dunk,
Fantome, Orpheus, Rattlesnake, Stone and Cockermouth Islands) all of
which lie within or close to the existing inner-shelf sedimentary wedge.
Lower portion of the graph denotes the inferred growth phases for 'coastal
turbid-zone reefs' and those reefs in deeper water (inner and middle-shelf
reefs). (From Larcombe et al., 1999a). ..............................................................41
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Figure 25. Summary of sea-level data (NB – not a sea-level curve) for the Queensland region.
Indicators include barnacles (Beaman et al., 1994; Higley, 2000),
beachrock (Hopley, 1980), foraminiferal transfer function (Woodroffe,
2009), mangroves (Larcombe et al., 1995), coral microatolls (Chappell et
al., 1983) and oyster beds (Beaman et al., 1994; Higley, 2000; Lewis et al.,
2008)...................................................................................................................42
Figure 26. Photo of coral reef flat of GBR turbid-zone reef, central GBR ......................................43
Figure 27. Temperature record from a) 31-year long mid-Holocene Sr/Ca derived record from
King Reef, b) a 18-year long modern microatoll record from King Reef
and c) a 10-year long instrumental data from Mourilyan Harbour. The
mean values are given for each dataset, with shading showing the 95%
confidence band. (From Roche et al., 2014). ....................................................43
Figure 28. Historical measurements of the highest river floods on the Burdekin River (gauged
at Inkerman Bridge) over the last 100 years (From Australian Bureau of
Meteorology). .....................................................................................................45
Figure 29. Simplified bathymetry and the terminology of the inner, middle and outer shelf in
the central GBR region, and location of LADS image of Figure 6057
(oblique rectangle). (From Larcombe & Carter, 2004, base map based on
Belperio 1983). ...................................................................................................47
Figure 30. The general arrangement of sedimentary facies and related geological features on
the inner, middle and outer GBR shelf (based on the central section). This
figure indicates that the shallow waters of the inner shelf are likely to be
relatively turbid, and demonstrates that the middle and outer shelf have not
accumulated terrigenous muddy sediment in the last few thousand years.
(From Larcombe & Carter, 2004). .....................................................................48
Figure 31. Locality maps showing (inset) North Queensland and the Great Barrier Reef, and
the location of seismic lines, vibrocores and grab-samples from the
Burdekin shelf region. (From Orpin et al., 2004). .............................................49
Figure 32. Contour plots for the Burdekin shelf region showing: LEFT - percentage mud and;
RIGHT - percentage carbonate in seabed sediments. Note the increased
muddiness of sediments of the deltaic muds of Upstart Bay (lower centre
of figure), in the southern sheltered parts of the embayments, and in the
‘lee’ (here, the W) of Cape Bowling Green (central left). (From Orpin et
al., 2004). ............................................................................................................49
Figure 33. Surface facies map of the Burdekin delta region, central Great Barrier Reef lagoon.
Delineation of facies groups 1–8 uses grouped particle size data. The
reefal samples are from a transect across Keeper Reef. Note the
preferential accumulation of muddy facies within the coastal embayments
and their limited seaward extent. The transition between siliciclastic and
carbonate-dominated facies is sharp, particularly along the littoral transport
zone on the eastern shore of Cape Bowling Green. (From Orpin et al.,
2004)...................................................................................................................50
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Figure 34. a) The shelf off the Herbert River delta, central GBR shelf, showing bathymetry
(contours in metres) and sample locations (dots or crosses) (after Woolfe et
al., 2000); b) The four delineated sediment groups off the Herbert River
delta, and c) their particle size distribution (after Woolfe et al., 2000). .............51
Figure 35. Comparison of the cross-shelf distribution of the pre- and post-Winifred carbon
isotope rations in the bulk sediment (A) and the calculated terrestrial and
marine organic carbon concentrations in the mud fraction (B). (From
Gagan et al., 1990). ............................................................................................52
Figure 36. Comparison of the pre-Winifred carbonate weight percent (CaCO3) with the PostWinifred weight percent in the mud fraction of the inner-shelf sediment.
The post-cyclone increase in carbonate may reflect the shoreward transport
of carbonate-rich mid-shelf mud. (From Gagan et al., 1990). ...........................53
Figure 37. Schematic view of the central GBR coastline and inner-shelf showing main
sedimentary environments and mechanisms of sediment resuspension and
transport, under non-cyclonic conditions. (Modified after Woolfe and
Larcombe 1998). An associated plan view of the actual coast is shown in
Figure 3835 for comparison. Further, the potential life cycle of the
‘coastal turbid zone reefs’ of the non-embayed erosive shorelines is shown
in Figure 3936 and Figure 4037. ........................................................................56
Figure 38. Colour-coded bathymetric model of central GBR shelf, for comparison with
Figure 3734. Reds and orange colours indicate highground, green the
flatter and lower coastal plain, and blue the waters of the GBR and Coral
Sea. Note the north-facing embayments of Bowling Green Bay and
Cleveland Bay, which currently accumulate sediment on geological times,
the open quasi-linear and soft shoreline of Halifax Bay, which both
translates sediments along it and is erosional in places at times. Overall,
the translational shorelines have the highest degree of sedimentary change
in the intertidal and shallow sub-tidal zone, with the consequences that
they tend to have short-lived, episodic reefs, on timescales of decades to
centuries (e.g. Larcombe & Woolfe, 1998) and episodically driven
potential for turbid-zone reefs, and accumulating indented embayments. .........57
Figure 39. General model of landward movement of the sediment wedge on an erosional
shoreline during a transgression: a) Location of coastal turbid-zone reefs
and the marine sediment wedge overlying a hard substrate, in the early
stages of a rapid sea-level rise. Note erosion on the seawards side of the
sediment wedge and accumulation on its landward side; b) Result of a sealevel rise. As an example, if this rise was 10 m at a rate of 10 mm/yr, the
substrate at point A would have been buried for 1,000 years, before
becoming available once more for reef initiation. (From Larcombe &
Woolfe, 1999a). The opposite concept is true for a relative fall in sea
level, such as occurred around 2,000 years ago, such as at Paluma Shoals. ......58
Figure 40. Generalized definition diagram of inner-shelf zones defined in terms of the phase
of development (in space and/or time) and the nature of terrigenous
sedimentation (based on Halifax Bay). The coastal turbid-zone reefs are
initiated in the most nearshore zone (birthing ground), and some slightly to
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seaward have become established (coral nursery), despite being close to
the sediment wedge, which is moving landward and swamping some reefs
(coral hospice). Further offshore, older reefs (partly conjectured) lie
buried beneath the sediment wedge (burial ground). Furthest seaward,
dead reefs are re-exposed and have the potential to be initiated (coral rebirth), but water quality here, and bed mobility (as evidenced by shelly
gravel waves) may be an overwhelming limiting factor and they are
unlikely to survive in the long term. (From Larcombe & Woolfe, 1990a). .....59
Figure 41. Measured water speed, flow vector stick diagram and tidal curves for: a) before; b)
during; c) after the passage of the Topical Low that was ex-Cyclone
Dominic. (From Davies & Hughes, 1983). Note the predominance of
flows to the northern sector in b & c and the fastest speeds in c. .......................61
Figure 42. Oblique aerial photograph taken at low water spring tide of the N and S reefs at
Paluma Shoals, Halifax Bay. Note the muddy water at and around the
reefs, generated by wave-driven resuspension of the inner-shelf muddy
sand (Larcombe et al 2001). Width of southern reef is ~450 m. ......................62
Figure 43. Coral microatolls at the southern reef of Paluma Shoals. The microatoll flanks are
of live coral, and are sediment free, while their centre is filled with mud.
This is typical of turbid-zone reef flats and there is no reason to relate this
to human activity of any kind. ............................................................................62
Figure 44. a) Contours (m Australian height datum, AHD) of the Pleistocene surface in
central Halifax Bay; b) Isopachs (contours of thickness) of the inner-shelf
Holocene marine sediment wedge that overlies the Pleistocene surface (4
m isopach omitted for clarity); c) Simplified cross-section across central
Halifax Bay to show general stratigraphic relationships (scales are
indicative). Rattlesnake, Acheron and the other islands in the study area
are formed of granitic rocks with fringing coral reefs. (From Larcombe et
al., 2001). ............................................................................................................63
Figure 45. Time-series data sets of (a) wind measured at Townsville airport; and turbidity,
currents and waves measured at (b) Paluma Shoals and (c) Phillips Reef.
Data for turbidity events A-C are used to form Figure 4643. (From
Larcombe et al., 2001)........................................................................................64
Figure 46. Near-bed turbidity exceedance curves (i.e. turbidity v frequency for which that
turbidity is exceeded) for Paluma Shoals and Phillips Reef sites: a) for all
common data for a period of 150 hours.; b) for 3 chosen turbidity events.
Most data (increased slope) over 45-70 NTU occurred when waves were
present. (From Larcombe et al., 2001). ............................................................65
Figure 47. Locations of the 8 regions covered by the data of MacDonald et al., (2013). ................66
Figure 48. Selected turbidity exceedance curves representing different geographic regions.
UPPER - Curves presented are those for the site with the lowest (UPPER)
and highest (LOWER) median turbidity (T50) in each region. (From
Macdonald et al., 2013). Note that there is great variation between regions
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and sites, and also that some sites exhibit a bimodal distribution of
turbidity (i.e. 2 steep sections to the curves). .....................................................67
Figure 49. Example of the organised spatial distribution of bedforms on part of the WA shelf,
at a depth of around 45 m. Here, bedforms are a response to changed
sediment availability, sediment type, spatially variable inferred maximum
current speeds (here in cm/s) and (potential) transport rates. .............................70
Figure 50. Main bedforms made by tidal currents on the continental shelf, related to mean
spring tide near-surface tidal current speed (cm/s), for continental shelves
with (a) low sediment supply; (b) high sediment supply. (From Belderson
et al., 1982). ........................................................................................................72
Figure 51. Location and orientation of a field of very large shelly gravel dunes up to 2.6 m
high and >800 m spacing extending across over 8 km of the inner shelf,
Halifax Bay. (From Larcombe & Carter, 2004). ...............................................74
Figure 52. Internal structure of inner-shelf gravel dunes in Halifax Bay, shown on a shoreparallel cross-section through the dunes and their underlying palaeomangrove substrate. Radiocarbon dates indicated (in 14C years and
reservoir-corrected as appropriate and following Larcombe et al., 1995a).
Note that the dunes overlie only a few decimetres of muddy sands,
containing material of less than 3,000 years in age. Net sediment
accumulation at this site has therefore been minimal since then. (From
Larcombe & Carter, 2004). ................................................................................75
Figure 53. Uniboom seismic profile for selected portion of seismic line 6 (location in ..................76
Figure 54. Seafloor bedforms from the seabed off Innisfail, south of Cairns. (From Gagan,
1990). Here, ‘megaripples’ was the name used for submarine dunes. Note
that virtually the entire middle shelf contains shelf-parallel bedforms – the
sand ribbons of Figure 5047, Figure 5653 and Figure 6057. .............................78
Figure 55. Selected segments of 3.5 kHz profiles between the shoreline and reef tract, east of
Mourilyan Harbour, all except (a) directed in a SW–NE direction. (From
Carter et al. 2009). ..............................................................................................80
Figure 56. Longitudinal bedforms on the middle shelf of the GBR lagoon: (a) Seabed
morphology in 28–32 m water depth as mapped by LADS measurements,
50 km northeast of Cape Cleveland and 15 km southeast of Broadhurst
Reef. Note the presence of widespread sand ribbons 100–200 m wide, an
area of diffuse (“sediment starved”) dunes, and the presence of erosive
scour pits, the orientations of which are consistent with westerly and north
westerly flowing currents. (b) 3.5 kHz profile and sidescan images of
middle shelf sand ribbons mobilized during Cyclone Winifred; location, 32
m water depth, 10 km WSW of the western edge of Howie Reef. (c) Detail
of sidescan image nearby, showing the development of fields of 1.2–1.5 m
wavelength dunes in shell gravel in the gutters between adjacent sand
ribbons. Similar ripples were intermittently but widely present across the
middle shelf after Winifred, indicating slightly more easterly current
orientations than do the adjacent ribbons, and may represent transport and
Report No. J1682v1
Job No. J3031

Page xxviii

Sedimentary Geoscience of GBR Shelf – Context for Management of Dredged Sediment
"Commercial-in-Confidence"

deposition from post-cyclone storm-waves. Panels a–c (also Figure 5552,
Figure 5754) demonstrate that the Holocene sediment veneer is generally
less than 1 m thick, and that the top of the Pleistocene clay that marks the
LGM lowstand land surface (Reflector A) lies at or close below the seabed
over the entire middle shelf. (From Carter et al. 2009). ....................................81
Figure 57. (a, c) Bottom photographs across a middle shelf field of relict sand ribbons at
station 865-72, 32 m water depth, 10 km WSW of Feather Reef, three
months after the passage of Cyclone Winifred. Between ribbons, the
seabed still carries an almost continuous drape of post-cyclone mud a few
mm thick, albeit with some bioturbatory modification (a); bioturbation is
more advanced in other areas, probably on ribbon crests, causing
downward mixing of mud into the subjacent sand ribbon, leaving only
discontinuous patches of modified mud drape at the surface (c). This
process of mixing the post-cyclone drape (and even younger sediment and
shell) into the underlying relict sand ribbon produces the poorly sorted,
poorly stratified, palimpsest, muddy shell sand that covers wide areas of
the modern middle shelf. (b) Field photograph of the top of a freshly
collected core at station 863-4, 32 m water depth 8 km WSW of Feather
Reef, 7 days after Winifred made landfall. The underlying shelly sand
ribbon is mantled with a 1–2 mm thick post-cyclone mud drape, similar to
that being mixed down from the seabed in photos (a) and (c). (From
Carter et al. 2009). ..............................................................................................82
Figure 58. (a) Pre- (left) and 4 day post-Winifred (right) short cores from station 863-74, 25
m water depth, 20 km east of Mourilyan Harbour. Prior to the cyclone the
substrate comprised bioturbated, structureless, very poorly sorted muddy,
shelly sand. The post-Winifred core consists of well sorted sand that has
been unmixed from the palimpsest substrate by storm erosion (cf. Gagan et
al., 1990), after which insufficient time had elapsed for a mud drape to
accumulate. (b) Post-Winifred short core from station 863-20, 8 m water
depth on the sandy mouth bar of the Johnstone River. The post-Winifred
mud drape rests on well sorted nearshore sand and, having accumulated to
a thickness of ~3 cm in 8 days, indicates a post-storm period of calm
weather. (From Carter et al. 2009). ...................................................................83
Figure 59. Cross-shelf variation in the proportions of Johnstone River, inner-shelf, middleshelf, and reef-derived suspended sediment in the upper centimeter of the
storm layer. The black dots separate the fractions of Johnstone River,
inner-shelf and middle-shelf sediment that forms the inner-shelf portion of
the storm layer. River supplied carbon was limited in extent to the inner
shelf. The extent of reef sediment input to the mid-shelf is approximate.
(From Gagan et al., 1990). .................................................................................84
Figure 60. Seabed morphology as mapped by LADS measurements, in the vicinity of
Morinda Shoal, off Cape Bowling Green, central GBR (data courtesy
Royal Australian Navy). Note the widespread development of an erosive
seabed, with obstacle marks and sediment ribbons. Note also the upcurrent moat and down-current sediment delta (‘‘crag and tail’’ effect)
associated with Morinda Shoal. Inset: depiction of crag and tail effect on
an erosive seabed (after Allen, 1984), which compares well with Morinda
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Shoal and indicates that long-term bedload transport is to the NW. (From
Larcombe & Carter, 2004). ................................................................................85
Figure 61. Simple conceptual model of the operation of the ‘cyclone sediment pump’ on the
central GBR shelf, summarising the three main phases of ‘introduction’ of
sediment to the shelf, and typical sediment transport paths driven by
cyclones. In this context, phase 2 largely represents remobilisation of
existing seabed sediments, their distribution along shelf, onto the inner
shelf and into the outer-reef tract. (From Larcombe & Carter, 2004). ..............86
Figure 62. Data for the period 1900 to 2005: A = Global sea surface temperature; B =
summer rainfall; C = Pacific Decadal Oscillation (PDO) index; D =
cyclones crossing within 200 km of Frankland Reefs. (From Liu et al.,
2014)...................................................................................................................89
Figure 63. Data for the last 100 years: F = Relative probability plot defined by the mortality
ages of all the dated transported coral blocks; G = PDO index in the last
millennium. (From Liu et al., 2014). The tendency for a greater number
of younger coral rubble blocks is probably a function of preservation
potential (i.e. erosion or burial of blocks) and the relative sea-level fall in
the last 2-3,000 years. .........................................................................................90
Figure 64. Left – location of eight submerged coral reefs located in the Arafura Sea and the
Gulf of Carpentaria; Right – the orientation of cyclone-associated deposits
compared with the rotation of and the likely wind-driven shelf currents. In
all cases the ‘tails’ behind the reefs are consistent with a cyclonic origin.
(From Harris & Heap, 2009). .............................................................................91
Figure 65. Left – Detailed plan view of the bathymetry of a coral reef in the SW of the Gulf of
Carpentaria, with, in colour, the thickness of the sediment tail located to
the NW of the reef; Right – seismic section from SW to NE across the
sediment tail (‘talus’) showing its thickness above older deposits. (From
Harris & Heap, 2009). ........................................................................................91
Figure 66. Scour and tail structures around reefs and other seabed structures on the WA
continental margin, at a depth of ~10 m. The ‘tails’ are up to 1500 m long,
and all point to the SW, indicating the long-term bed transport direction.
(From Larcombe et al., 2014). ............................................................................92
Figure 67. Gravel waves, of 400 - 900 m spacing and up to 8 m high on the WA continental
margin, at a depth of ~10 m. Their lee side is to the SW (left in this
image), indicating the long-term bed transport direction. (From Larcombe
et al., 2014). ........................................................................................................93
Figure 68. Gravel waves, of 700 m spacing and up to 5 m high on the WA continental
margin, at a depth of ~10 m. Their lee side is to the SW (left in this
image), indicating the long-term bed transport direction. (From Larcombe
et al., 2014). ........................................................................................................93
Figure 69. High-resolution bathymetry of the area off James Price Point, Western Australia.
Note the many WNW-ESE trending lines, most within 5 km of the
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coastline. These are large submarine dunes, with crest-to trough heights of
up to 6 m, and all with their steep lee slope on the south side, indicating
net bedload transport to the south. The N-S lines are drowned older
shorelines, and are partially cemented features, which are not now mobile.
(From Department of State Development, 2011). ..............................................94
Figure 70. Colour coded seabed bathymetry of the area off Port Hedland, WA, showing an
area 75 km across. Image indicates an array of different seabed features
all consistent with long-term bed sediment transport to the SW: island
‘tail’ to south of island (Little Turtle Islet; top right, centre of orange
dashed circle), coastally attached sediment bodies up to 10 m high with
their sharp leading edge to their W (centre right, E of the group of Spoil
Grounds 2 & 3), coastally attached sediment bodies with eroding side to
their E (lower centre left), large submarine dunes up to ~4 m high
orientated to the W (centre left, W of Spoil Ground 7). (From SKM,
2011)...................................................................................................................95
Figure 71. Location of the Burdekin River and Upstart Bay, Bowling Green Bay and
Cleveland Bay, with past vibrocores and seismic profiles (from Belperio,
1983; Way, 1987; Carter et al., 1993; McIntyre, 1996; Orpin et al., 2004a)
and the previous avulsion history of Burdekin River delta (from Fielding et
al., 2006). Date in bold type coincide with key deposition periods within
new sediment cores. (From Lewis et al., 2014). Over the last 10,000
years, the main Burdekin channel has switched location numerous times,
radically changing the main point of sediment delivery.....................................99
Figure 72. Grey-scale altimeter digital elevation model (DEM) of the Burdekin Delta, with
logarithmic vertical stretch to enhance topographic features. (From
Clarke, 2004). Compare with Figure 7168. .....................................................100
Figure 73. Non-parametric multi-dimensional scaling (MDS) ordination of nematode
assemblages. 3D-view of non-parametric MDS ordination of nematode
assemblages coded by sedimentary facies in the southern N. Sea, and
relative level of sediment mobility. The plots are derived from a similarity
matrix of relative abundance of species (left) and traits (right). From
Schratzberger & Larcombe, 2014). ..................................................................104
Figure 74. Conceptual diagram of three key controls on sedimentation on some sandbanks in
the southern N. Sea. General relative locations of groups of sedimentary
facies representing high, high-moderate and moderate, and episodic
sediment mobility, plotted against the frequency of sediment mobility, its
magnitude, and the continuum between erosion, translation (i.e. sediment
throughput) and sediment accumulation. (From Schratzberger &
Larcombe, 2014). .............................................................................................105
Figure 75. MODIS Aqua Image of 12 October 2006. This satellite image, taken during a
strong dry-season wind event, clearly shows the turbid coastal boundary
layer which, for example, in Cleveland Bay (middle arrow), extends
seawards to beyond Magnetic Island................................................................115
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Figure 76. Wet season averaged Nitrogen fluxes (mmol/m2/d) for the inner-shelf and
‘offshore’ zones of the Wet Tropics. The line widths (to printer resolution)
are scaled to the magnitude of the fluxes. (From Furnas et al., 2011). Note
that the river fluxes are very small compared to the cycling fluxes.
Dredging fluxes are far smaller than the river fluxes and would be too thin
to be visible on this figure. ...............................................................................118
Figure 77. As Figure 7673 but for the dry season. .........................................................................119
Figure 78. Schematic W–E cross-section across the GBR shelf, with the seabed and outershelf reefs shown in grey. Nitrogen fluxes into, and storage within, the
lagoon expressed as factors of the yearly annual N discharge from rivers
(I). Green lettering denotes the magnitude of the storage of Nitrogen in the
water column and top 20 cm of bottom sediments and the water column.
Black lettering denotes various fluxes, with data from Furnas et al., 1995,
except the exchange with the Pacific Ocean which uses Furnas et al. 2011).
(Modified from Ridd et al., 2012). ...................................................................120
Figure 79. Coral calcification rate on the GBR. (a) Calculated by De’ath et al (2009). (b)
Reanalysed to take into account measurement errors and ontogenetic
effects (From Ridd et al., 2013). Note the fall post-1990 disappears and
the data reveal an increase in calcification since 1900. Dotted lines
represent error margin. .....................................................................................131
Figure 80. Prediction of the frequency of mass coral bleaching events (Hoegh-Guldberg et al.
(1999)). It was predicated that by 2015 there would be massive coral
bleaching events seven times per decade. Time has shown this prediction
to be incorrect. The last mass bleaching event was in 2002. ...........................132
Figure 81. Reproduction of the Bellwood et al. (2004) ‘meta-analysis’ of coral cover decline
in the GBR from 1963 to 2003 (see Fig. 1a in: Bellwood et al. 2004).
Each dot represents the mean coral cover for a particular year. Before
1986, data were taken from the literature. After 1986 the AIMS LTMP
data are used. Note the discontinuity at 1986. Original data from before
1986 were not able to be supplied (T. Hughes pers. comm.) and Boer et al.
(in press) attempted to duplicate the results (Figure 8279). .............................135
Figure 82. Comparison of GBR mean coral cover (%) between data series. (Be2004 is the
original compilation of Belwood et al. (2004) and Bo2011 is the
compilation of Boer et al (in press). The r2 correlation coefficient between
the series is 0.02. ..............................................................................................135
Figure 83. Chlorophyll concentration in the Townsville and Far Northern zones of the GBR
(From Brodie et al., 2007). These plots use the relative distance across the
shelf as the horizontal coordinate. ....................................................................140
Figure 84. As for Figure 8380, but the far Northern data are scaled to take account that the
Far Northern region is much wider than the Townsville region. The graphs
are aligned to match the positions of the boundary with the Coral Sea. It is
notable that the Chl a concentrations are very similar in the north and
Townsville regions (0.4 mg/l) for similar distances from the Coral Sea. .........141
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Figure 85. Path of category 5 Tropical Cyclone Hamish 2009. Great Barrier Reef Marine
Park Authority stated that “more than 50 per cent of the coral reefs in the
Great Barrier Reef Marine Park were affected by destructive or gale force
winds” (GBRMPA 2011). Although this was perhaps the most destructive
event for the GBR in 100 years, it was not mentioned in De’ath et al.
(2012). ..............................................................................................................142
Figure 86. Optical backscatter (OBS) output versus TSS concentration for unimodal sized
samples of ground glass. Yellow and brown lines indicate the x10
difference in the OBS response of 37 um (medium silt) particles compared
to 106 um (very fine sand) particles. Such a particle size difference can
easily take place between a flowing tide and slack tide, so that in the
absence of better information, one would not know whether the TSS value
derived was an order of magnitude too large at slack tide or too small at
peak flow, or anywhere in between. (Modified after Conner & de Visser,
1992).................................................................................................................148
Figure 87. OBS output as a measure of the proportion of silt in a silt-sand mixture. (From
Green and Boon, 1993). ...................................................................................149
Figure 88. Left - A ‘strong’ calibration from Australia’s NW shelf of turbidity (NTU) against
TSS concentration (mg/l); Right – detail of the lower part of the
calibration. Here, a measurement of 2 - 10 NTU could indicate a TSS
concentration of anything between 20 and 120 mg/l, which is a huge
uncertainty in the ecologically critical part of the range. The spread results
from a variety of near-bed processes able to produce the same turbidity,
including resuspension of high concentrations of very fine and fine sand,
and settling of silty sands greatly lower in concentration. So the strong
calibration here is, in fact, merely a statistical artefact. ...................................150
Figure 89. A ‘weak’ calibration from Australia’s NW shelf of turbidity (NTU) against TSS
concentration (mg/l). This is a typical result of the calibration process.
Here, the left margin of the data represents transport of fine sand under
tidal currents, and the lower right portion of the data represent wave events
transporting sand at 10 x the concentration. Intermediate data represent
the gradation between these end members. PSD data were obtained using
a LISST-100x. ..................................................................................................150
Figure 90. Time-series data, showing around 40 days of data from a site on Australia’s NW
shelf. Purple and blue lines = turbidity data (NTU) from 2 co-located
turbidity loggers. Black line = TSS concentration (mg/l) measured using a
LISST-100X. Note that a) the turbidity loggers produce very similar data,
and that the pattern of change with TSS is reasonable for the period of
‘tides plus waves’, but that b) there is a severe difference on days 9-11
(circled), where the turbidity loggers are blind to the major TSS peak,
which in this case was formed by a different process – the rapid settling of
high concentration of fine sand. .......................................................................151
Figure 91. Particle size distributions and volume concentrations associated with the time
series data in Figure 9087: LEFT – the mean PSD curve (black, with
instantaneous max. (red), and min. (green) values for the period of ‘tides
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plus waves on days 26-29; RIGHT – the same for day 10, of ‘neap tides
plus small waves’, where a rapid settling event occurred. ...............................152
Figure 92. Upper = Variation in measured in-situ settling velocity of six particle size bins
between 6.5 µm and 180 µm over a 1-month period at Broome, WA.
Lower = tidal elevation for the period. Inset = mean settling velocity curve
against equivalent spherical particle diameter, for the whole measurements
period (black), also showing max. (red) and min. (green) recorded values.
Yellow lines indicate variation for particles of 150 µm diameter. (Data
source - Larcombe et al., 2015). .......................................................................155
Figure 93. Location of sediment and re-suspended sediments caught in sediment traps in the
water column taken from Burns and Brinkman (2011). IS = inshore, MS =
mid shelf, SB = shelf break and other designations refer to inner and outer
reefs. Sampling transects were inshore to offshore of Mackay, Queensland
in the central GBR. Coal ports are located at Abbot Point north of the
Whitsunday Islands, Hay Point near Mackay and Gladstone Harbour to the
south of this figure. (From Burns, 2014). ........................................................163
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1.0

INTRODUCTION

1.1

Report Purpose

This report has been prepared to provide information to assist members of the Queensland Ports
Association, and other interested parties, to increase their understanding of the sedimentary regime
which operates in the Great Barrier Reef (GBR) system, as a basis with which to consider some of
the implications for the approaches taken by operators and regulators to dredging.
The report has been commissioned by the Queensland Ports Association which recognises the
importance of this scientific information in guiding management approaches to dredging.
The Ports operate on the margins of and directly within the GBR system, and it makes eminent
sense to understand their potential impacts upon it. The Ports are committed to involvement in the
“Reef 2050” plan, but also recognise that there is additional benefit to all in making sure that the
scientific basis of strategic plans is appropriate and correct.
Therefore, this report aims to present a scientific synthesis of the physical sedimentary history of
the GBR system to provide context essential to improving understanding and assessment of
dredging sediments and their potential impacts. The context provided here is deliberately a
sedimentary one, to complement the existing wealth of information available on many other aspects
of the GBR system. The material presented is used to point towards the implications for dredging
operations and management.
This report was produced in approximately 25 working man days between November 2014 and
January 2015, to provide the QPA with the report in a timely fashion. The report’s focus was
therefore on relevance to the report’s purpose rather than being comprehensive or exhaustive.
However, some parts of this report are lengthy to ensure that the ‘new’ evidence is covered.

1.2

Report Structure

In the light of the above, there are four main aspects to this work (Table 1):
•

Describing the background to this report (Sections 1 and 2);

•

Presenting the relevant science (Sections 3 - 7);

•

Describing the anthropogenic influences in a physical context (Sections 8 - 10);

•

Noting desirable improvements to applied geoscience relevant to dredging on the GBR
(Sections 11 - 14).

The report concludes with a set of Recommendations.
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1.3

Audience

Whilst written for the Port Industry, the subject matter of this report has a wide potential audience,
including:

1.4

•

Research Scientists, especially those actively working on the various aspects of the GBR
system;

•

Consultants & Applied Scientists, and perhaps especially those involved in measurement
and monitoring of the GBR system, and interpretation of collected data;

•

Port Managers & Developers, and perhaps especially those dealing with day-to-day
permitting issues, but also the long-term strategy of sediment management;

•

Regulators and Govt departments, such as the Great Barrier Reef Marine Park Authority,
the Australian Institute for Marine Science and the Queensland Department of
Environment and Heritage Protection;

Writing Style

Much of the report contains appropriate scientific terminology, which tends to be necessary to be
scientifically clear. Each section begins with a statement, written for the layperson, of the key links
with dredging which arise from the material presented.
The report is deliberately highly visual, to help facilitate accessibility, so that many concepts
appear in figures and graphical format. As a result, many of the figures contain significant
technical detail, and their captions are deliberately full to ensure adequate explanation of the
complex figures and their technicalities. Therefore, we recommend reading all captions carefully,
as some information is not repeated in the main text.
Most dates used in the text and figures are described as ‘years BP’ (Before Present) or simply
‘years ago’. Most dates derive from Radiocarbon Dating, with some deriving from OSL (Optically
Stimulated Luminescence) and other techniques. The subtly different accuracy, precision and
timescales of the various techniques is of little consequence in the context of this report, and have
not been highlighted. Details are available from the source papers referred to in the text.
Abbreviations used in the report include M for million, k for thousand, and yr for year.
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Table 1. Report sections and their contributions.

Main Aspect

BACKGROUND

THE KEY
SCIENCE

ANTHROPOGENIC
INFLUENCES

CONSIDERATIONS
FOR THE FUTURE

Section Section Name
No.
(abbreviated)

Topic &/or Relevance

Executive Summary

Key dredging and science issues, and
conclusions

1

Introduction

Report purpose, structure and contents

2

The relevance of sedimentary
geoscience to management

Spatial and temporal contexts, processes,
defining habitats

3

There are many types of coral
reef

The developing understanding of the
variety of coral reefs

4

Oceanography of the GBR

Coral Sea exchange, cyclonic flows,
flushing, wave-induced sediment
resuspension

5

Geology and sedimentology of
the GBR

Sea-level change, coral reef growth,
relationships between sediments and
habitats on the inner shelf

6

Sedimentary bedforms on the
GBR shelf

Physical evidence of shelf-wide bed
mobility, TC Winifred case study

7

Sedimentary changes with
Post-Glacial sea-level change

Shelf-wide sedimentary changes with past
sea-level rise

8

Anthropogenic influences

Natural and anthropogenic sediments
placed into context, management
approaches

9

Nutrients released from
dredging

Natural and anthropogenic nutrients
placed into context

10

‘Tipping points’ & ‘Death by a
thousand cuts’

Past concerns about the GBR, dredging
and other perceived threats to the GBR,
critical analysis of arguments.

11

Measuring sediment transport
and related parameters

Some science to improve relevant work in
the future

12

Implications

Future approaches to improving the
situation in the future

13

‘Long-term’ context is vital to
‘future-proof’ projects and to
assess environmental impacts

The need for the long view, defining
testable questions, working with sediment
transport pathways

14

Potential responses to dredging
issues raised by stakeholders

Sedimentologically defensible views on
existing and potential criticisms.

15

Recommendations

16

Acknowledgements

17
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1.5

Terminology

Like many branches of science, sedimentology and marine geosciences have their own
terminology. It is useful here to clarify some terms used in the sedimentological literature and in
this report.
Sediment ‘erosion’, ‘transport’ and ‘accumulation’ are distinct parts of a hypothetical sediment
transport system, where ‘erosion’ is removal of sediments results in a lowering of the elevation of
the seabed, ‘transport’ is the process of lateral or near-horizontal movement of sediment, not
implying a particular elevation change, and ‘accumulation’ indicates the addition of sediment
producing a rise in the elevation of the bed. Where ‘sedimentation’ is used, it denotes only a
general combination of these processes.
Sediment ‘throughput’ is the movement of sediment particles along and/or over the seabed, and
generally relates to negligible vertical elevation change. It is perhaps important to note that
sediment throughput does not necessarily imply any particular changes in bathymetry.
In the context of this report, the ‘GBR sedimentary system’ or ‘GBR system’ is used as shorthand
for the suite of sedimentary environments that together contribute, in terms of sediment and/or
driving processes, to the sediment dynamics of the GBR continental shelf. Therefore, at times this
might include the rivers and their catchments, estuaries, tidal inlets, the inner shelf, middle shelf
and the outer shelf reef complex, and even the water and sediments beyond.
We have also tried, where possible, to avoid vague geographic terms such as inshore and offshore,
favouring more precise terms referring to the 3-fold division of the shelf into inner, middle and
outer shelf, which refers primarily to seabed sedimentology. An additional benefit is that this
forces the reader to appreciate the sedimentary setting of the material under discussion.

1.6

Geographic coverage

Whilst this report draws on a wide range of material relevant to areas in Australia and elsewhere,
this report has been written largely to focus on that part of the GBR system most relevant to
dredging and associated industrial activities. Practically, this means that this report concentrates
the Cairns Section, the Central Section and part of the Mackay-Capricorn Section of the GBR shelf
(as defined by GBRMPA), roughly between Cooktown in the north and Bundaberg in the south.
It is probably the case that the main areas of concern are mostly located on or close to the inner
shelf, and perhaps are also focussed on some of the better known tourist areas, such as the
Whitsunday Islands, Magnetic Island and the various islands south of Cairns. Hence, there is a
degree of focus on the inner shelf of the central portion of the GBR and the associated geological
and sedimentary science. However, the inner-shelf is a component of a large sedimentary system
and does not operate independently of the other parts. Many of the processes which influence the
inner-shelf, and which inform the context, are historical and expressed through the deposits of the
middle shelf, so the report necessarily covers such areas.
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2.0

THE RELEVANCE OF SEDIMENTARY GEOSCIENCE TO
MANAGEMENT

2.1

Summary – Links to Dredging
•

2.2

In the present context of sediments and the GBR system, amongst other things, sediments
are a key control upon:
o

The history, nature and stage of development of benthic habitats;

o

The sedimentary bedforms produced (see section 6.2.1 for more detail and their
specific relevance);

o

Water quality;

o

Scientific interpretation of measured sedimentary and water-quality data.

•

Taken together, they thus influence the perceptions of natural and human-associated
change in the marine environment. Regarding regional sediment accumulation and
turbidity, such key physical phenomena are beyond the normal temporal scale of ecology,
and failure to acknowledge this and the processes involved may lead to the overestimation
of anthropogenic impacts due to dredging.

•

All benthic habitats lie on a sediment transport pathway of some type, so that the past and
present nature of the relevant sediment pathway is a key control upon nature of that habitat
at that location, and the likelihood of change in that habitat at that location, over time.

•

When concerned with effects on seabed habitats, it is both relevant and advantageous to
understand the sediments, their history and their dynamics associated with seabed habitats.
Some habitats and environments are inherently more likely to vary in their sedimentary
nature than others, and are least likely to remain undisturbed for long durations without
natural breaks. Top of a provisional list of ephemeral habitats might be detrital and turbidzone reefs, middle-shelf benthic habitats and seagrass beds.

Why do Ports need to dredge?

Shipping channels, berth pockets and swing basins are all required for the safe passage and
operation of shipping vessels into and out of Queensland Ports. Dredging is thus an essential part
of port operation, and has been conducted in Queensland for over 100 years (Morton et al., 2014).
Ports require vessels to pass across the mobile sediments of the inner shelf, so that there is always a
degree of sediment which begins to accumulate into over-deepened areas such as shipping
channels. The nature of the sediment which accumulates in these areas varies, controlled mostly by
the nature of available material, the range of oceanographic conditions experienced over time and
the nature of the flow in the over-deepened areas.
Ports often desire to perform capital dredging operations to provide access to vessels requiring
deeper water. They also perform regular maintenance dredging, to remove that sedimentary

Report No. J1682v1
Job No. J3031

Page 5

Sedimentary Geoscience of GBR Shelf – Context for Management of Dredged Sediment
"Commercial-in-Confidence"

material in over-deepened areas which would have otherwise made its way over or across the
seabed. Understanding the nature of sediment dynamics on the GBR system is of key importance,
to provide context to this dredging need, for engineering and environmental assessments of planned
designs, the design of associated monitoring efforts, and the interpretation of collected datasets and
their significance.
In simple geological terms, maintenance dredging is required because the over-deepened areas cut
across sediment transport pathways. This is especially the case on cyclone-impacted continental
shelves like the GBR, where many shipping channels take a relatively direct route across the inner
shelf to deep water directly across the along-shelf natural transport pathway of bed sediment.

2.3

What is a sediment transport pathway, and why is it important to
habitats?

Recognition of sediment transport pathways exists at all scales on continental shelfs and along
coastlines (e.g. Flemming, 1978, 1980, 1981, 1988; Belderson, et al., 1982; Carter et al., 1985;
Bradshaw et al., 1994; Ramsay, 1994). There is also recognition of their importance in practical
terms related to anthropogenic activities, including coastal management, dredging and offshore
windfarms (Motyka & Brampton, 1993; Hooke et al., 1996; Kenyon & Cooper, 2005; Rosati, 2005;
Larcombe, 2006; OSPAR, 2014).
The underlying concept of a sediment transport pathway is a relatively simple one. Both the
concept and a suite of related issues are integral parts of much of the sedimentary text presented
later in this report, so it is sensible to introduce the basic concepts early on. The relationship of
such pathways with benthic habitats is particularly important.
All benthic habitats lie on a sediment transport pathway of some type, so
that the past and present nature of the relevant sediment pathway is a key
control upon nature of that habitat at that location, and the likelihood of
change in that habitat at that location, over time.
The key components of a sediment transport pathway are:
•

One or more sediment sources, which undergo erosion and provide sediment particles;

•

To a pathway along which, through time, particles of sediment move, being modified en
route;

•

... and along which there may be temporary stores, where accumulation may take place for
a period, before material is then remobilised;

•

... and at the end of which there is one or more sediment sinks, where accumulation takes
place.

The physical scales concerned might be a few metres to many thousands of km (Figure 4, Figure
5), and timescales a few hours to many millennia.
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Figure 4. The bed sediment (sand) transport pathways of the W. European shelf (Belderson
et al., 1982), driven largely by tidal currents. In the long term, sand travels from
areas of net erosion, which on this shelf are zones of erosion on the shelf
(‘bedload partings’), towards zones of net accumulation (‘bed load
convergences’), indicated by convergent arrows. These pathways were largely
defined by the presence and orientation of large sedimentary bedforms (section
6.2) and individual transport pathways are up to 550 km long, and 170 km wide.

A simple example of a sediment transport pathway might be some truck loads of sand placed at one
end of a beach, for example as part of a beach nourishment program, forming a source, the sand
being transported along the beach (the pathway) and accumulating at the other end of the beach,
the sink. This transport pathway might operate over a few weeks to years, and over distances of a
few hundred metres to a few km. At much larger and longer scales, sand grains formed by erosion
of the source rocks of, for example, the southwestern Atherton Tablelands, are transported along
rivers and through estuaries over many thousands of years (pathway), to accumulate within a
coastal embayment on the GBR inner shelf (sink).
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Figure 5.

Updated version of the sand transport pathways around the UK, showing the
dominance of different types of currents driving the sand transport (Kenyon &
Cooper, 2005). In most cases, sand is moved when several types of current act
together. Hachured areas indicate wave dominance. For clarity, details are
omitted in areas with depths < 20 m. Few such maps, if any, exist for the GBR
shelf.

On the GBR shelf itself, there is a pathway where large parts of the middle shelf (and the outer
parts of the inner shelf) for a source, eroded during cyclones, and much most of the middle shelf is
a semi-continuous but highly episodic pathway for sand, with sand ribbons and other bedforms
being temporary stores, over time periods of many years to decades (Larcombe & Carter, 2004).
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Some of these pathways may be continuous and replete with sediment, with little chance of
becoming disrupted or changed, either naturally or by dredging activity, whereas others might be
intermittent and starved, with a resulting greater chance of disruption. For the habitats present
along the pathway, there is thus an inherent degree of change engendered by the specific dynamics
and characteristics of the pathways. Therefore, there are a number of different aspects of
importance:
•

Each part of a sediment transport pathway is linked to the adjacent parts. In other words,
the connectivity of the pathway, such as the continuous or discontinuous cover of sand
across a seabed, or its periodic and/or episodic movement through time, helps provide an
indication of the physical resilience of the variety of seabed habitats to change. It follows
that examination of only one or discrete parts of a pathway, without regard to the adjacent
part of the wide system, may lead to incomplete views being formed of the significance of
change in benthic habitats.

•

Each part of the pathway is influenced by a range of physical processes, operating in
different ways, on different parts of the sediments (especially different grain sizes), and
forming different deposits in different sedimentary environments. Hence different habitats
tend to occur in specific parts of pathways where favourable conditions occur. Examples
are estuarine mangroves growing in the store and sink components of a transport pathway
for river and shelf-derived mud, and turbid-zone corals which might occupy areas of
temporary storage of sediment along a shelf-parallel sand and silt transport pathway.

•

On many continental shelves, it is the norm that sedimentary pathways diverge, so that
some sedimentary components are moved in one set of directions, and stored and
accumulated in a discrete suite of locations, in a different fashion to other components.
Expressed in simple terms, mud may go one way, sand another, and gravel yet another.
Hence seagrass beds in the southern part of embayment are muddy, whereas subtidal
sandbars off headlands might be sandy and favour deepwater seagrass. On a larger scale,
the inner-shelf of the GBR stores or accumulates mud, and the middle-shelf and outer-shelf
transport and stores sand.

Hence, the coastline and continental shelf are environments where multiple pathways overlap in
time and space. However, on timescales of years, decades and longer, because of the generally
diverse suite of grain types and sizes involved and the repeated nature of the energy inputs,
sedimentary systems tend to become sorted to a high degree, so that the main components of the
transport pathways become relatively well distinguishable to the appropriately trained and
experienced sedimentary observer.
Whilst sediment pathways on some continental shelves are relatively well
documented, as noted above, maps like Figure 5 simply do not exist for the
GBR shelf or almost any part of it, and there are certainly none documented
with anything like the precision required to be used as part of assessments
of impacts of dredge sediment or other human activities. This is a major
gap in knowledge, which, whilst it remains, will continue to prevent
effective sediment management and regulation, as well as prevent the
development of credible interpretations of the significance of changes in
many habitats on the GBR shelf.
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2.3.1

Importance to water quality, sedimentation and habitats

There are two key points about these sediment transport pathways:
•

they have an overarching influence on natural benthic habitats;

•

if perturbed to a significant extent by anthropogenic activities, such as dredging, there may
be consequent effects on water quality, sedimentation and habitats.

In terms of sediment volumes alone, on most continental shelves, most sediment transport
pathways are very large, and there may be little practical impact that humans can have on them
(Larcombe, 2006). For example, even a small transport pathway of 30 km in length, 5 km wide
and 0.5 m average thickness would contain around 130 M tonnes of sediments (assuming porosity
of 30% and density of 2.5), which is, for example, around the same volume estimated to have been
resuspended by Tropical Cyclone Winifred (sections 6.4 & 8.4, see also Table 7). However, whilst
apparently reassuring, this is oversimplified, because sediment transport rates along the pathways
are poorly known, so that there are difficulties in assessing a sustainable rate of addition (or
removal) of material. Further, there are areas of the GBR shelf where the thickness of mobile
sediment is small, and sediment cover across an immobile surface is patchy. If the rate of addition
of dredged sediment is too high to be incorporated into the natural pathway at the point of addition,
then habitat changes are likely to occur and persist.
Clearly, to begin to determine these effects on the GBR shelf, in those areas influenced by dredging
activities, there has be an understanding of the existing natural sediment transport pathways, driven
by sedimentary knowledge, as well as a view taken of the ecological timescales of interest, which
will help identify the timescale(s) over which the seabed might be expected to ‘recover’. The
ecological view must take into account the timescales involved in the natural variations of
sedimentation at the source(s), along the pathways, in the temporary stores, and in the sinks. These
are geologically and sedimentologically controlled parameters.
There also has to be a view taken of the nature of the sediments under investigation, so that, for
example, it might be of most concern where sandy material is distributed and the sand transport
pathway is the one to focus on, or in other cases it might be silt, or organic material. In each case,
a view has to be taken of the material of concern. This would sensibly take the form of setting
specific hypotheses, which would lead to work to test them. These are sedimentological questions
requiring appropriate technical expertise.
There is a range of information which can be used to identify the presence of pathways, and to
investigate their complexities (e.g. Velegrakis et al., 2007). Each of the types of information has
inherent advantages and limitations, and requires the application of sedimentary expertise.
2.3.2

Significance of habitat change and the management approach

As described above in concept, and in the rest of the report is some detail, natural changes in the
nature and location of habitats on the GBR shelf system have always happened, are entirely
expected, and such changes are ongoing, gradually and/or episodically, and at times, precipitously.
From the perspective of managing dredging impacts, it requires acknowledging that some habitats
and environments are clearly inherently more likely to vary in their sedimentary nature than others,
because, in part, of their interactions with the physical sediments (section 2.3).
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We can note this by posing a series of questions:
•

Which parts of the physical system, in sedimentary terms, are least likely to survive for
long durations without natural breaks, i.e. are most ephemeral?
o

•

A preliminary list of ephemeral habitats and environments might include 6 (but is
definitely not limited to):


Detrital and turbid-zone reefs;



Middle-shelf benthic systems;



Seagrass beds, both those associated with relatively mobile sands in
‘translational’ sedimentary environments and those associated with
shallow muddy sediments in embayments;



The boundary between the inner and middle shelf;



Mangroves, both on open coasts and in deltaic systems;



Fringing reefs associated with mobile coastal (probably sandy) sediments;



Most reef flats.

Might there be implications for the way that habitats are viewed by regulators? Without
such factors being considered, do all parties risk changes in habitats being unanticipated
and being perceived as undesirable?

Further, the GBR and its habitats have evolved in close associates with sediment, low light levels,
and various timescales of variation, and it would be expected that, as a system, it would be highly
resilient to change. Some relevant questions that are worthy of consideration by all parties, but
perhaps especially by managers and regulators, include:
•

Given the overwhelming evidence for past and ongoing sedimentary changes, how might
regulatory and management regimes take account of change? At best, it is unclear at
present.

•

How is system resilience incorporated into the view of the habitats taken by managers?

•

How do water quality ‘guidelines’ reflect the actual variation? Is it clear what the
requirements of the habitats are? Do the guidelines recognise the variety of habitat types
(e.g. types of coral reefs)?

We encourage the reader to consider such questions whilst reading this report.

6

The evidence for which is contained within the body of the report.
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2.4

The GBR shelf sediment issue
“The GBR has always had to contend with terrigenous sedimentation throughout its
>700,000 year history. The continental shelf on which it rests is built largely of sediments
derived from the land, the Holocene transgression pushed large sediment bodies across the
shelf and against the present mainland coast, and in pre-European times even the most
undisturbed catchments yielded sediment to the coast”...
“However, at the present time terrestrial runoff and declining water quality are recognized
by the Great Barrier Reef Marine Park Authority (GBRMPA) as a major threat affecting
the GBR.”

(Hopley et al., 2007).
Anthropogenic effects on the GBR remain under a spotlight, on the national and international stage.
In 2015 UNESCO is due to present its view of the status of the GBR, and the potential for the
World Heritage Listed GBR being listed as ‘in danger’ is a major political issue. The issue of landderived sediments is a key part. Johnson et al (2014) outline the issue well
“Since European settlement in c. 1850, nutrient and sediment inputs into the Great Barrier
Reef (GBR) lagoon have increased markedly. This has largely resulted from agricultural
intensification and river catchment modification. Due to their close proximity to the
mainland, inner-shelf reefs are considered to be ‘most at risk’ to declining water quality
and are often described as degraded with respect to live coral cover and coral diversity.
However, the impacts and magnitude of these threats still remain unclear due to ongoing
debates concerning the significance of increased sediment yields against the naturally high
background sedimentary regimes present on the inner-shelf, and the paucity of long-term
(> decadal) ecological datasets. Understanding past inner-shelf coral community
development and reef growth is therefore crucial for predicting their future trajectories
and for placing contemporary ecological and environmental changes within appropriate
reef-building timescales (centennial-millennial)”.
The careful wording regarding how the reefs are sometimes considered and described is worthy of
note. Probably more important is the fact that Johnson et al’s work, like many other geologically
and sedimentologically orientated papers, emphasises the importance of understanding the past in
managing the present environment for the future. Such studies serve to explain, at least in part,
why this present report was commissioned. It is probably fair to say that amongst the various
sciences relevant to the GBR system, the sedimentary geoscience literature has tended to take a
back seat in recent years. This is also reflected in the more mainstream literature. As recently as
2002, major books were released which reviewed the GBR’s cultural history, applied science and
regulation (Bowen & Bowen, 2002; Lawrence et al., 2002) but these barely mentioned geology,
geomorphology, sediments or the GBR’s developmental history as relevant issues in the approach
and application of regulation. Here it is pertinent to note the words of Risk (1992), who considered
reef monitoring work thus
“A monitoring programme that does not include sedimentologists, chemists
and oceanographers as well as biologists is in danger of being useless:
without an integrated approach, biological monitoring is a sterile exercise
incapable of identifying causes. Ecology is not, and should not be, the sole
preserve of biologists.”
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Whilst it may take some time to achieve, this report aims to help begin redressing the balance. The
present renewed interest in sediment, whether transported from catchments or placed onto the shelf
by dredgers, and as part of the suite of environmental factors under consideration, means that there
are many good reasons to reconsider the evidence behind the understanding of sedimentary
processes on the GBR shelf, including their influences upon habitats and water quality, as well as
to note some of the existing relevant knowledge gaps.

2.5

The importance of understanding sediment dynamics on continental
shelves in managing dredging on the GBR shelf

Many international scientists are increasingly acknowledging that understanding the surface
sedimentary systems are vital to managing marine ecosystems. As well as a wealth of individual
journal publications, there are many easily accessible publications such as books and Special Issues
of international journals which contain relevant work by Australian geoscientists and on Australian
shelf habitats (e.g. Heap & Harris, 2000; Larcombe, 2006; Special Issue of Continental Shelf
Research of Feb. 2011, Harris & Baker, 2012; Harris, 2014). In brief, the key lesson of these
publications is that it is both relevant and advantageous to understand the sediments of seabed
habitats. This goes part way to explaining why this report concentrates on the sedimentary aspects
of the GBR system, drawing on the large body of internationally published and geologically
recognised physical geoscience. Without this, an external viewer looking at the spread of material
used for management of dredging and other human activities on the GBR shelf, might be forgiven
for thinking that this large body of work never happened or is not relevant. Further, it would be
impossible to gain an informed view of the relative significance of dredging activities on the GBR
system.
In geological terms, over many thousands of years, some continental shelves receive river
sediments, with sediment supply to the shelf modulated by catchment (Milliman, 2001; Walling &
Fang, 2003) and estuarine processes (Dyer, 1996, 2000), and some continental shelves contain
major regions of in-situ sediment production, generally calcareous in nature, and are broadly
termed carbonate shelves. The sediment dynamics are crucial in influencing the nature and fate of
shelf sediments and thus controlling their nature and distribution. The nature and morphology of
the continental shelf upon which they occur is generally a result of: i) the hydraulic regime, and
hence sediment transport; ii) sediment supply, and iii) relative sea-level (Johnson & Baldwin,
1996). Other factors, particularly important for carbonate shelves, are climate, biological
interactions with the sediments, seawater chemistry and sediment composition.
In reality, many ‘carbonate shelves’ contain terrigenous material which may be mixed with the
calcareous components of the sediments, and/or be geographically concentrated into different
zones, so that the carbonate may range in proportion between 100% and less than 5%. The Great
Barrier Reef (GBR) shelf system is one where this physical separation - commonly termed
‘partitioning’- is strong, because of the regional interactions of underlying geology, climate,
sediment composition and dynamics, water quality and a range of biological factors.
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Figure 6. Map showing one possible regionalisation of the Australian margin and adjacent
seafloor based on the distribution of geomorphic features. Regions 1 – 10 are
defined and described by assemblages of diagnostic geomorphic features. This
geomorphic-based regionalisation broadly represents different seafloor
environments which, when coupled with associated ecological data, provide a
useful starting-point for developing ecosystem-based marine-management
strategies. (From Heap & Harris, 2000).

Man’s direct influence on shelf sedimentary systems can probably be constrained mainly to the past
century or so, but forming such a view as a precursor to effective and efficient management
requires assessing the nature of environmental change over the longer timescales of the range of
natural driving processes (Larcombe, 2006). Hence, the focus here is to describe those areas of the
shelf where environmental management requires understanding marine sedimentary processes.
There is no need here to be exhaustive, because a wide range of continental shelf settings have been
discussed in a series of excellent texts, including Walker & James (1992), Wright (1995), Johnson
& Baldwin (1996), Wright & Burchette (1996) and Allen (1997), and because here the focus is on
the GBR shelf.
In the present context of sediments and the GBR system, amongst other things, sediments are a key
control upon:
•

The history, nature and stage of development of benthic habitats
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•

The sedimentary bedforms produced (see section 6.2.1 for more detail and their specific
relevance);

•

Water quality;

•

Scientific interpretation of measured sedimentary and water-quality data.

Taken together, they thus influence the perceptions of natural and human-associated change in the
marine environment. For better or worse, prevailing perceptions have a significant degree of
influence upon the decisions made regarding management. Regarding regional sediment
accumulation and turbidity, Hopley et al. (2007) noted that such key physical phenomena are
“...beyond the normal temporal scale of ecology, and failure to acknowledge
this and the processes involved may lead to the overestimation of
anthropogenic impacts”.

Further, knowledge of the sediments is practically relevant at all stages of development projects,
for example, and non-exhaustively:
•

Forming context, e.g. allowing testing of the existing (i.e. past) sediment transport
pathways. Such testing is rarely if ever performed based on sediment samples at the
appropriate physical scales and an appropriate sedimentological manner.

•

Allowing specific testing of:

•

o

hypotheses before potential impacts occur, enhancing the potential for reducing
impacts;

o

and assessments of sediment movement following dredged sediment emplacement,
i.e. sediment dispersal across the bed and partial resuspension into the water
column.

Together, these contribute to improved understanding of cause and effect, and thereby;
o

Inform design of developments;

o

Allow improved measurement and monitoring activities at all scales.

It is a humbling reality for scientists that the science and technology plays only a role, not the role,
in forming policy and decisions (Figure 7). Rather than meaning the sedimentary science of the
GBR is not important, this fact serves to emphasise that the available ‘science’ should be as
thorough, appropriate and objective as possible, to ensure that its’ true value is recognised.
Perceptions are indeed important, but cannot take the place of appropriate scientific knowledge,
carefully applied to put dredging operations in context.
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Figure 7. The 22 factors that can influence the decisions made by government ministers.
Note that ‘science and technology’ forms one. (After McNeil Robertson
Development, from Larcombe 2006, Larcombe et al., 2008).

2.6

An international context to the inclusion of marine geosciences into
impact assessment

In W. Europe, a key policy driver of marine environmental studies is the European Union Habitats
Directive for the protection of species and habitats (European Commission, 1992) which requires
that:
•

management plans be created in order to detect and respond to human-induced change, as
distinct from the various types and timescales of natural variability, and that;

•

actions are identified which are able to be enacted to counter such (assumed) detrimental
change.

This is a logical approach. Nowhere is this a simple task, and it is proving to be an ongoing
challenge in the dynamic marine environment of the W. European shelf. In the cyclone-influenced
regions of the world, such as the GBR shelf, this perhaps takes on a yet higher level of difficulty.
Addressing the issue of the ability of detection of change from a practical standpoint, Schratzberger
& Larcombe (2014) noted - relating to infauna, but generally applicable to the shelf-wide issue
under consideration here - that there remains a deal of work to be done to take account of habitat
heterogeneity, and that traditional broad scale sediment characterisations are not suitable to support
advance in this area. The necessary deeper insights require studies which
“build on a good conceptual understanding of sedimentary processes operating at a range
of spatial and temporal scales, including i the movement of sediment across the full range
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of marine sedimentary bedforms, each of which will have important ecological
associations.”
Their prime example was the bedforms of the W. European shelf, summarised by Belderson et al
(1982) and their intimate associations with the shelly fauna described by Wilson (1982). The
general geological and sedimentary concept here is that of the sedimentary facies, which in this
regard means
“Those distinctive physical characteristics of the sediments that occur under particular
conditions of sedimentation, reflecting the sum of sedimentary and depositional processes
and the environment (Reading & Levell, 1996) and which act to distinguish them from
adjacent deposits.”
Therefore, aspects such as sedimentary processes and associated water quality issues – such as the
quality of light reaching the bed and the nature of sediment accumulation – also play a key role in
moving towards a deeper understanding of marine processes, ecology and thus effective
management. There is a great deal for GBR management to gain from an inclusive science
approach.
Habitats act to some degree as an integrator (i.e. inferred associations of biota with sediments and
their dynamics) of the environmental processes acting over various periods of time. Those parts
which might change relatively quickly, such as seagrass, might vary because of, for example,
annual changes in growth rates and other environmental factors. They are largely adapted to such
changes. Other organisms may persist through such annual or seasonal cycles and may only
change in response to long-term changes in environmental conditions. Therefore, understanding
the past history of habitat changes is important in understanding their potential resilience to change.
Marine monitoring work is rarely linked to sedimentary factors in a realistic fashion (e.g.
Schratzberger & Larcombe, 2014). Often, because the monitoring datasets are relatively short,
being ‘sure’ about cause and effect is inevitably difficult, resulting in the tendency to retain the
possibility that the potential impact under the spotlight might indeed be responsible for causing
observed changes, and there is a reluctance to accept that natural variation may be too high.
Further, the relationship to physical drivers is too weakly understood for the typical annual
monitoring type of study to stand much chance of revealing with certainty why things might be
changing.
For example, the type of reef at Middle Reef (Cleveland Bay) indicates that, in the long-term, the
sedimentary and water quality characteristics at that site have produced that type of coral reef. So
instead of seeing those habitats in ‘non-ideal’ conditions as being under threat in some way, we
might usefully consider using the modern and past spatial occurrence of habitats and their
characteristics as indicators of long-term conditions. As an example, the fringing reefs of Magnetic
Island, close to the huge pile of mobile Holocene mud in Cleveland Bay, are there because their
local sedimentary processes disallow accumulation of sediments at rates and over periods which
will kill corals permanently, and the same is true for the water-quality issues, such as light
penetration.
2.6.1

An example of the advantage of incorporating sediment dynamics in assessing impacts of
dredge sediment dispersal

At a sea disposal site in Whitsand Bay, off Plymouth, UK, a number of years of benthic surveys
had been undertaken (Cefas 2005) with the aim of assessing the impact on the biota of the disposal
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operations. Various statistical approaches had been taken using the biology and simple treatments
of the particle size distributions but few solid conclusions were arrived at which associated the
sampled biology with disposal operations, in terms of timing and magnitudes. In the early 2000s, a
swath bathymetric survey, combined with full laser size analysis of the seabed sediments, was used
in order to determine the key driver to potential changes benthic biota – the distribution and extent
on the seabed of the disposed sediment.

Figure 8. Colour-coded swath bathymetric map of a disposal site off Plymouth, UK. Rocky
outcrops (black) in the west give way to patchy and then a full cover of mobile
sand to the east. Scales are in m. Red boxes are boundaries of past and present
disposal sites. (Cefas, 2005; see also Okada et al., 2009).

Particle size modes were present in the dredged sediment which were not present in the natural
sediments, which, when combined with sediment chemistry, were able to define the spread of the
disposed material on the seabed (Okada et al., 2009). The natural sediments formed an series of
ordered and logical trends on the seabed, consistent with an assessment of the wave and current
regime, seasonal changes and a long history of diver observations of sediment characteristics and
the location of coarse disposed material placed at sea within the sediments before screening
processes were used. Together, an integrated physical explanation was developed for the existing
sediments, their mobility, the sediment transport pathways in the bay, and the proven spread of the
disposed material. Future sampling episodes were thus able to take advantage of this information
to greatly increase the chances of surveys detecting anthropogenic changes from natural changes.
The earlier surveys were flawed in their approach, but such surveys were considered standard and
appropriate at the time by the then dominant biological science mindset. Much of the uncertainty
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about the older biological data derived from a lack of knowledge about the seabed. The rocky
western side of the Rame Head disposal site gave way eastwards to a thin cover of sandy
sediments, and then gravelly sand in the east, changes over only a few hundred metres (Figure 8).
These explained many of the differences across the disposal sites and beyond, as well as the
apparent great temporal variation in some parts of the disposal site, which were most likely to
simply reflect the variety of seabed habitats present and sampled, associated with the rocky
sections. The rocky sections were present partly because of the underlying geology, but also due to
the wave-associated resuspension processes and the direction of tidal and storm-driven flows
within the bay.
As a result, the previous surveys’ capacity to produce a clear answer was slim, especially given the
heterogeneity of the seabed at the disposal site and the strong seasonality of the bay’s sedimentary
regime. The presence of seabed geological and sedimentary features tells us something about the
processes that have created them. In the same way, in the GBR, the presence of coral reefs tells us
something about, for example, light and sedimentation, whereas seagrass meadows might tell us
something about perhaps more about light penetration regimes and sediment mobility. For the
Whitsand Bay example described here, there were great benefits to all parties from performing a
thorough consideration of the physical science and establishing an understanding of the bay’s
dynamics. There are equivalent advantages to be had from a similar approach on the GBR shelf.
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3.0

THERE ARE MANY TYPES OF ‘CORAL REEF’

3.1

Summary – Links to Dredging

3.2

•

There are a very wide range of conditions in which reefs and corals occur, which, taken
together, are likely to indicate a variety of reef types or coral communities. Here, reef
‘type’ is used in relation to their past and present association with sediment bodies,
sedimentary processes, and water quality and light quality regimes.

•

It is simply inappropriate to consider one type of coral reef a poor example of another.
Inner-shelf turbid-zone reefs should not be considered as a degraded form of an outer shelf
‘blue-water’ reef or any other type of reef.

•

Work which describes reefs as ‘degraded’ or infers such, whether asserting links to
dredging or other factors, risks making inappropriate judgements. Not every coral reef can
be, or should be, the reefal equivalent of a pristine rainforest deep in the Amazon Basin,
nor is the dry scrub of the Townsville coastal plain a degraded version of the tropical
rainforests of the Daintree.

•

Many coral reefs’ environmental conditions are probably controlled more by local
oceanographic and sediment dynamics than by regional ones.

•

There remain great opportunities for increased recognition and application of different
types of reef in regulatory and management terms relating to sediments.

The developing understanding of the variety of coral reefs

The geological record provides many examples where coral reef deposits are closely associated
with terrigenous sedimentary rocks (Scoffin, 1971; Dabrio et al., 1981; Frost, 1981; Riding, 1981;
Hayward, 1982). Earlier last century, some modern environments were identified where coral
growth is associated with turbid waters (Marshall & Orr, 1931; Umbgrove, 1947), yet only in the
1980s did studies appear that began to document these relationships in detail, particularly in
relation to muddy terrigenous sediments (Johnson & Risk, 1987; Tudhope & Scoffin, 1994).
Many coral reefs (or coral communities) occur in ‘marginal’ environments, where the term
"marginal" is here used in a broad sense, to describe settings where coral communities or
framework reefs occur either close to well-understood (or strongly perceived) environmental
thresholds for coral survival (sensu Kleypas et al. 1999) or in areas characterized by ‘‘suboptimal’’ or fluctuating environmental conditions. There is a very wide range of conditions in
which reefs and corals occur, emphasised in Figure 9 and Figure 10, which, taken together, are
likely to indicate a variety of reef types or coral communities.
In their introduction to a Special Issue of the journal Coral Reefs (titled "Marginal and non-reefbuilding coral environments") Perry & Larcombe (2003) noted that there was relatively little work
on such coral reefs and environments, and they compared the high degree of discrimination and
environmental understanding of the wide variety of forest types, with those of coral reefs
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"At the global scale, there are many different types of forests or woodlands, ranging from
stunted forests on exposed high ground, through boreal coniferous forests, temperate
summer-green forests, to the rainforests of the tropics (Olson et al. 1983). These are well
recognized as being different, each with its own range of community assemblages,
characteristics, and environmental constraints—one type is not necessarily considered a
‘‘poor cousin’’ of another (see also Rosen 2000). The BIOME models of global vegetation
identify 11 distinct forest types, i.e., those with a closed canopy, 7 parkland and savannah
vegetation types, which are open with scattered trees, and several other vegetation types
without trees (Prentice et al. 1992; Haxeltine and Prentice 1996; Kaplan 2001). Within
each type, the forest of a particular area is likely to possess a multitude of differences in
species composition and abundance.

Figure 9. Schematic diagram illustrating the character of the coral communities that develop
under: A) commonly perceived ‘‘optimal’’ environmental conditions, and B), C),
D) those associated with a range of other natural reef settings. (From Perry &
Larcombe, 2003).

They continued
“At the regional scale, there are contrasts in the detailed composition of forests, with the
dominant taxa dependent on local conditions (Ozenda and Borel, 2000). Further, the
evolution through time of one forest type and its gradual replacement by another is also
well understood and documented (Iversen 1958; Overpecket al. 2003) and examples
abound in mainland Europe of forest changes during the most recent postglacial phase of
ice-retreat and general climatic warming (e.g., Godwin and Tallantire 1951; Huntley
1988, 1998; Velichkoet al. 1997). It is even apparent that the sequence of forest changes,
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and the component taxa, has been different for different interglacials (West 1980; Watts
1988). Overall, then, one form of forest is recognized as distinct from another, in terms of
their species assemblage and their controlling factors—although the latter are imperfectly
understood, and it is also clear that they have different developmental histories through
time.
Perry & Larcombe concluded, similar to that which would be concluded for forests, that
"... it is inappropriate to consider one type of coral reef a poor example of another. Partly
because of the obvious practical difficulties in the detailed documentation of coral reef
systems, even in relatively modern times with modern technology, and despite the notable
efforts of some researchers in documenting regional spatial differences between coral
communities (e.g. Done 1982), reef science lags behind some other branches of natural
science in documenting and acknowledging the different make-up, dynamics, and driving
factors behind the variety of communities we find. Not every coral reef can be or ‘‘should
be’’ the reefal equivalent of a pristine rainforest deep in the Amazon Basin, and, in many
instances, our understanding of the history and environmental variability of the reef is
inadequate."

Known ‘Optimal’ conditions

‘Known ranges ’

Latitude

28 oN - 32 oS

>40 oS

Temp. ( oC)

18 - 32

<10 - >40

~34 - 36
very low

<25 - >40
high ( eutrophic )

Dissolved oxygen

high

Terrig. seds .
Turbidity NTU

little/none
<15

Light penetration

high

Depth (m)
max.

0 - 20
~100

Habitat "stability"

high

very low (tidal; diurnal)
Data from:
abundant
Vaughan & Wells 1943,
>150
Wells 1956, StoddartFrom
1969,
low
Newell 1971, Fagerstrom
various
1-2
1987, Veron 1995, Hallock
sources
<15
1996, Wood 1999
low?

Water movement

required

stagnant ?

( o/

Salinity
Nutrients

oo )

e.g.

Oceanic reefs,
outer GBR shelf

e.g.

Persian Gulf
Australian Bight
mangrove creeks (far
northern GBR)

Figure 10. Various parameters for known 'optimal' conditions for corals and reefs, compared
to a series of known ranges. (Modified from Potts & Jacobs, 2003, also using
Yamano et al., 2012).

More recently, considering fringing reefs, Smithers et al. (2007) re-emphasised the wealth of
evidence for i) their persistence through thousands of years, ii) that most of them are ‘senile’ reefs
Report No. J1682v1
Job No. J3031

Page 22

Sedimentary Geoscience of GBR Shelf – Context for Management of Dredged Sediment
"Commercial-in-Confidence"

in geological terms, largely because they are limited in their growth and development by sea-level,
and that iii) most of them have not changed significantly in size over thousands of years. They
concluded thus
“These results demonstrate the long-term resilience of coral reef structures through
prolonged periods of diminished carbonate production, and the pitfalls of assuming simple
relationships between coral community condition and reef growth and maintenance.”
Understanding of such concepts, and perhaps particularly the clear differences between inner-shelf
turbid-zone reefs and those in other physical settings, has been cemented in recent years by
extensive coring and taphonomic work and associated studies on the GBR and elsewhere (e.g.
Browne et al., 2010, 2012a, 2013; O’Leary et al., 2009; Palmer et al., 2010; Perry & Hepburn,
2008; Perry & Smithers, 2006, 2009, 2011; Perry et al., 2008a, 2008b, 2009, 2011, 2012 2013;
Roche et al., 2011, 2014; Yamano et al., 2012). There can remain little doubt of the importance of
such studies in developing the science of coral reef systems on the GBR inner shelf. However,
there is increasing evidence that might be a subset of turbid-zone coral reefs, which operate in
different ways to each other, in addition to their stark differences to the outer-shelf reefs.
As a result, there remain great opportunities for increased recognition and application of different
types of reef in management terms relating to sediments. Here, reef ‘type’ is not necessarily meant
in relation to reef morphology (sensu Hopley, 1982) although this can undoubtedly be informative,
but more in relation to their past and present association with sediment bodies, sedimentary
processes, and water quality and light quality regimes. For example, it is probably unrealistic to
expect reefs, and probably other marine habitats, to vary through time in similar ways when their
environmental conditions are controlled more by local oceanographic and sediment dynamics than
by regional ones.
Further, the ability to understand different measured changes, related to sedimentary issues at least,
between reefs across and area of study, is enhanced by an understanding of the local controls on
sediment dynamics at these reefs. Perceived close proximity does not necessarily mean the same,
in terms of marine sedimentary processes, water optical quality, or reef types (e.g. MacDonald,
2013). Without such knowledge, in terms of coral and sediment 'monitoring' therefore, the choice
of ‘reference sites’ is fraught with uncertainty, and at worst may be inherently unscientific, in
sedimentary terms. When, from a physical perspective, it is known, or at least is knowable, that the
characteristics of locations are fundamentally dissimilar, it appears inappropriate to "compare
apples with oranges". One reason for the oft-used statistically-driven approach to analysis of
natural systems, is to try and deal with that wide variety of factors that contribute to observed
biological variation. In itself, this is perhaps indicative that some of the geological and
sedimentary literature has not made an impact in the management and regulatory spheres. Thus,
whilst there have been clear advances in this area, there remains scope for improved appreciation
and application.

Report No. J1682v1
Job No. J3031

Page 23

Sedimentary Geoscience of GBR Shelf – Context for Management of Dredged Sediment
"Commercial-in-Confidence"

4.0

OCEANOGRAPHY OF THE GBR

4.1

Summary – Links to Dredging

4.2

•

The flushing time of the GBR lagoon is generally on the order of a month. Combined with
the very large volume of the lagoon, the dominant factor controlling water quality in the
lagoon is the exchange of huge volumes of water with the Coral Sea. This means that
dissolved materials released by dredging are removed from the system, helping prevent the
build-up of pollutants in the GBR.

•

Most of the GBR, and perhaps 99% of the corals, are far from the coast, and are almost
continuously bathed in the pristine waters of the Coral Sea. This means that effects from
dredging, and agricultural land-use practices, which affect mostly the regions close to the
coast are largely irrelevant to the overwhelming majority of the GBR.

•

Wave-induced resuspension of sediments is the dominant oceanographic forcing causing
high turbidity at many coral reefs. High turbidity occurs naturally on the coast whenever
there is a strong wind blowing. Inner-shelf regions do not naturally have the sparkling blue
water associated with the outer reefs and have never done so in the past. Turbidity events
caused by dredging and land-use practices are minor compared with wave-driven
resuspension.

•

During cyclonic conditions, sustained bottom currents on the GBR shelf can reach > 0.6
m/s, and instantaneous speeds more than twice this. There is every reason to consider fast
currents a normal response of the water column to major cyclones. Cyclones move
enormous quantities of sediment, volumetrically equivalent to many times that displaced
during a major capital dredging operation.

•

Sediment transport is a 3rd or 4th power function of current speed, so that infrequent but fast
cyclone-associated currents control long-term sediment transport at the seabed and seabed
morphology.

Introduction – Oceanographic forcing

Oceanographic processes on continental shelves are associated with complex combinations of a
variety of mechanisms, including tide, waves, wind-driven flows, seasonal flows, various forms of
oceanographic phenomena (e.g. shelf waves, net currents) and episodic events, such as cyclones
and river flooding. Some of these are associated with, or can be controlled by or limited by, the
density structure of the waters.
Tidal ranges vary greatly around Australia (Figure 11) with ranges up to nearly 11 m in the Broome
region of western Australia, and the macrotidal region of Broad Sound, where tidal resonance
generates tidal ranges up to 10 m, and strong tidal currents resuspend bed sediments and create
naturally highly turbid conditions (Kleypas, 1996). The remainder of the GBR shelf is mesotidal,
with tidal ranges of 3 - 5 m. Tropical Cyclones are also important in providing energy to the
coastline and continental shelves (Figure 12) – these are discussed more in later sections.
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On the GBR shelf, the inner and middle continental shelves experience a different suite of
oceanographic processes, with resultant differences in sediment transport, the sediments on the
seabed, and thus on water quality and habitats. In brief, the waters of the inner shelf are relatively
muddy, turbid and relatively poorly flushed. The waters of the middle shelf are clearer and better
flushed. Both are subject to significant seasonal and episodic changes in water quality.
Whether operating alone or in combination (‘combined flow’), waves and currents generate the
essential force driving sediment transport at the seabed – bed shear stress. Working across the
entire Australian continental, Hemer (2006) calculated the combined flow bed shear stress energy
spectra for a number of locations. These reflect both the magnitude of the shear forces on the
seabed and their frequency, and are useful in summarising the energy regime. At a broad level, it
indicates regional drivers of sediment movement, but as with other similar or associated regional
studies (Figure 18), Hemer’s results should be used carefully and are not applicable locally. The
plots (Figure 13) indicate that, for the open NW Shelf, there are clearly distinct peak energy
frequencies, with the largest magnitude being the semidiurnal tide (spike 1), followed by the annual
variation (4), spring-neap cycles (3) and diurnal tide cycle (4). By contrast, the curve for
Townsville, within Cleveland Bay, is much less spiky. Although the annual frequency stands out,
at shorter timescales, there is a broad peak, highest at a frequency of around a month. We might
expect that for the middle shelf, and probably for open coastlines, such as near Innisfail, the curve
might be more like the NW Shelf, with a greater relative energy input from cyclones compared to
other inputs.

http://www.bom.gov.au/oceanography/tides/index_range.shtml

Figure 11. Tidal range around Australia. (From Bureau of Meteorology).
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Figure 12.

Average annual frequency of Tropical Cyclones in Australia, 1959-80.
Lourenz, 1981).

(From

Although scientific and public attention often focuses on processes occurring on the land or near
the coast, the water conditions on the reefs of the GBR shelf, which are overwhelmingly on the
outer shelf, and for large parts of the middle shelf, are dominated or heavily influenced by the
large-scale oceanic circulation. Of primary importance are the Eastern Australia Current (EAC)
and the North Queensland Current, which run along the length of the GBR, originating from the
North Caledonian and North Vanuatu jets and thus approaching the GBR shelf from the east
(Figure 14). These currents bathe the GBR in generally clear oceanic water supplied by the South
Equatorial Current, which flows east to west across the Pacific Ocean at about 15°S latitude.
The other important physical forcing for the GBR is the wave climate of the Coral Sea. The wave
direction is a dominant factor affecting the reefs and the so called “reef front”, generally the area of
most dynamic growth, is generally aligned to face the predominant direction of swell. As one
moves westwards, further away from the Coral Sea, the influence of the large-scale ocean currents
reduces and the wave climate is predominantly composed of waves generated locally inside the
GBR lagoon because the outer-shelf reef matrix protects lagoonal water from the effect of the
ocean waves. The non-cyclonic wave climate in the GBR ‘lagoon’ (i.e. the shelf landward of the
outer reef) is predominantly composed of waves which are not only of smaller amplitude but also
of shorter wavelength than the oceanic waves, and therefore have less effect on the sea bed. The
predominant wave direction is from the southeast, especially so in the dry season, which direction
strongly controls the position of sediment depocentres in relatively sheltered north-facing
embayments such as Cleveland Bay, Trinity Bay and Princess Charlotte Bay.
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Surface water movements within the GBR lagoon are primarily dominated by tidal currents, and
except in Broad Sound, rarely exceed 0.5 m/s. They can also be influenced by wind-driven
currents, which themselves can attain 0.15 m/s at times of strong and persistent trade winds
(Larcombe et al., 1995). On the inner shelf, tidal currents resuspend relatively small quantities of
sediment, so that wave-generated bottom current is the dominant mechanism causing resuspension.
As a result, the muddy inner-shelf sediments are repeatedly stirred by waves refracted across the
inner shelf, providing the suspended sediment input for net sediment transport driven by tides and
wind-driven currents.

Figure 13. Combined flow bed shear stress energy spectra at Upper - (I) North-West Shelf
(NWS) of Western Australia and Lower - (D) Townsville. The dotted line
indicates the 33 h cut-off frequency separating high- and low-frequency energy.
The upper plots labels four frequencies at which peaks are observed: (1)
semidiurnal peak, (2) diurnal peak, (3) spring-neap (14-day) peak, and (4) annual
(365-days) peak. (From Hemer, 2006).
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Figure 14. Oceanographic circulation in the Western Pacific. The overwhelming majority of
the GBR's coral reefs occur on the outer half of the shelf where conditions are
dominated by large-scale ocean currents: EAC (East Australian Current), NQC
(North Queensland Current), NCJ (North Caledonian Jet), NVJ (North Vanuatu
Jet). (For other acronyms consult Choukroun et al., 2010). (From Choukroun et
al., 2010, adapted from Ganachaud et al 2007).

4.2.1

Cyclone-associated currents

Cyclones are a normal part of the present GBR continental shelf and have been throughout its
Holocene development (e.g. Larcombe & Carter, 2004; Liu et al., 2014). On average, 4.7 tropical
cyclones per year affect the Queensland region7. There is a strong relationship with the El NiñoSouthern Oscillation phenomenon, with almost twice as many cyclone impacts during La Niña
periods than during El Niño 8. The increase in cyclonic activity on the GBR over the past 4 years
reflects the strong La Niña weather pattern that developed in 2010 replacing the El Niño pattern.
Since 1858, records indicate that there have been 207 known impacts from Tropical Cyclones
along the east coast.
The understanding of the general wind field generated during cyclones is well established. It is
important to understand this to establish both the natural regime of winds under cyclones, and the
potential oceanographic regime that natural and disposed sediment will experience. Here, we
choose to illustrate it and one of the key oceanographic consequences, using work associated with
Hurricane Delia, on the Gulf of Mexico coast of the USA. Note the stronger winds on the front
7

http://www.bom.gov.au/cyclone/about/eastern.shtml#history

8

http://www.bom.gov.au/cyclone/about/eastern.shtml
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right side of the hurricane (Figure 15, left), which, together with the presence of the coast, drive a
strong sustained unidirectional current (Figure 15, right) along the shelf – rather than across it.
Oceanographic modelling studies on the GBR shelf and other Australian shelves (e.g. Northwest
Shelf; Hearn and Holloway, 1990; Figure 16) and various flow measurements on the GBR (e.g.
Figure 17) have also shown that, under the influence of tropical cyclones, strong along-shelf
currents are established between the eye of the cyclone and the coast. Such oceanographic
responses - such as this ‘coastal constraint’ phenomenon - are as well established as the wind
fields.
During major cyclones, sustained bottom currents on the GBR shelf can reach > 0.6 m/s (Larcombe
& Carter, 2004) and instantaneous speeds more than twice this. Because sediment transport is a 3rd
or 4th power function of current speed, these cyclone-associated currents, combined with wave
agitation, are a key factor controlling long-term sediment transport and seabed morphology,
especially on the middle and outer GBR shelf, where non-cyclonic currents mobilise seabed
sediment relatively infrequently. For the inner shelf, cyclones mobilise great quantities of material,
but can be less significant in relative terms, because of the more normal state of wave-facilitated
tidal and wind-driven transport of the inner-shelf seabed.

Figure 15. The features of Hurricane Delia approaching the eastern USA coast (left) the wind
field; (right) the associated induced currents. (From Keen & Slingerland, 1993).
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Figure 16. Modelled cyclone-associated currents on the western portion of the NW shelf
(From Hearn & Holloway, 1990). This model indicated that >100 x 100 km of
shelf was influenced by unidirectional currents flowing to the SW at speeds of
>0.6 m/s, i.e. sufficient to generate sedimentary bedforms and high rates of bed
transport.

In December 1990, Cyclone Joy (category 3) passed across the GBR shelf. Flow was measured by
a seabed current-meter moored in 12 m of water off Cairns (Carter et al., 2002; Larcombe & Carter,
2004). The cyclone was accompanied by a 9-day period of along-shelf wind-driven currents,
which flowed to the NW at sustained speeds of 0.6 m/s (5-minute averages) and instantaneous (5minute maximum) speeds up to 1.4 m/s near the bed (Figure 17). These flows are fully consistent
in direction with what would be expected, and are fast enough to form longitudinal bedforms on
either sandy gravel or mud substrates (e.g. Belderson et al., 1982; Flood, 1983) such as occurs on
the middle shelf. There is every reason to consider this a typical response of the water column to
major cyclones.
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Figure 17. Currents at the bed measured in ~12 m of water off Cairns, during Cyclone Joy in
December 1990.

Such cyclone-induced currents are clearly a significant factor affecting sediment movement on
cyclone-dominated shelves, but they may also influence the long-term (net) sediment movement on
some otherwise tidally dominated sections of the shelf (Harris, 1995). Once there is a regional
picture of the distribution of sediments, and estimates of their dominant particle size, it is then
possible to superpose these data with oceanographic data and begin to infer the likely mobility of
bed sediments. One useful example of such a study is that performed for the entire Australian
continental shelf, whereby the sediment dataset, gathered by Chris Jenkins at the University of
Sydney, and now held at Geoscience Australia, has been used in combination with some large-scale
hydrodynamic models to assess aspects of sediment mobility on the shelf. The result (Figure 18)
should be viewed as useful context, but cannot be used as the basis for dredging-associated studies.
Further, such results don’t reflect areas where sediment transport is caused by a range of processes.
(As a pertinent example, it is unlikely that bed sediment transport at Hay Point is simply dominated
by tides). However, it is important to note that for much of the GBR shelf system the main
mechanism of sediment transport is cyclones, which is consistent with the available sedimentary
and geological evidence from the seabed.
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Figure 18 Division of the Australian shelf (after Harris, 1995) into regions in which sediment
transport is caused mainly by tidal currents (17.4% of the shelf area), currents
derived from tropical cyclones (53.8%), ocean swell and storm generated
currents (28.2%) and intruding ocean currents (0.6%). Contours representing
tropical cyclone frequency are from the Bureau of Meteorology
(http://www.bom.gov.au/climate/averages/) and contours for significant wave
height percentage exceedance are from McMillan (1982). Mean spring tidal
ranges indicated along the coastline are derived from the Australian National
Tide Tables. The location and direction of flow of major ocean currents are
indicated. (From Porter-Smith et al., 2004).

Whilst the visual impact of surface plumes arising from river flow or dredging operations on the
GBR lagoon can be very strong, in sedimentary terms, it is important to realise that most of the
sediment redistribution is associated with the far less easily visible processes at the seabed (e.g.
Figure 19). Overall, there is relatively little published data on sediment transport processes for the
inner-middle shelf boundary and for the middle shelf. This is a major gap in knowledge.
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Figure 19. Cross-shelf, water column transects east of Mourilyan 4–5 days after the landfall of
Cyclone Winifred (for location, see Fig. 1). (a) Suspended sediment
concentration (mg/l); (b) salinity. Note the high near-bed suspended sediment
concentrations on the inner part of the middle shelf, indicating settling from
suspension (From Carter et al. 2009).

4.2.2

Flushing Times

Aside from the disturbance of sediment, dredging operations along the Queensland coastline are
not important sources of pollutants (such as heavy metals) which can cause problems in other, more
industrialised, parts of the world. Regulations prohibit the emplacement of polluted sediment.
However there are small quantities of nutrients released during dredging (section 9.0) and the fate
of these nutrients is partly influenced by the flushing time of the GBR lagoon. In addition, because
‘tipping-point’ concepts are sometimes invoked to claim magnified effects on the health of the reef
(section 10.0) due to factors such as dredging, the fate of pollutants from agricultural sources
becomes of direct relevance to the debate about dredging. The flushing time of the GBR lagoon
heavily influences the fate of agricultural pollutants such as pesticides and nutrients contained in
river runoff.
When considering the dispersal of pollutants in the GBR lagoon, one of the most important
parameters is the flushing time, which can be defined in various ways, but is effectively the
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approximate time that a drop of water will reside in the lagoon before being flushed out into the
Coral Sea. Short flushing times help prevent pollutant build-ups. Long residence times, such as 25
years for the Baltic Sea (Lepparanta & Myrberg, 2009), are more problematic if there are
significant pollutant sources, because the diluting effect of new unpolluted water entering the water
body is inhibited.
The flushing time of the GBR lagoon has been measured using three different methodologies:
radionuclides (Hancock et al. 2006), satellite-tracked Lagrangian drifters (Choukroun et al. 2010)
and by analysing the magnitude of the hypersaline coastal water in the dry season (Wang et al.
2007). These methods indicate that the flushing time for water on the main reef matrix is less than
a month, and for water closer to the coast it is around 3 months. Calculation of flushing times
using hydrodynamic models have produced differing results. Early work by Luick et al. (2007)
indicated flushing times of up to a year for inner-shelf waters, but the more recent modelling results
of Andutta et al. (2013) are in broad agreement with the methods based on real physical data.
Perhaps the most graphic data indicating short flushing times comes from satellite-tracked drifters
(Figure 20). In this work, satellite tracked drifters which were deployed in other parts of the world,
but which by chance entered the GBR lagoon, were monitored and the time they took to cross the
lagoon was used as an indication of flushing time. The drifters were generally drogued to measure
the current at 15 m water depth, which is a large fraction of the water depth on the GBR shelf.
Whilst some drogues had become detached by the time the drifter had reached the GBR, and thus
measured surface drift, both undrogued and drogued drifters displayed rapid cross-shelf transit
times. Some drifters crossed the GBR lagoon in just a few days (e.g. drifter number 44322 took
just 7 days).

Figure 20. Trajectories and middle-shelf positions of some selected drifters entering the GBR
matrix, North of 18° S (left panel) and South of 18° S (right panel). Green
diamonds represent the entering point of the drifters in the GBR, and red
triangles are end points (stranded or lost transmission). Black crosses are points
of the second entrance inside the GBR. Green circles represent the positions
where the drifters are crossing the middle GBR shelf. Black numbers are drifter
ID numbers. Blue numbers are the cumulative time, in days, since first entering
the GBR. (From Choukroun et al., 2010).
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5.0

GEOLOGY AND SEDIMENTOLOGY OF THE GBR

5.1

Summary – Links to Dredging

Key Points - Sediments:
•

The GBR continental shelf is divisible into three parts, defined by their sediments and
geology, emphasising the clear regional separation of terrigenous sediments near the coast
from shelf and reefal carbonates further seawards. This is confirmed by carbon isotope
work. The inner shelf, where most dredging activities take place, comprises a terrigenous,
shore-connected prism of sand, muddy sand and sandy mud, typically with maximum
thickness of 4–5 m and offshore extent 8–10 km. Further seawards, the prism tapers to be
only a few cm thick in depths greater than 20 m. Over periods of more than few day or
weeks, dredging can probably only make an unmeasurable difference in water-quality and
sedimentary conditions.

•

Three simple types of shoreline and shelf can be identified, each with different sediments,
sediment dynamics and habitats:
o

Embayments, such as Cleveland Bay, within which sediment resuspension
overwhelmingly dominates net accumulation;

o

Non-embayed sections of shelf, which can house ‘turbid-zone’ reefs; and

o

Inner-shelf islands.

The habitats of these types of shoreline and shelf are unlikely to be equivalent in dynamic
terms, and would need to be considered in different ways regarding potential impacts from
dredging.
Key Points - Coral Reefs and other habitats:
•

The Great Barrier Reef as we know it is only ~8,000 years old, and most of it is much
younger than that. Holocene coral reef history is controlled by natural interactions with
sediment bodies and other factors. Most communities on coral reefs and other habitats
have had thousands of years in which to become well adapted to a variety of environmental
changes.

•

Highly dynamic and complex sedimentary environments developed during the inundation
of the inner shelf around 8,000-6,000 years ago, which was also the time of initiation of
much of the modern GBR reef. Since around 8,000 years ago, major sedimentary changes
have switched on and off different habitats along the central GBR coastline and inner shelf.
Some reefs have grown to fall within the turbid-zone reef existence field, implying a likely
major change in their species composition and sedimentary regime during that time. As a
result, most habitats on the GBR inner shelf have a long natural history of significant
natural change. Observed changes should not be merely viewed as bad.

•

There was a relative fall in sea level across much of the GBR shelf at around 3,000-2,000
years ago, leading to system-wide mass mortality of those corals occupying reef flats close
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to the contemporary sea level. The likely scale of mortality at that time dwarfs anything
observed in the 20th and 21st centuries.
•

Many reef flats are episodic in nature, and their internal structure indicates a long history of
modification by cyclones.

•

Therefore, many coral reefs now naturally grow laterally and significant growth on the
broad reef flats has effectively been turned off. Many reports of ‘degraded’ reef flats do
not appear to take these facts into account and risk wrongly attributing these observations
to anthropogenic sedimentary effects.

•

Local controls and sedimentary processes are key influences on sediment dynamics, water
quality regimes, and nature of benthic habitats. Analysis of exceedance curves indicates a
strong consistency with local physical setting and dynamics.

Key Points – Management.

5.2

•

Different parts of the GBR system have different sedimentary histories, which should
inform the way they are managed regarding sediments, water quality and habitats.

•

There is no reason to expect reefs in different physical and sedimentary environments to
have similar reef species, coral cover, age distributions, proportions of broken coral, and
other aspects.

•

The long-term fate of sediments, and especially sands, on the GBR coast depends upon the
interactions between the catchment type, the sediment supply towards the coast, the way
the estuarine system behaves under dry and wet season conditions, and the form of coastal
plain in which the estuary is located.

•

The immediate coastal fate of increased sediment loads carried into the GBR lagoon in the
last 200 years has been highly dependent upon deltaic processes. The greatest ‘danger’ to
many inner-shelf habitats on the central GBR shelf probably lies in a major avulsion event
of the Burdekin River. It might therefore be relevant to review the potential for avulsion in
the major rivers which dominate sediment supply and form the major influences on coastal
configuration on the GBR. The influence of dredging is orders of magnitude less
important than such deltaic processes, and regarding the extent, magnitude and duration of
impacts is even less so.

•

Speculation that (an undemonstrated) change in post-European organic matter content in
river supplied sediments can produce detrimental changes in GBR habitats appears
unsustainable, in sediment dynamic terms, if not also in ecological terms.

•

To determine what might be “ecologically acceptable” in sedimentary terms requires much
more information than exists at present.

Introduction

This section introduces the GBR as a dynamic sedimentary system, drawing on the extensive
literature. Belperio (1978, 1983) gave the first systemic summary of sedimentation in the GBR
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shelf system, concentrating on the central GBR. His summary of the history of work (abridged
below) is pertinent for its completeness and for helping indicate that the basic knowledge of these
matters has been long established.
“North Queensland has a rimmed continental shelf along which an 1800 km-long tract of
discontinuous shelf-edge reefs restricts water circulation and wave action within the
adjacent shelf lagoon. The inner shelf of the lagoon is dominated by terrigenous mud and
sand along its entire length. Investigators working in the Great Barrier Reef Province
have long recognised the influence of a mainland terrigenous source in the overall pattern
of shelf sediment distribution (Fairbridge, 1950; Maxwell, 1968; Maxwell & Swinchatt,
1970; Marshall, 1977; Orme & Flood, 1980).
“However, most investigators have concentrated on the reef carbonate complexes of the
outer shelf, and have paid little attention to the terrigenous zone. Indeed, Maxwell (1968,
p. 230) expressed the view that negligible sedimentation is occurring on the shelf and
attributed this to inadequate sediment sources and ineffectual processes of sedimentation.
Recently, more detailed investigations of the terrigenous zone have documented ample
evidence of significant Holocene9 terrigenous deposition along the inner shelf and coast
(Frankel, 1971, 1974; Burgis, 1974; Belperio, 1978; Cook & Mayo, 1978).
“Geophysical data, albeit with little subsurface stratigraphic control, also indicate that
terrigenous sedimentation has been of primary importance in the Quaternary 10 evolution of
the continental shelf (Searle, 1979; Searle & others, 1980, 1982; Johnson & others,
1982).”
It is significant that this summary includes the facts that there is ample terrigeneous sediment
accumulation on the inner shelf, that sedimentation in the middle shelf is negligible, and that there
is strong evidence of terrigenous sedimentation having been a key influence on the geological
development of the entire continental shelf. These facts, and their logical consequences especially regarding the distribution and nature of habitats, variations in water quality and how
these are therefore perceived and managed - underpin much of the material in other sections of this
report.

5.3

Geological history, sea-level changes and coral reef growth

Sea level constantly changes through geological time. In the last million years or so, major
changes of over 100 m in vertical scale have occurred associated with changes in earth’s orbit,
which themselves drive slow and inevitable waxing and waning of ice polar sheets over timescales
of many tens of thousands of years. Over the last 140,000 years, sea level has varied over a range
of more than 120 metres (Figure 21).

9

The last 10,000 years.

10

The last 2.58 million years.
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Figure 21.

Simplified changes in ‘global’ sea level over the last 140,000 years (from
http://www.cmar.csiro.au/sealevel/).
The
modern
GBR
commenced
development over the last 8000 - 9,000 years, but is likely that there were
substantial coral reefs developed at the previous highstand (at ~125,000 years
ago) and a series of preceding highstands too (e.g Larcombe & Carter, 2004;
Braithwaite et al., 2004; Dubois et al., 2007).

The most recent large change has taken place since around 20,000 years ago, when ice sheets were
at their peak - the last Glacial Maximum. Since then, there has been an increase of more than 120
metres as the last ice age ended – the Post-Glacial sea-level rise. Rate of sea-level rise through this
time peaked at around 30-40 mm per year (i.e. 3-4 m per century), until about 6,000 years ago,
when sea level broadly stabilised (Figure 22). For the GBR shelf, detailed measurements from the
geological record have been made, using features and sediments which are naturally associated
with sea level in some way, and which can be dated to thus indicate past sea levels, with varying
degrees of uncertainty. Like detailed sea-level curves for many regions of the world, the data for
the last 10,000 - 8,000 years for the GBR shelf indicates fluctuations in sea level superimposed
upon the general trend (Figure 23, envelope between solid lines in Figure 24).
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Figure 22. Summary of sea-level data showing the broad post-glacial sea-level rise (i.e. last
20,000 years) for the Australasian region. The envelope is drawn to capture
intertidal indicators and the zone between the terrestrial and marine directional
indicators. Data derive from sites including New Zealand, Australia’s north-west
shelf, the Huon Peninsula, Queensland, the Sunda Shelf, Western Australia, the
Northern Territory, South Australia and New South Wales. (From Lewis et al.,
2012).
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Slight sea level fall in last 3000 years

Figure 23. Middle and latter stages of the Post-Glacial sea-level rise in relative sea level for
the central GBR shelf), emphasising the relative fall of ~1.5 m in the last 3,000
years (Modified from Larcombe et al, 1995).

It is particularly notable that there are a series of points on Figure 24 and Figure 25, which, in the
last 1,800 years or so, have grown to fall within the turbid-zone reef existence field, implying a
likely major change in their species composition and sedimentary regime during that time.
The data therefore indicate a number of key features:
•

A lack of coral reefs in inner-shelf depths until 7,000 years BP (before present), almost
certainly related to the presence of coastal sediments rather than purely related to sea level.

•

A relative fall in sea level across much of the GBR shelf at around 3,000-2,000 years ago.

•

A relative lack of initiation of new reefs over the last 2,000 years or so, with the key
exceptions being Paluma Shoals and some other inner-shelf reefs (e.g. Perry et al., 2013;
Johnson et al., 2014, Roche et al, 2014; Perry et al, 2014), where initiation is the ‘re-birth’
of Larcombe & Woolfe (1999a). The new data are consistent with this model of sedimentinfluenced reef initiation and development on translational shorelines.

Regarding coral reefs, one consequence of the sea level fall was that, whether or not associated
with sediments, those coral reefs which had reached sea level (roughly low water neap tides) were
unable to growth further vertically, and so growth switched to reef margins, so that the reefs as
physical bathymetric features switched to growing laterally (Hopley, 1982; Hopley et al., 2007)
effectively turning off significant growth on the broad reef flats.
This pattern of reef growth remains the case today. Many reef flats, especially those exposed to
large waves and currents during cyclones, have become highly dynamic episodic systems, whereby
they are liable to erosion by waves during cyclones, to be recolonised by corals during those years
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between major cyclones when calmer weather prevails. Some reefs (e.g. Figure 26) show corals of
relatively uniform size and inferred age.
Another key point emerging from this is that each existing coral reef is a product of a large suite of
processes, and controls, acting over many thousands of years. There is no reason to expect similar
reef species, coral covers, age distributions, proportions of broken coral, and other oft-measured
characteristics of coral reefs, between reefs in different physical and sedimentary environments.
This theme is expanded upon in section 5.4.3.

Figure 24. Sample elevations and radiocarbon ages (with error bars) of dated coral data from
the central GBR. Upper line = sea-level curve of Larcombe et al. (1995),
developed primarily from clastic sedimentary deposits. Lower line = depth of 4.5
m below sea level, indicating the likely lower boundary of the existence field of
potential coastal turbid-zone coral reefs (based on data from Paluma Shoals,
Halifax Bay). The shaded areas denote the existence field of coastal turbid-zone
reefs of the late transgression, in which all data derive from reefs which are
today in turbid zones (South Myall, Rykers Reefs [Cape Tribulation], and the
fringing reefs at Lindquist, Dunk, Fantome, Orpheus, Rattlesnake, Stone and
Cockermouth Islands) all of which lie within or close to the existing inner-shelf
sedimentary wedge. Lower portion of the graph denotes the inferred growth
phases for 'coastal turbid-zone reefs' and those reefs in deeper water (inner and
middle-shelf reefs). (From Larcombe et al., 1999a).
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Figure 25. Summary of sea-level data (NB – not a sea-level curve) for the Queensland region.
Indicators include barnacles (Beaman et al., 1994; Higley, 2000), beachrock
(Hopley, 1980), foraminiferal transfer function (Woodroffe, 2009), mangroves
(Larcombe et al., 1995), coral microatolls (Chappell et al., 1983) and oyster beds
(Beaman et al., 1994; Higley, 2000; Lewis et al., 2008).

Incidentally, it is also worth noting that the mid-Holocene, around 5,000 years ago, was a critical
time in the GBR history (Stott et al., 2004) with some messages for today. Variations in the
climatic ENSO system and the Australia-Indonesian summer monsoon (AISM) were likely to have
been important influences on Holocene reef growth in the GBR (Gagan et al., 1998; Stott et al.,
2004; Smithers et al., 2006). A wide array of published palaeoenvironmental information taken
from coral cores, and most recently summarised by Roche et al. (2014) indicates that sea-surface
temperatures on the GBR shelf were almost certainly higher then than now, by over 0.5 degrees
(e.g. Figure 27). Higher temperatures are not necessarily unique to the 20th and 21st centuries - nor
environmentally calamitous.
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Figure 26. Photo of coral reef flat of GBR turbid-zone reef, central GBR

Figure 27. Temperature record from a) 31-year long mid-Holocene Sr/Ca derived record
from King Reef, b) a 18-year long modern microatoll record from King Reef and
c) a 10-year long instrumental data from Mourilyan Harbour. The mean values
are given for each dataset, with shading showing the 95% confidence band.
(From Roche et al., 2014).
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5.4

The GBR shelf system – key components and Holocene sedimentary
history

The Holocene Period is the last 10,000 years of earth’s history, over which the late stages of the
post glacial sea-level rise occurred and the coral reefs of the GBR were (re-)initiated and
developed. Regarding the reef structures themselves, the sea-level curves for the last million years
or so, coupled with climate information, indicate that the present GBR is probably the most recent
of a series of barrier reefs, developed to various extents at previous highstands in sea level (Figure
21). It is important to note that many modern reefs are merely a thin crust of live coral reef, of a
few metres, underlain by a variety of carbonate debris or other sediments (e.g. Hopley 1982;
Hopley et al., 2007).
Below we introduce the main characteristics of the shelf’s components and some of their main
influences. In passing a range of relevant sediment transport processes are noted. For more
information on these processes the reader is referred to Orpin et al. (1999).
5.4.1

Rivers and Estuaries

Rivers form the major conduit of particulate sediments from catchments to estuaries. Some simple
concepts of estuaries, including some models effectively consider the estuaries and the coastal zone
as simple conduits along which sediments flow seawards. In fact, the long-term fate of sediments,
and especially sands, on the GBR coast depends upon the interactions between the catchment type,
the sediment supply towards the coast, the way the estuarine system behaves under dry and wet
season conditions, and the form of coastal plain in which the estuary is located (Carter et al., 2002).
During major freshwater flood events, such as those on the Burdekin River (Figure 28), most
sediment is indeed likely to transport to the coast, although measurements are relatively scarce, and
the uncertainties are high. During small flood events and at all times between freshwater floods, it
is most definitely not the case that estuarine systems along the GBR shelf only transfer material
seaward. In other words, the GBR estuaries spend by far most of their time not merely as canals
for sediment transfer to the sea, but as complex system exchanging different sediment sizes in
different directions at different times. This has been documented by the field oceanographic
measurements of Wolanski et al. (1980) in Coral Creek on Hinchinbrook Island, and modelled by
Fry & Aubrey (1990). Larcombe & Ridd (1996a, b) also documented sand transport in a small
creek near Townsville in Cleveland Bay. Here, the fine sediment was transported landward, whilst
sand transported seaward, driven by the specific tidal dynamics at large spring tides, when the
mangroves and saltflats were inundated, rather than as a result of freshwater flow.
Later work in slightly larger mangrove systems, Cocoa Creek, Cleveland Bay, by Bryce et al
(2003) clearly demonstrated the very strong geomorphological controls upon the transport of
suspended sediment and particularly the temporal variation in sediment transport regimes driven by
the different dynamics of ‘overbank tides, which flood the adjacent mangroves and saltflats at high
tide, compared to ‘within-creek tides’ (see also Aucan & Ridd, 2000). Finally, in a much larger
system, the Normanby River, with a very large catchment and substantial river flows, which
discharges into the southern portion of Princess Charlotte Bay, Bryce et al. (1998), the tidal
dynamics are such that, except during major floods, sand remains within the long main estuarine
channel, and is transported landward.
Overall, there is the general understanding that large mangrove systems, where present away from
the main river mouths, are not sources of sediment. In fact, they act over decades and longer to
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accumulate the muddy sediments introduced to the continental shelf, advancing the coastline as
they do so. In simple terms, these mangrove systems filter the water of the inner shelf,
accumulating clay and silt and tending to leave the cleaner sandier sediments at the coast. There is
a great deal of evidence on the sediment dynamics in the critical geomorphological elements which
transfer sediments into and out of the estuaries for the great majority of the time, i.e. between flood
events. Appreciation of such complexities has not always been reflected in management-orientated
papers, where there is a tendency to view estuaries only as sources of sediment.

Figure 28. Historical measurements of the highest river floods on the Burdekin River (gauged
at Inkerman Bridge) over the last 100 years (From Australian Bureau of
Meteorology 11).

As well as the above implications for how the modern coastline operates and thus might be
perceived, such logic also extends to the periods of thousands of years during the early and midHolocene (ca. 12,000 – 7,000 years ago) when the coastline along almost the entire length of the
GBR shelf was eroding quickly (at many metres per year) and moving westwards across the
continental shelf. During this period, the coastline would almost certainly been dominated by
mangrove systems and subtidal sandbars (see below, section 7.4).
At present, the total average supply of fluvial sediment to the GBR shelf system is on the order of
14-28 M tonnes/yr (Belperio, 1983; Belperio & Searle, 1988; Neil et al., 2002; Furnas, 2003), with
the estimates depending greatly on the nature of the calculations (e.g. from soil erosion rates,
discharge curves, extrapolations of logger measurements, geological volumetric averages, etc).
Nonetheless, the bulk of fluvial sediment appears to be delivered by the Burdekin and Fitzroy
rivers. Lake Dalrymple, formed behind the now dammed Burdekin River, has probably reduced
the total sediment load transported downriver by ~35% (Lewis et al., 2009). Pre-1850 sediment
11

http://www.bom.gov.au/qld/flood/brochures/burdekin/burdekin.shtml
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delivery has been calculated at around 1-5 M tonnes/yr (Furnas, 2003), although similar
uncertainties are also in evidence.
5.4.2

The shoreline and inner shelf

Regarding sediments, Belperio (1983) noted that the modern shoreline of the central GBR shelf
was comprised of four distinct sedimentary assemblages:
•

beach-ridge plain (e.g. Cowley Beach, S of Innisfail; e.g. Nott et al., 2013);

•

chenier plain (e.g. southern Princess Charlotte Bay, southern Cleveland Bay);

•

mangrove-mud-flat plain (e.g. southern Bowling Green Bay);

•

barrier bar-lagoon complex (e.g. Cape Bowling Green).

In the simplest terms, these represent different types of shoreline, representing different
combinations of sediment transport at the shoreline and sedimentary influence from episodic events
(cyclones). These are noted early in this report because they help to explain the variation in types
of shorelines which occurred on the GBR shelf during the long phase of rapid post-glacial sea-level
rise, providing a geological and historical context to their modern counterparts, and to the potential
impacts of disturbance through dredging activity.
Seaward of the shoreline, on the continental shelf, it is convenient to divide the shelf into three
parts, defined mainly on their sedimentary and geological characteristics (Maxwell, 1968; Belperio,
1983; Figure 29, Figure 30). These divisions emphasise the clear regional separation of terrigenous
sediments near the coast (where most dredging activity take place), from shelf and reefal
carbonates offshore.

Table 2. Simplified terminology and regional seabed characteristics of the central region of
the GBR shelf.
Approximate water
depth (m)

Carbonate content %

Sea-bed state

Inner Shelf

0 – 20

<30

Terrigenous

Middle Shelf

20 – 40

30 – 80

Palimpsest 12

Outer Shelf

40 – 80

>80

Reefal

12

Palimpsest = A sedimentary unit or feature that displays superposed features generated at different times –
i.e. a recognisable mixture of old structures superposed by newer ones. See also section 6.4.
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Figure 29. Simplified bathymetry and the terminology of the inner, middle and outer shelf in
the central GBR region, and location of LADS image of Figure 60 (oblique
rectangle). (From Larcombe & Carter, 2004, base map based on Belperio 1983).

The inner shelf (down to depths of c.24 m) comprises a terrigenous, shore-connected prism of
sand, muddy sand and sandy mud. In coastal embayments near river mouths, the terrigenous prism
may exceed 20 m in thickness (Johnson and Searle, 1984), but more typically its maximum
nearshore thickness is 4–5 m and its offshore extent 8–10 km. To seawards, the prism tapers to be
only a few cm thick in depths greater than 20 m. Cores reveal that bedding is virtually never
preserved within the coastal prism (Carter et al., 1993; Larcombe et al. 1998), because of the
presence of pervasive bioturbation (Table 4). Grain size analysis shows the sediment to be poorly
sorted and trimodal, with modes in the fine sand, coarse silt, and fine silt ranges (e.g. Woolfe et al.,
2000). The carbonate content of the sediments, i.e. the biogenic component, is generally <30%.
The middle shelf (24–40 m) is sediment starved, and comprises a thin veneer (<1 m) of poorly
sorted muddy, shelly, calcsand (Ohlenbusch, 1991) which locally thins out to expose the
underlying weathered Pleistocene clay at the seabed. The carbonate content is generally 30-80%.
The general surface of the outer shelf (40–80 m) is also sediment starved in many places (Scoffin
and Tudhope, 1985), though areas of framework and detrital carbonate sediment occur at and
nearby to modern reefs (e.g. Maxwell, 1968), or where carbonate muds or Halimeda banks
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accumulate between the reefs (e.g. Dye, 1988; Orme, 1985.). The carbonate content is generally
>80%.

Figure 30. The general arrangement of sedimentary facies and related geological features on
the inner, middle and outer GBR shelf (based on the central section). This figure
indicates that the shallow waters of the inner shelf are likely to be relatively
turbid, and demonstrates that the middle and outer shelf have not accumulated
terrigenous muddy sediment in the last few thousand years. (From Larcombe &
Carter, 2004).

The text below necessarily concentrates on the inner shelf and middle shelf.
5.4.2.1

Inner shelf and middle shelf - Sediment distribution

Regionally, as noted by Belperio (1983), river-supplied muds are generally deposited in coastal
mangroves, sheltered subtidal zones, coastal embayments, but they can be incorporated into deeper
sediments, by bioturbation. Lewis et al. (2014) found that most sediment delivered from the
Burdekin River in the last few hundred years has been deposited in sediment bodies located less
than 50 km from the mouth. Off the Burdekin, Orpin et al (2004a) analysed the particle size
distributions and composition of 200 seabed samples along the inner shelf from Upstart Bay (i.e.
the mouth of the Burdekin River) across Bowling Green Bay, and from sampled transects across
the middle shelf (Figure 31).
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Figure 31. Locality maps showing (inset) North Queensland and the Great Barrier Reef, and
the location of seismic lines, vibrocores and grab-samples from the Burdekin
shelf region. (From Orpin et al., 2004).

Figure 32. Contour plots for the Burdekin shelf region showing: LEFT - percentage mud and;
RIGHT - percentage carbonate in seabed sediments. Note the increased
muddiness of sediments of the deltaic muds of Upstart Bay (lower centre of
figure), in the southern sheltered parts of the embayments, and in the ‘lee’
(here, the W) of Cape Bowling Green (central left). (From Orpin et al., 2004).
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Figure 33. Surface facies map of the Burdekin delta region, central Great Barrier Reef lagoon.
Delineation of facies groups 1–8 uses grouped particle size data. The reefal
samples are from a transect across Keeper Reef. Note the preferential
accumulation of muddy facies within the coastal embayments and their limited
seaward extent. The transition between siliciclastic and carbonate-dominated
facies is sharp, particularly along the littoral transport zone on the eastern shore
of Cape Bowling Green. (From Orpin et al., 2004).

Further north, off the Herbert River, analysis of the silt and sand fractions of 300 samples (Woolfe
et al., 2000) showed that the muddy sediments supplied by the Herbert River are either trapped in
sheltered environments close to the coast or are deposited below the 10 m depth contour on open
sections of the coast (Figure 34). Sediment accumulation rates measured using 210Pb and 137Cs
profiles from core samples are 0.7 – 12.3 kg/m2/yr (mean ~ 4 kg/m2/yr) (Brunskill et al., 2002).
These muds are separated from the coastline by an erosional (or at least highly mobile) sandy
subtidal zone (Group 1), and to seawards, much of the shelf is occupied by a muddy, medium to
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coarse-grained terrigenous or calcareous sand (Group 3) of very low accumulation rate (generally <
0.1 kg/m2/yr).

Figure 34. a) The shelf off the Herbert River delta, central GBR shelf, showing bathymetry
(contours in metres) and sample locations (dots or crosses) (after Woolfe et al.,
2000); b) The four delineated sediment groups off the Herbert River delta, and
c) their particle size distribution (after Woolfe et al., 2000).
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These studies are consistent with studies from the Great Barrier Reef region including the Fitzroy
(Bostock et al., 2007; Webster and Ford, 2010) and Normanby (Bryce et al., 1998) river estuaries.
Further, this long-term and regional partitioning of the sediments was confirmed by carbon isotope
work off Innisfail (Figure 35, Figure 36, see also Figure 59).

Figure 35. Comparison of the cross-shelf distribution of the pre- and post-Winifred carbon
isotope rations in the bulk sediment (A) and the calculated terrestrial and
marine organic carbon concentrations in the mud fraction (B). (From Gagan et
al., 1990).
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Figure 36. Comparison of the pre-Winifred carbonate weight percent (CaCO3) with the PostWinifred weight percent in the mud fraction of the inner-shelf sediment. The
post-cyclone increase in carbonate may reflect the shoreward transport of
carbonate-rich mid-shelf mud. (From Gagan et al., 1990).

5.4.3

The shoreline and inner shelf – where sediments and corals interact

As noted above, the morphology and bathymetry of the inner shelf varies greatly, along with the
nature of their sediments. Three simple types of shoreline and shelf can be identified:
•

Embayments, the inner shelf tends to extend out to the line between the headlands (e.g. for
Cleveland Bay, Magnetic Island to Cape Cleveland, for Bowling Green Bay. The main
embayments are filled to varying extents (Figure 37, Figure 38), and the degree of infilling
of the embayment has varied, depend upon the timing of their enclosure, their distance
from the major rivers, the rate of along-shelf transport and variations imposed by deltaic
processes.

•

The non-embayed sections of shelf, such as the section between Innisfail and Cairns, are
largely translational in nature, along which sediment is passed on the inner shelf.

•

Inner-shelf islands, such as Magnetic Island off Townsville, and parts of the Whitsunday
Island group, have complex local oceanography, which can control their ability to harbour
coral reefs and other benthic habitats.
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As emphasised by Larcombe & Woolfe (1999b), because over periods of decades, the nature of the
sediments is largely stable within each sedimentary belt (especially on the inner-shelf, cf. the more
changeable middle shelf), it is not obviously possible to alter their fundamental physical
characteristics. This was tested and proved by Lewis et al (2014) who used OSL dating on cores to
conclude that the age of sediment within, for example, Cleveland Bay can be several thousand
years older than when the sediment was last deposited. This is testament to the overwhelming
dominance of sediment resuspension versus net accumulation in the inner-shelf embayments.
Of course, it is likely that there has indeed been changed sediment delivery to the coast since
European settlement. There is a clear case for increased sediment supply to the coast for rivers
over the last 200 years or so (e.g. Belperio 1983, 1988; Moss et al. 1993; Neil et al., 2002; Wasson
1997; see also Bird et al. 1995, McCulloch et al. 2003), the effect upon the sediments within each
shore-parallel part of the shelf is likely to be virtually immeasurable in terms of their dynamics,
and, unless all of them are operating completely at their limits, of little consequence to the local
biology.
There was speculation (e.g. Lewis et al, 2014) that should any change in GBR turbidity be present,
it might be related to changed sediment composition, in terms of organic matter. However, in
sedimentary terms this was relatively unlikely, especially given the relatively rapid rates of water
flushing through the GBR shelf (section 4.0), biological turnover of nutrients (section 9.0) and
incorporation into the thick blanket of inner-shelf sediments (Gagan et al., 1990). To expand, as an
example, if sediments being resuspended were largely 2,000 years old, and that all the last 200
years had contributed sediment to a bay at 4 times the previous rate, and that there a was 10%
organic component, all of it completely new and different, such a speculation would be based on
8% of the resuspended sediments changing the quality of the resuspended material to produce an
ecologically significant change in water quality, whilst also having overwhelmed the ecosystem’s
ability to adapt to and incorporate the different material over the last 200 years. In sediment
dynamic terms, if not in an ecological one, this seems a relative long bow to draw.
Further, that there are no measured changes in organic matter has been confirmed recently by
evidence from a series of sediment cores associated with Pandora and Havannah reefs, respectively
located within and seawards of the inner-shelf sediment prism (Reymond et al., 2013). Analysis of
the benthic foraminiferal assemblages within the cores indicated no change in community structure
over the last 1000 years at either reef, but significant differences between the two reefs.
Heterotrophic genera were persistent at Pandora Reef, within the Holocene inner-shelf sediment
wedge, but symbiont-bearing genera, indicating relatively clear waters, were persistent at
Havannah Reef. Further, their work on the sedimentary geochemistry
“found no difference in the source of organic matter (interpreted from δ13C values) either
between reefs or through time, yet elemental C:N ratios indicated a difference in the
amount of organic matter between reefs. The influence of the Holocene inshore sediment
wedge was demonstrated by the dissimilarity in sedimentary C:N ratios between the two
reefs”.
They also found more variation in the biology within the Pandora sediment cores, consistent with
their location near the seaward edge of the inner-shelf prism. In other words, the sedimentary
environment controlled the functional groups in the benthic sediments, and had done so for many
centuries, fully consistent with the sedimentary geoscience presented throughout this report.
Finally, of course, the temporal variation in sediment supply, for millennia and also over the last
200 years, is enormous (Bird, 1969; Isdale, 1984; Neil et al., 1995; Furnas, 2003). The river
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systems which discharge into GBR shelf waters are flashy, with long periods of low flow, and short
periods of high discharge concentrated in the summer wet season. Superimposed upon long-term
natural variations, it is unclear where a line drawn which constitutes “ecologically acceptable”
(Bartley et al., 2014) might be and, perhaps more importantly, why, and how indeed it is derived or
even is derivable for a large and complex system like the GBR shelf ecosystem. This is not to say
that we shouldn’t bother trying to reduce erosion of agricultural land, but in sedimentary terms at
least, regarding the impacts on the GBR shelf system, setting quantitative limits should be
acknowledged as requiring much more information than exists at present.
An inescapable conclusion from the above information is that the greatest ‘danger’ to many coastal
and inner-shelf habitats on the central GBR shelf does not lie from an increase in sediment input
into the GBR lagoon 13, nor dredged sediments, but may lie in a major avulsion 14 event of the major
rivers, especially perhaps the Burdekin (see also section 7.5 & Figure 71). Avulsion would mean
that sediment accumulation would be greatly increased in some areas whilst greatly reduced in
others, so that some habitat change would result, especially locally but also, over time, more
regionally as seabed sediments altered. For the Burdekin River, this change would be of most
importance if the avulsion resulted in the main channel once more discharging directly into
Bowling Green Bay, as it has done in the past. Changes in the Herbert and Fitzroy Rivers may also
be of relevance.
It might therefore be relevant to review the potential for avulsion in the major rivers which
dominate sediment supply and form the major influences on coastal configuration on the GBR.
The influence of dredging is orders of magnitude less important than such deltaic processes, and
regarding the extent, magnitude and duration of impacts is even less so.

13

A fact already established by Larcombe & Woolfe, 1999b.

14

Channel switching.
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Figure 37.

Schematic view of the central GBR coastline and inner-shelf showing main
sedimentary environments and mechanisms of sediment resuspension and
transport, under non-cyclonic conditions. (Modified after Woolfe and Larcombe
1998). An associated plan view of the actual coast is shown in Figure 38 for
comparison. Further, the potential life cycle of the ‘coastal turbid zone reefs’ of
the non-embayed erosive shorelines is shown in Figure 39 and Figure 40.
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Figure 38. Colour-coded bathymetric model of central GBR shelf, for comparison with Figure
37. Reds and orange colours indicate highground, green the flatter and lower
coastal plain, and blue the waters of the GBR and Coral Sea. Note the northfacing embayments of Bowling Green Bay and Cleveland Bay, which currently
accumulate sediment on geological times, the open quasi-linear and soft
shoreline of Halifax Bay, which both translates sediments along it and is
erosional in places at times. Overall, the translational shorelines have the
highest degree of sedimentary change in the intertidal and shallow sub-tidal
zone, with the consequences that they tend to have short-lived, episodic reefs,
on timescales of decades to centuries (e.g. Larcombe & Woolfe, 1998) and
episodically driven potential for turbid-zone reefs, and accumulating indented
embayments.
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Figure 39. General model of landward movement of the sediment wedge on an erosional
shoreline during a transgression: a) Location of coastal turbid-zone reefs and the
marine sediment wedge overlying a hard substrate, in the early stages of a rapid
sea-level rise. Note erosion on the seawards side of the sediment wedge and
accumulation on its landward side; b) Result of a sea-level rise. As an example, if
this rise was 10 m at a rate of 10 mm/yr, the substrate at point A would have
been buried for 1,000 years, before becoming available once more for reef
initiation. (From Larcombe & Woolfe, 1999a). The opposite concept is true for
a relative fall in sea level, such as occurred around 2,000 years ago, such as at
Paluma Shoals.
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Figure 40. Generalized definition diagram of inner-shelf zones defined in terms of the phase of
development (in space and/or time) and the nature of terrigenous sedimentation
(based on Halifax Bay). The coastal turbid-zone reefs are initiated in the most
nearshore zone (birthing ground), and some slightly to seaward have become
established (coral nursery), despite being close to the sediment wedge, which is
moving landward and swamping some reefs (coral hospice). Further offshore,
older reefs (partly conjectured) lie buried beneath the sediment wedge (burial
ground). Furthest seaward, dead reefs are re-exposed and have the potential to
be initiated (coral re-birth), but water quality here, and bed mobility (as
evidenced by shelly gravel waves) may be an overwhelming limiting factor and
they are unlikely to survive in the long term.
(From Larcombe & Woolfe,
1990a).

5.4.3.1

Inner shelf - Sediment transport measurements

Given that most dredging activities on the GBR shelf occur on inner shelf, there is relevance in
reviewing the background to sediment transport measurement on the inner shelf, and the
development of the scientific understanding.
Early measurements of sediment transport at a coral reef were those of Davies & Hughes (1983)
who made measurements of winds, currents and sediment transport (through collected samples of
water) at Boulder Reef, ~15 km ENE of Cooktown, associated with Cyclone Dominic in April
1982 (details at http://www.bom.gov.au/cyclone/history/dominic82.shtml). The cyclone generated
measured winds of over 50 knots and currents across the reef of up to 0.4 m/s, with sediment loads
of terrigenous mixed composition probably raised by 2 – 5 times compare to times before the
event. Three days later, flow across the reef still exceeded 0.6 m/s 15 and sediment loads were still
high, but of reef-derived material. Cores through the Holocene reef confirmed that terrigenous clay
deposition has occurred throughout the 5,000 years of its growth, probably derived at least in part
from the Endeavour River which discharges today at Cooktown.

15

Nowadays this might be interpreted as the result of regional along-shelf flow to the NW.
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Quoting Davies & Hughes (1983)
“we conclude that clay is getting out to the inner-shelf reefs close to and north of
Cooktown every five years or so, and in amounts within the range 135-228 tonnes 16. Such
events would have occurred one thousand times since sea level stabilised in eastern
Australia. It also means that appreciable amounts of clay should occur within Boulder
Reef, and examination of drill core confirms that clay (illite and kaolinite) occurs
throughout the section and constitutes an estimated 4-5 percent.
They continued
“This reef has been affected by clay deposition throughout its growth, and the volume of
material tends to confirm the periodicity postulated above. Clearly, the clays have had no
noticeable detrimental effects, drilling showing between 10-15 m of Holocene section.
However, the present relatively barren reef top surface may reflect the bombardment with
detrital material since reaching sea level, the probable lower salinity waters
accompanying the influx, or the senile growth stage that the reef has achieved.
As might be inferred from the general presence of ample fine sediments, and from the broad curve
of bed shear stress (Figure 13), significant transport events on the GBR inner shelf, and especially
in embayments, are not necessarily limited to storms or cyclones. Hopley et al (2007) documents
some of the history of water quality measurements on the GBR shelf. Regarding time-series
measurements, these began in earnest in 1992, as part of the capital dredging associated with the
Townsville port expansion (Benson et al., 1994) with a large long-term deployment of turbidity
loggers at a variety of station focussed in Cleveland Bay and around Magnetic Island (Larcombe &
Ridd, 1994; Larcombe et al., 1994). In the early 1990s, this complemented a variety of parallel
geomorphic work (some detailed by Hopley et al., 2007). As an example, Kleypas (1996, 1999)
documented submerged coral communities in the macrotidal and turbid Broad Sound, where
framework species were absent, and noted that as a result of the large tidal range and persistent
turbidity, the reefs are thinner, shallower and support deeper water species than those outside the
Broad Sound turbid region.
Data on seabed sediments, sediment dynamics and water quality regimes gained from these early
studies were published in various journals (e.g. Larcombe et al., 1995), and together with a range of
subsequent studies, helped lead to an understanding of the importance of local controls and
sedimentary processes on the sediment dynamics, water quality regimes, and sedimentary habitats
contained in inner-shelf and middle-shelf sedimentary environments (e.g. Larcombe et al., 2001;
Figure 37, Figure 39, Figure 40, Figure 42, Figure 43, Figure 44, Figure 45, Figure 46). The ideas
of different types of sediment-associated reefs began to take shape and be published by Larcombe,
Woolfe and colleagues.

16

Probably a minimum because no water samples were taken close to the bed.
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a.

b.

c.
Figure 41. Measured water speed, flow vector stick diagram and tidal curves for: a) before; b)
during; c) after the passage of the Topical Low that was ex-Cyclone Dominic.
(From Davies & Hughes, 1983). Note the predominance of flows to the northern
sector in b & c and the fastest speeds in c.
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Figure 42. Oblique aerial photograph taken at low water spring tide of the N and S reefs at
Paluma Shoals, Halifax Bay. Note the muddy water at and around the reefs,
generated by wave-driven resuspension of the inner-shelf muddy sand
(Larcombe et al 2001). Width of southern reef is ~450 m.

Figure 43. Coral microatolls at the southern reef of Paluma Shoals. The microatoll flanks are
of live coral, and are sediment free, while their centre is filled with mud. This is
typical of turbid-zone reef flats and there is no reason to relate this to human
activity of any kind.
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These concepts have stood the test of time well, and have been greatly enhanced in recent years by
the extensive coring and detailed taphonomic work and of Perry, Smithers and colleagues (e.g.
Browne et al., 2010, 2012a, 2013; O’Leary et al., 2009; Palmer et al., 2010; Perry & Hepburn,
2008; Perry & Smithers, 2006, 2009, 2011; Perry et al., 2008a, 2008b, 2009, 2011, 2012 2013;
Roche et al., 2011; 2014). The new data and analysis regarding water quality at turbid-zone reefs
such as Middle Reef, off Townsville (Browne et al., 2012b) add further to the scientific
understanding, and indeed for many locations across the GBR region (Fabricius et al., 2013;
MacDonald et al., 2013). Although analytical approaches differ, there can remain little doubt that
these reefs have a long history of operating in completely different environments than many other
reefs on the GBR shelf.

Figure 44.

a) Contours (m Australian height datum, AHD) of the Pleistocene surface in
central Halifax Bay; b) Isopachs (contours of thickness) of the inner-shelf
Holocene marine sediment wedge that overlies the Pleistocene surface (4 m
isopach omitted for clarity); c) Simplified cross-section across central Halifax
Bay to show general stratigraphic relationships (scales are indicative).
Rattlesnake, Acheron and the other islands in the study area are formed of
granitic rocks with fringing coral reefs. (From Larcombe et al., 2001).

In an attempt to begin to relate the turbidity data to processes, and hence then to the conditions
faced by corals there, Larcombe et al. (2001) noted that turbidity exceedance curves at Paluma
Shoals and Phillips Reef were completely different, entirely consistent with their physical setting.
Paluma Shoals lies in shallow water surrounded by regular and generally periodically mobilised
muddy sediments. Phillips Reef lies seawards of the inner sediment wedge, in waters of lower
turbidity and relatively unaffected by daily resuspension events further landwards (Figure 46a).
Further, analysis of individual turbidity events could be used to infer repeated rates of sediment
accumulation at rates of well over 120 mg/cm2/day (>10,000 BTF – see Larcombe et al., 2001,
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their p. 282). Finally, the shape of these curves - where corals tend to experience a bimodal suite of
conditions rather than a continuum – is very informative and can help explain the heterogenous
feeding mechanisms of corals in such environments (see also Anthony & Fabricius, 2000).

Figure 45. Time-series data sets of (a) wind measured at Townsville airport; and turbidity,
currents and waves measured at (b) Paluma Shoals and (c) Phillips Reef. Data
for turbidity events A-C are used to form Figure 46. (From Larcombe et al.,
2001).
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Figure 46. Near-bed turbidity exceedance curves (i.e. turbidity v frequency for which that
turbidity is exceeded) for Paluma Shoals and Phillips Reef sites: a) for all
common data for a period of 150 hours.; b) for 3 chosen turbidity events. Most
data (increased slope) over 45-70 NTU occurred when waves were present.
(From Larcombe et al., 2001).
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This type of analysis was recently used by MacDonald, who examined turbidity time-series data
from 61 sites on the GBR shelf between Princess Charlotte Bay and Hay Point (Figure 47, Figure
48). Many turbidity regimes are highly skewed, and there is great local and regional variation in
the turbidity exceedance curves. Whilst not perfect – because the analysis is limited by available
data and the general absence of nearby sediment seabed samples and meteorological data – such
studies help to relate time-series data to driving processes, and to indicate the variety of water
quality conditions and events of sediment accumulation events likely to be experienced in marine
systems. Therefore, they should be of practical help in developing physically and ecologically
relevant measurements and data interpretation, and in assessing the presence of and significance of
potential impacts.

Figure 47. Locations of the 8 regions covered by the data of MacDonald et al., (2013).
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Figure 48. Selected turbidity exceedance curves representing different geographic regions.
UPPER - Curves presented are those for the site with the lowest (UPPER) and
highest (LOWER) median turbidity (T50) in each region. (From Macdonald et
al., 2013). Note that there is great variation between regions and sites, and also
that some sites exhibit a bimodal distribution of turbidity (i.e. 2 steep sections to
the curves).
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6.0

SEDIMENTARY BEDFORMS ON THE GBR SHELF

6.1

Summary – Links to Dredging
•

6.2

A suite of large sedimentary bedforms occur on continental shelves. They are relevant to
the practical assessment of sediment transport on the GBR shelf, including dredged
sediment, because:
o

The timescales over which these bedforms represent bed transport are those of the
developments – many years to decades – so they are able to indicate the sort of
sediment transport regime developments might experience;

o

They provide a wealth of information on sediment transport pathways; and

o

They are relevant to habitats.

•

Bedforms reveal thousands of years of GBR-wide extreme sediment transport events, on
parts of the inner shelf but especially widespread across the middle shelf. There is strong
evidence for repeated extremely violent seabed sediment transport events across hundreds
of square kilometres at a time. The morphological signal of bedforms is clear and regional,
and is likely to be typical across the entire mid-shelf of the GBR lagoon. Therefore, if it
was otherwise practical and acceptable, the middle shelf of the GBR, or those inner-shelf
areas which display similar evidence of such episodic high-magnitude disturbance, might
be ideal long-term places to relocate dredged sediment.

•

A wide variety of coastal and marine benthic habitats are probably completely ‘reset’ at
least every few decades, across much of the GBR shelf, largely as a consequence of natural
climatic cycles. Such habitats probably include detrital and turbid-zone reefs, middle-shelf
benthic systems, seagrass beds, mangroves, fringing reefs associated with mobile coastal
sediments and most reef flats.

•

A unique dataset for TC Winifred, in 1986, reveals in great detail the sedimentary
consequences of cyclonic sediment transport. Evidence occurs in a range of inner shelf
and middle shelf environments. Bed sediments travel to the NW along the shelf in the long
term, not across it. Sediment mobility occurs to depths of a decimetre or so in places.

•

There is ample opportunity to use these bedforms, together and other sedimentary
evidence, to improve understanding, management and practical use of the GBR shelf
systems. Without an understanding of these bedforms and the implications for the
associated seabed habitats (e.g. dynamics and persistence), it is difficult to appreciate how
management regimes can realistically be established regarding sediments and its
consequences.

Introduction to sedimentary bedforms

The key characteristics of the variety of sedimentary bedforms developed on continental shelves
are relatively well established, as are their relationships with flow. The key advance in this topic
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occurred in the 1970 and 1980s, with workers on the W European shelf documenting the spatial
distribution of bedforms all around the UK and North Sea seabed. The book Offshore Tidal Sands
(Stride, 1982) summarised a wealth of research conducted at the UK Institute of Oceanographic
Science, and in our context, contained a chapter by Belderson et al. (1982) which focussed entirely
on bedforms. Delineating such bedforms uses a suite of physical characteristics (Belderson, 1982;
Ashley et al. 1990), such as size and orientation to flow. The main relevant bedforms are:
•

Sandpatches;

•

Small dunes - very large dunes;

•

Sand ribbons;

•

Longitudinal furrows;

•

Gravel waves;

Also of relevance are a variety of ‘obstacle marks’, such as those which occurs around many shipwrecks (Caston 1976). Typically these involve scour on 3 sides of a feature, with the accumulation
on the other side of an extended tail. Such ‘scour and tail marks’ also occur around natural
structures around which fast flows diverge, such as the seabed scour east, north and south of
Morinda Shoal, off Townsville (Figure 60) and the long tail of accumulating sediments to the west.
6.2.1

Relevance to dredging and habitats

Such bedforms are relevant to the practical assessment of sediment transport on the GBR shelf
(including dredged sediment) because the timescales over which these bedforms represent bed
transport are those of the developments – i.e. many years to decades – so they are able to indicate
the sort of sediment transport regime the development might be subject to over similar timescales.
The smaller sedimentary bedforms operate on timescales of week to months, which corresponds to
the timescales of some dredging operations, and thus can provide indications of the movement of
bed material on such timescales.
Further, taken together, the suite of shelf sedimentary bedforms can provide a wealth of
information on the sediment transport pathways operating in an area (Table 3). The nature of the
useable information includes using bedform orientation and spatial relationships between bedform
fields, especially the nature of the change in bedform type as one dominant type passes laterally
into the next (e.g. Figure 49).
Sedimentary bedforms also have management relevance regarding habitats. Without an
understanding of the nature, distribution and dynamics of these bedforms and their sediments, and
the consequent implications for the associated seabed habitats (e.g. dynamics and persistence), it is
difficult to appreciate how management regimes can realistically be established regarding sediment
transport and its consequences.
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Probably indicates westward increasing current speeds and
(potential) transport rates.
= Tidal ± cyclone-associated currents.
Coarse sand
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9

Figure 49. Example of the organised spatial distribution of bedforms on part of the WA shelf,
at a depth of around 45 m. Here, bedforms are a response to changed sediment
availability, sediment type, spatially variable inferred maximum current speeds
(here in cm/s) and (potential) transport rates.

Table 3. Key features of shelf sedimentary bedforms that can lead to inferences of sediment
transport (incorporating information from various sources, e.g. Belderson et al.,
1982, Langhorne, 1982; Ashley et al., 1990; Larcombe & Jago, 1996).
Key aspects

Potential inferences enabled (in ideal circumstances)

Orientation

Long-term net bed sediment transport direction

Asymmetry

Long-term net bed sediment transport direction, degree of transport direction
asymmetry and/or later reworking

Grain size

Minimum peak flow speeds, maximum available size of particles mobilised,
and net transport direction (NB - may be different for different size modes)

Bedform height (if flowperpendicular)

Boundary layer depth (flow depth)

Steepness (if flowperpendicular)

Duration and/or recent timing of formative flow, degree of later reworking

Internal structure (noted
through cores)

Nature of material mobilised by past flows, local sediment transport
directions, nature of bedforms generated, and approximate timing, if dated.

Internal structure (noted
through sub-bottom)
geophysical survey)

Long-term bed sediment transport direction.

Bedform type

Minimum peak flow speeds, local bed sediment thickness and availability

Spatial distribution

Spatial distribution of peak speeds and sediment thickness, potential net bed
sediment transport direction.

Superposition

Range of speed and directions of flows at a location, including the range of
bedforms generated by flows of decreasing speed after the timing of peak
flows. Long-term v shorter-term transport directions.
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6.2.2

Physical drivers

Sedimentary bedforms can be produced by flows which are either periodic or episodic.
•

Periodic – e.g. tides, both on the open shelf but also more commonly near the mouth of
estuaries where tidal currents are often faster, and also associated with fast flows – tidal
and/or seasonal – through constricted straits such as the Torres Strait (e.g. Harris, 1991).

•

Episodic – e.g. cyclone associated flows.

In other words, the bedforms can result from the quasi-continuous movement of sandy sediment on
the seabed, under slightly asymmetric tidal currents, but can also result from the episodic
occurrence of powerful flows, such as cyclones. They can also occur where fast oceanographic
currents flow, permanently or intermittently, across areas of the continental shelf. Examples are
the Agulhas Current along the southern East African shelf (Flemming, 1988) and the East
Australian Current on the southern Queensland shelf (Harris et al., 1996). Where fast tidal currents
occur in the same environment as cyclone-driven flows, such as on the NW Shelf of WA, bedform
genesis and migration can be a product of a variety of factors, so that their interpretation requires
knowledge of the oceanographic context, including tides, seasonal currents, both wind-driven and
oceanographic, cyclones and other flows, including prevailing ambient seastates.
In most places on the GBR shelf relevant to dredging, tidal currents are weak to moderate, and,
where the sediments making up the bedforms have been sampled, generally too weak to move the
sediment and generate the suite of observed bedforms (e.g. Orpin et al, 1999). Hence it is cyclones
and their associated flows that form the main focus below.
Whilst the relationships of bedforms type to flow (Figure 50) were derived on the tidally dominated
shelves of W European shelf, they have proved robust in a variety of settings. The large size of
these bedforms means that individual bedforms are difficult to change, so that their orientation and
asymmetry tends to indicate the long-term result of sediment transport, although can be modified
by currents and waves, especially at their crests. It is to be noted that bedforms require sediment
availability (i.e. thickness) and they are not purely a function of speed and sediment supply, also
depending on grain size. At high flow speeds, for example, either or both of longitudinal furrows
and gravel waves may occur, depending on local conditions. Both on tidally-dominated continental
shelves, and on cyclone-influenced shelves, such as the GBR shelf, because of their large-scale
powerful driving forces, the suite of bedforms tends to occur in a regionally consistent patterns,
with consistent physical asymmetry and spatial successions.
Of these large sedimentary bedforms, there is a particular sub-set that tends to occur in continental
shelves which have low sediment supply – or are ‘sediment starved’ (left part of Figure 50). There
are a large number of documented examples, including the Agulhas shelf (Flemming, 1978, 1980;
Ramsay, 1994, the NE Brazilian shelf (Vianna et al. 1991; Testa & Bosence, 1999), the Otago shelf
(Carter et al. 1985; Carter & Carter, 1986), the Coromandel shelf (Bradshaw et al. 1994), the NW
shelf of WA (Larcombe et al., 2014), and most pertinently here, the GBR shelf.
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Figure 50. Main bedforms made by tidal currents on the continental shelf, related to mean
spring tide near-surface tidal current speed (cm/s), for continental shelves with
(a) low sediment supply; (b) high sediment supply. (From Belderson et al.,
1982).
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6.3

Bedforms reveal GBR-wide extreme sediment transport events

Away from the main embayments and major ports, data on sediment transport are relatively sparse,
with relatively little to provide a strong regional understanding. The best evidence comes from
geological studies. The GBR shelf has a prevalence of wide expanses of large bedform fields
across vast areas of the GBR shelf. Below is emphasised the control that cyclones and other major
transport events have on the changes in sedimentation on the GBR shelf per se, as evidenced by
large sedimentary bedforms. We see this as essential context with which to view other datasets
associated with human activities. Thus, it is the sedimentation at the bed that forms the focus of the
material below.
In particular, this material provides vital explanation of the differences in the seabed under ambient
versus cyclonic conditions.
It may be a little surprising to many readers just how strong the evidence is
for an extremely violent seabed sediment transport regime across hundreds
of square kilometres at a time.
There are relatively few examples of large sedimentary bedforms on the inner shelf, probably in
part because of the relative lack of sandy and/or gravelly sediments, but also because the openness
of those parts of the coastline where fast along-shelf flows are developed are at other times open to
wave action, which later tends to erode those dunes which are formed during cyclones (e.g.
Larcombe & Carter, 2004; see upper seismic sections, Figure 51). These parts of the coastline are
translational in the long-term, tending to transport sands and gravels to the NW during cyclones
and silts to the NW at other times.
One exception to this rule is in Halifax Bay, seawards of the turbid-zone reefs of Paluma Shoals.
Here, a field of very large shelly gravel dunes occur, extending over a wide subtidal platform,
where seabed depths are 6 – 8 m below mean sea level (Larcombe & Carter, 2004). The bedforms
have long crests, of up to 5 km in length, as mapped by 3.5 kHz profiling, and by grab and
vibrocore sampling. The individual seabed dunes rest on a substrate of transgressive mangrove
mud (9,160–7,310 years old), are up to over 2 m high, with spacings of ~100–300 m, and are today
moribund (i.e. stable, inactive) during fair-weather conditions.
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Figure 51. Location and orientation of a field of very large shelly gravel dunes up to 2.6 m high
and >800 m spacing extending across over 8 km of the inner shelf, Halifax Bay.
(From Larcombe & Carter, 2004).

The dune sediments comprise crudely inter-layered beds of moderately well-sorted sandy shell
gravel, and more poorly sorted, muddy shell gravel (Kirsch, 1999). We infer that the moderately
sorted gravelly sands correspond to periods of dune mobility, and that the muddier gravel interbeds
correspond to the later downward bioturbation of a post-transport mud drape (cf. Gagan et al.,
1988, 1990; Figure 57, Figure 58). Muddy sands, similar to those which form the bulk of the inner
shelf deposits regionally, occupy areas between the dunes. The gravelly sand present in the dunes
requires bed shear stresses of >0.6 N/m2 for mobilisation, and therefore the dunes could only have
been activated by cyclonic waves and currents (cf. Orpin et al., 1999). Significantly, the dune
crestlines are almost shore-normal, and where preserved, the asymmetry of the dunes indicates net
dune migration to the NW, indicating that bedform generation and movement resulted from broadly
shore-parallel flow to the NW, consistent with what would be expected and with Cyclone Joy flow
data (Figure 17).
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Figure 52. Internal structure of inner-shelf gravel dunes in Halifax Bay, shown on a shoreparallel cross-section through the dunes and their underlying palaeo-mangrove
substrate. Radiocarbon dates indicated (in 14C years and reservoir-corrected as
appropriate and following Larcombe et al., 1995a). Note that the dunes overlie
only a few decimetres of muddy sands, containing material of less than 3,000
years in age. Net sediment accumulation at this site has therefore been minimal
since then. (From Larcombe & Carter, 2004).

A further example occurs off Cape Bowling Green, where shore-perpendicular seismic and sidescan sonar transects reveal the presence of several sand dunes, ranging up to a few metres in height
and ~750 m across, with variable spacing of 60–500 m (Orpin et al., 2004;). These submarine
dunes are asymmetric, mostly flat-topped, and have their steep side facing seawards. Side-scan
sonar images show that the dune crests are more reflective (i.e. are probably coarser) and are
oriented approximately east–west, indicating dune migration along the shelf to the north. Some of
the large flat-topped dunes are capped by small dunes ~1 m in wavelength and also by hummocky,
irregular dunes several metres in wavelength. Whilst the largest sub-tidal dunes must result from
high-energy transport processes, consistent with cyclone-associated flows, their flat-topped nature
indicates post-formation reworking of the crests. Thus some of the superposed smaller bedforms
would have been generated by the waning stages of cyclonic flows. Those present probably
represent re-working by tidal and wind-driven flows concentrated at this headland, with sediment
transport enhanced by associated waves.
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Figure 53. Uniboom seismic profile for selected portion of seismic line 6 (location in
Figure 31) showing an example of the submarine sand dunes in sandy sediments off eastern
Cape Bowling Green, in mean depths of ~13–18 m. Axes show two-way travel
time (TWT) and calculated depth [and Australian Height Datum (AHD) at t = 0
s] corrected for velocity moveout. The relevant seismic reflector here is the sea
floor (SF), here showing a bedform of several hundred metres in wavelength
(NB - this line is oblique to the crest orientation). (From Orpin et al., 2004).

6.4

Sediment transport at the seabed during Cyclone Winifred, 1986

A unique dataset exists for Cyclone Winifred, where samples were taken before and after the
passage of the Category 3 cyclone. Off Mourilyan, Cyclone Winifred produced isobath-parallel
sediment streaks, perhaps incipient sand ribbons, on the seaward muddy slopes of the inner shelf
prism. Geochemical evidence, including both carbon isotope and 210Pb profiles, indicated that
during the passage of the cyclone the inner shelf seabed was eroded to depths up to 15 cm or more
over wide areas (Gagan et al., 1987; 1990).
Major changes occurred on the middle shelf. In geological terms, this part of the shelf is a
condensed storm-bed veneer (Carter et al., (2009). This means that it is basically an environment
with, over decades to centuries, little or no net accumulation. Here, a pre-Winifred belt of diffuse
sand ribbons was replaced by newly-formed, sharply delineated sand ribbons (the mass of shelfparallel features on Figure 54), between which the seabed was covered with 1.2 m wavelength
dunes. The new sand ribbons were either:
•

Major ribbons up to 2 m thick, as seen previously in the 26–30 m belt, but now occurring
widely across the shelf to depths as great as 38 m (Figure 55d, Figure 56c).

•

Faint, wispy ribbons which show no bathymetric relief on 3.5 kHz profiles, and are
therefore inferred to represent very thin skiffs of sand.
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A third longitudinal bedform comprised furrows, which incised up to 1 m into the underlying hard
Pleistocene material (Figure 55c).
The submarine dunes occurred predominantly in belts <50 m wide between ribbons or furrows, had
an average wavelength of 1.2 m, and those inspected by diver observations indicated their steep
side faced north – i.e. they had migrated northwards. Where sand cover was sparse, extensive
fields of similar dunes occurred, or occasionally as isolated, single ‘trains’ of bedforms on a
reflective (presumed Pleistocene) seabed. (These probably reflect the slowing stages of cyclonic
flows which would have produced and preserved sand ribbons had more sand been present). Carter
et al. (2009) summarised the shelf sediment transport regime thus
“During the passage of Cyclone Winifred, reef and bottom sediments were eroded and
resuspended across the shelf by storm-waves. Concomitantly, the onset of strong,
northward, long-shelf currents of between 1.0 and 3.0 m/s resulted in extensive seabed
erosion and sediment transport. Along the inner shelf sediment prism, this transport and
winnowing was in places marked by the production of shell-lags.
“As currents waned, fields of 1–2 m wavelength dunes developed where mobile bedload
sediment was available on the middle shelf, whilst, nearshore, deposition of the sandy-silt
base of the graded bed commenced. Several hours after the storm made landfall, the winddriven long-shelf currents reversed, were perhaps briefly augmented by storm surge
relaxation, and the upper part of the graded storm bed and an ensuing shelf-wide mud
drape settled from suspension as sea conditions returned to normal after the passage of the
cyclone.
“As inferred also by Bentley et al. (2002) for Hurricane Camille and Larcombe and Carter
(2004) for Cyclone Joy, it is likely that the strong wind-forced currents which caused
widespread sediment mobilization occurred only for the few peak hours of storm passage
of Cyclone Winifred. Subsequently, under less energetic fair weather conditions,
burrowing and bioturbation becomes the dominant process affecting bottom sediments,
bedforms become degraded and are eventually destroyed, and the storm layer is mixed
downwards and integrated into an essentially structureless, composite and ‘palimpsest’
sedimentary unit 17. As Keen et al. (2004) have similarly concluded for hurricanes in the
Gulf of Mexico “physical and biological post-depositional processes have reworked the
event layers, producing regional discontinuities and localized truncation, and resulting in
an imperfect and biased record of sedimentary processes during the storms”.

17

Palimpsest = A sedimentary unit or feature that displays superposed features generated at different times –
i.e. a recognisable mixture of old structures superposed by newer ones.
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Figure 54. Seafloor bedforms from the seabed off Innisfail, south of Cairns. (From Gagan,
1990). Here, ‘megaripples’ was the name used for submarine dunes. Note that
virtually the entire middle shelf contains shelf-parallel bedforms – the sand
ribbons of Figure 50, Figure 56 and Figure 60.
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Figure 55. Selected segments of 3.5 kHz profiles between the shoreline and reef tract, east of
Mourilyan Harbour, all except (a) directed in a SW–NE direction. (From Carter
et al. 2009).
(a) SE–NW profile across the edge of the dredged Mourilyan shipping channel immediately
seawards of the harbour mouth; the 4 m thick inner-shelf sedimentary prism is
prograding NE into the channel across Reflector A (RA); after the passage of
Cyclone Winifred a substantial failure occurred in the southerly wall and part of
the prism slid into the channel.
(b) Profile across the edge of the prism just offshore from Mourilyan Harbour; the presence of
substantial longshore sand bars and currents at this location results in a seaward
disjunct in the usually smoothly tapering edge of the sediment prism; seawards
of this disjunct, the upper part of the prism of sediment above RA may have
been emplaced during Cyclone Winifred; below this, the channel-incised RA
merges with the transgressive surface to form the substrate for the middle shelf
plain.
(c–e) Successive profiles across the sand ribbon terrain of the middle shelf (cf. Figure 56); all
variations exist between (c) RA lying almost at a seabed mantled with a few cm
thick veneer of tough shelly clay, and incised by erosive furrows; to (d) RA lying a
few tens of cm below the crests of fields of mobile sand ribbons separated by
furrows; to (e) RA lying 1–2 m below a semi-continuous Holocene sediment
blanket that may have formed by the coalescence of successive generations of
sand ribbons. The sand ribbons and erosive gutters between them are created
during the passage of cyclones only; between cyclones they remain on the
seafloor as relict features which, with increasing time and bioturbation, become
intermixed to form a regional, middle shelf palimpsest deposit.
(f) Profile across the edge of a typical peri-reef bioclastic sediment apron at Howie Reef. Note
the wide variation in sedimentation rates across the shelf, from 0.2 cm/ky in the
middle shelf lag veneer, to 2 cm/ky in the sand ribbon terrain, to 250 cm/ky in
peri-reef apron locations, to 500 cm/ky or more in bay depocentres of the shoreconnected sediment prism. The 3.5 kHz profiles were typically run at a ship
speed of 5knots, and the seabed scale therefore, varies slightly between different
lines according to weather and currents. The horizontal scale shown on (f) is
indicative for all profiles (b–f); profile (a) has its own scale.
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Figure 56.

Longitudinal bedforms on the middle shelf of the GBR lagoon: (a) Seabed
morphology in 28–32 m water depth as mapped by LADS measurements, 50 km
northeast of Cape Cleveland and 15 km southeast of Broadhurst Reef. Note the
presence of widespread sand ribbons 100–200 m wide, an area of diffuse
(“sediment starved”) dunes, and the presence of erosive scour pits, the
orientations of which are consistent with westerly and north westerly flowing
currents. (b) 3.5 kHz profile and sidescan images of middle shelf sand ribbons
mobilized during Cyclone Winifred; location, 32 m water depth, 10 km WSW of
the western edge of Howie Reef. (c) Detail of sidescan image nearby, showing
the development of fields of 1.2–1.5 m wavelength dunes in shell gravel in the
gutters between adjacent sand ribbons. Similar ripples were intermittently but
widely present across the middle shelf after Winifred, indicating slightly more
easterly current orientations than do the adjacent ribbons, and may represent
transport and deposition from post-cyclone storm-waves. Panels a–c (also Figure
55, Figure 57) demonstrate that the Holocene sediment veneer is generally less
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than 1 m thick, and that the top of the Pleistocene clay that marks the LGM
lowstand land surface (Reflector A) lies at or close below the seabed over the
entire middle shelf. (From Carter et al. 2009).

Figure 57. (a, c) Bottom photographs across a middle shelf field of relict sand ribbons at
station 865-72, 32 m water depth, 10 km WSW of Feather Reef, three months
after the passage of Cyclone Winifred. Between ribbons, the seabed still carries
an almost continuous drape of post-cyclone mud a few mm thick, albeit with
some bioturbatory modification (a); bioturbation is more advanced in other
areas, probably on ribbon crests, causing downward mixing of mud into the
subjacent sand ribbon, leaving only discontinuous patches of modified mud drape
at the surface (c). This process of mixing the post-cyclone drape (and even
younger sediment and shell) into the underlying relict sand ribbon produces the
poorly sorted, poorly stratified, palimpsest, muddy shell sand that covers wide
areas of the modern middle shelf. (b) Field photograph of the top of a freshly
collected core at station 863-4, 32 m water depth 8 km WSW of Feather Reef, 7
days after Winifred made landfall. The underlying shelly sand ribbon is mantled
with a 1–2 mm thick post-cyclone mud drape, similar to that being mixed down
from the seabed in photos (a) and (c). (From Carter et al. 2009).
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Figure 58. (a) Pre- (left) and 4 day post-Winifred (right) short cores from station 863-74, 25 m
water depth, 20 km east of Mourilyan Harbour. Prior to the cyclone the
substrate comprised bioturbated, structureless, very poorly sorted muddy, shelly
sand. The post-Winifred core consists of well sorted sand that has been unmixed
from the palimpsest substrate by storm erosion (cf. Gagan et al., 1990), after
which insufficient time had elapsed for a mud drape to accumulate. (b) PostWinifred short core from station 863-20, 8 m water depth on the sandy mouth
bar of the Johnstone River. The post-Winifred mud drape rests on well sorted
nearshore sand and, having accumulated to a thickness of ~3 cm in 8 days,
indicates a post-storm period of calm weather. (From Carter et al. 2009).

The net result of the pattern of fluvial sediment input, and shelf erosion, transport and re-deposition
was that the post-cyclone inner-shelf sediments contained material from three separate sources, the
inner-shelf itself, the Johnstone River and the middle shelf (Figure 59). Further, Gagan et al. (1990)
noted that the transport history and sources of mud contributing to a sedimentary facies may be
much more complex than that of the sand-fraction of the sediment. Modelling of strong winter
storms crossing the Washington continental shelf has indicated that during a 60-hour storm event,
comprising large surface waves (5.8 m height, 16 s period) and wind-driven currents, current
velocities up to 1.8 m/s occur in mid-shelf water depths (70-140 m). Suspended sediment may
travel up to 140 km, whereas sand might move only 120 m (Kachel and Smith 1986).
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Figure 59. Cross-shelf variation in the proportions of Johnstone River, inner-shelf, middleshelf, and reef-derived suspended sediment in the upper centimeter of the storm
layer. The black dots separate the fractions of Johnstone River, inner-shelf and
middle-shelf sediment that forms the inner-shelf portion of the storm layer.
River supplied carbon was limited in extent to the inner shelf. The extent of reef
sediment input to the mid-shelf is approximate. (From Gagan et al., 1990).

6.5

A unifying model of cyclonic sedimentation on the GBR shelf

On the middle shelf off Townsville, sand-ribbons, crag-and-tail bedforms and dunes have been
observed on Laser Airborne Depth Sensor (LADS) images, in depths of up to 25–50 m (Figure 56a,
Figure 60). Further, a clear divergence in sand ribbon crests occurs near the southeastern margin of
the reef-capped Morinda Shoal, a scoured moat is located on its inferred up-current side, and a
cuspate shadow sand-delta (tail) occurs to leeward (cf. Allen, 1984, Vol. 2, Figs. 5–10). Together,
these facts are consistent with seabed erosion and with a regional and long-term net northward
movement of bedload sediment, driven by storm events.
Strong flows and associated bedforms might be considered most significant in those areas of the
shelf where along-shelf cyclone-driven flows might become bathymetrically constricted,
magnifying the mobilisation of bed sediments. Whilst this is clearly indicated for the region
between Innisfail and Cairns (e.g. Figure 55; Figure 54), the other features (e.g. Figure 56, Figure
60) occur on one of the wider parts of the middle-shelf, where along-shelf flow might be expected
to be less strong. The morphological signal is thus a clear and regional one, as are the likely
repeated sedimentary ones (e.g. Figure 57; Figure 58). Therefore, such sedimentary features are
likely to be typical rather than exceptional, and there is more reason than not to expect their
presence across the entire mid-shelf of the GBR lagoon.
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Figure 60. Seabed morphology as mapped by LADS measurements, in the vicinity of Morinda
Shoal, off Cape Bowling Green, central GBR (data courtesy Royal Australian
Navy). Note the widespread development of an erosive seabed, with obstacle
marks and sediment ribbons. Note also the up-current moat and down-current
sediment delta (‘‘crag and tail’’ effect) associated with Morinda Shoal. Inset:
depiction of crag and tail effect on an erosive seabed (after Allen, 1984), which
compares well with Morinda Shoal and indicates that long-term bedload
transport is to the NW. (From Larcombe & Carter, 2004).

The large variety of geological and sedimentary and oceanographic information was synthesised in
a simple concept of the cyclone sediment pump operating across the central GBR shelf (Figure 61).
This concept covers the long-term key features of cyclones as agents of sediment transport. In
brief, the key features are:
1. Input of sediment from rivers. In general this mostly occurs after the eye of the cyclone
has crossed the coast, initiating heavy rain in the catchments. This material enters the GBR
shelf system and the bulk of this material is deposited on the inner shelf (Gagan, 1990;
Lewis et al, 2014; Bainbridge et al., 2012, 2014). In places it will be influenced by
cyclone-associated flows operating on the inner shelf;
2. Whilst this will vary between individual cyclones, in general, the highest rates of sediment
transport occur on the middle shelf, caused by erosion and remobilisation of the existing
carbonate-dominated seabed. This material dominates the volumes of sediment transported
during cyclones on the GBR shelf (e.g. 140 Mt during Cyclone Winifred; Table 7). This
material is largely transported along shelf to the NW, moved by wind-driven shelf currents,
adding to the sediments on the inner shelf, supplying up to 30% of these sediments (Gagan
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et al., 1990; Larcombe & Carter, 2004). Other strong currents also occur, associated with
the passage of shelf waves caused by the reduced pressure of the cyclone, and flow
relaxation after the eye across the coast and the wind field alters. Significant currents can
flow along shelf to the SE, and very strong currents can occur around reefs and other
bathymetric features which divert flow.
3. For most cyclones, the largest waves occur on waters of the Coral Sea, seawards of the
outer reef tract. These waves break material from the reefs of the outer shelf. Smaller
waves occur within the GBR shelf lagoon, landward of the outer reef tract, mostly
comprising waves generated by winds blowing across the shelf itself. These smaller waves
can also enhance sediment transport on the inner shelf and parts of the middle shelf, and
cause significant features by themselves (such as extensive fields of chenier ridges and
sand ridges (Table 4).

The highstand
‘Cyclone Pump’
Sediment supply and transport during cyclones

2. Sediment transport &
dispersion, along-shelf
(‘Cyclone corridor’)
3. Sediment input
from major rivers
Figure 61. Simple conceptual model of the operation of the ‘cyclone sediment pump’ on the
central GBR shelf, summarising the three main phases of ‘introduction’ of
sediment to the shelf, and typical sediment transport paths driven by cyclones.
In this context, phase 2 largely represents remobilisation of existing seabed
sediments, their distribution along shelf, onto the inner shelf and into the outerreef tract. (From Larcombe & Carter, 2004).

The sediment dynamics of severe cyclones, of weaker intervening cyclones and of non-cyclonic
periods, results in the preserved record of cyclones varying greatly across the different parts of the
GBR shelf (Larcombe, 2006; Table 4). The stratigraphic record of cyclones, i.e. the vertical
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sequence of accumulated sediments, is therefore varied in nature, patchy and spasmodic. Further,
data are mostly only available for the period since ~5,500 years ago, the mid-Holocene sea-level
highstand.
Table 4. The key sedimentary effects of cyclones across the main shelf environments of the
GBR: (sources Hopley, 1982; Gagan et al., 1988; Nott & Hayne, 2001; Larcombe
& Carter 2004; Liu et al., 2014). (Modified after Larcombe, 2006).
Shelf
sedimentary
environment

Main sedimentary features

Indicated average storm
recurrence interval
& main deposit type

Sediment accumulation or
erosion?

Coastline
or
Island perimeter

Beach erosion, formation of
chenier ridges at muddy
coastlines or beach ridges at
sandy coastlines

177-280 years
(chenier ridges)

Variable

Inner shelf seabed

a) Receive sediment from
rivers and from erosion on
the middle shelf.
b) Unmix bed sediment,
transport it along shelf,
creating large dunes of shelly
gravel and graded beds.

120-150 years
(shellbeds)

Net accumulation

Middle shelf
seabed

As above plus formation of
sand/gravel ribbons

360-600 years
(shellbeds at 40 m depth)

Net erosion – exports
sediments both landward
and seaward

Middle shelf reefs

Coral rubble deposited onto
reef flats

Decadal variation of ‘stormy’
periods

Erosion of reef margins

Outer shelf seabed

Similar to middle shelf
between reefs

Little data

Net sediment accumulation

Good data on dated cyclone deposits exist for the Cairns region.
•

Beach ridges on the Cairns coastal plain have an average interval of c. 280 years between
the emplacement of successive ridges (Jones, 1985), and equivalent figures for chenier
ridges to the north and south are 177-280 years (Nott & Hayne, 2001).

•

On the Cairns inner shelf, nearshore sediment cores display one or more sharp-based,
fining-upward, shell hash and sand to mud beds, interpreted as representing storm deposits
(Carter et al, 2002). Radiocarbon dates from shells indicate ages of 3,100, 2,980 and 2,830
years for the three beds, indicating periods of centuries (120 and 150 yr) between
successive major cyclones. On the inner shelf south of Cairns, modern storm beds
(Cyclone Winifred, 1986, category 3) comprise a moderately well sorted, graded bed of
terrigenous sand-mud, locally with a basal shell lag, and 5–20 cm in thickness (Gagan et
al., 1988, 1990), which was remixed by bioturbation within 12 months. The ~4 m thick
Holocene inner-shelf sediment prism at Cairns thus represents the stratigraphic equivalent
of about 40 category 3 cyclones, implying a recurrence interval of ~140 years.

•

On the Cairns middle shelf, a series of five radiocarbon dates from a core located in 40 m
of water near Green Island, show several storm beds in the last 1800 years preserved at an
average interval of 360 years, and in nearby cores average intervals are up to 600 years
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(Carter et al., in prep.), indicating the generally erosive nature of the middle shelf ‘cyclone
corridor’.
•

Dated large blocks of transported coral rubble on the Frankland Islands, just south of
Cairns, have been used to indicate decadal-long periods of high cyclonic activity over the
last 1,000 years (Liu et al., 2014). Whilst some uncertainties remain, for example the
apparent under-representation of material associated with the known stormy period of
1930-35, the 42 dated blocks provide a good first indicator of past events:
o

The ENSO events that occurred during the period 1950–2010 correspond well with
the mortality ages of the dated coral blocks (Figure 62), similar to those found in
the southern GBR (e.g. Yu et al., 2012a, b). For example, the coral-based stormy
periods encompass 8 out of 10 of the historically strong El Niño (1957–1958,
1965–1966, 1972–1973, 1982–1983, 1991–1992, 1997–1998) and La Niña events
(1955–1956, 1973–1974, 1975–1976, 1988–1989).

o

The relatively detailed record for the last 100 years sits within a longer variation
heavily influenced by the Pacific Decadal Oscillation (Figure 63; see also
Rodriguez-Ramirez et al., 2014 for influences on the southern GBR shelf).

Thus, for the Cairns region, stratigraphic information from shelf cores and chenier ridges indicates
an average return interval for the most major cyclones (at least category 3 or higher) of between
150 and 300 yr. As noted above, this can only be an underestimate of the actual major cyclone
activity, because the slow net rate of vertical sediment accumulation rates means that all events are
not recorded, a conclusion consistent with the data from coral reef rubble blocks.
Regarding marine habitats, as well as indicating the natural propensity for breakage of coral reefs
under cyclones, the data therefore indicate that in this area, benthic habitats are probably
completely ‘reset’ at least every few decades. As noted elsewhere in this report, there is every
reason to expect that this is a phenomenon active across much of the GBR shelf.
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Figure 62. Data for the period 1900 to 2005: A = Global sea surface temperature 18; B =
summer rainfall; C = Pacific Decadal Oscillation (PDO) index; D = cyclones
crossing within 200 km of Frankland Reefs. (From Liu et al., 2014).

18

From
http://www.bom.gov.au/climate/change/?ref=ftr#tabs=Tracker&tracker=timeseries&tQ%5Bgraph%5D=sst&
tQ%5Barea%5D=qld&tQ%5Bseason%5D=0112&tQ%5Bave_yr%5D=0
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Figure 63. Data for the last 100 years: F = Relative probability plot defined by the mortality
ages of all the dated transported coral blocks; G = PDO index in the last
millennium 19. (From Liu et al., 2014). The tendency for a greater number of
younger coral rubble blocks is probably a function of preservation potential (i.e.
erosion or burial of blocks) and the relative sea-level fall in the last 2-3,000 years.

6.5.1

Evidence from other cyclone-influenced areas of the Australian continental margin.

The above data and interpretations carry across to other parts of the Australian continental margin
influenced by cyclones, noted below, with a focus of the inner and middle continental shelf. This
information is provided to show a) that the evidence for the cyclone-generation is supported by
independent evidence elsewhere, and b) that the GBR shelf is by no means unique in showing these
sedimentary characteristics.
Studies performed elsewhere can clearly help improve the
understanding of sediment transport on the GBR shelf and the implications regarding dredging.
Strong supporting evidence abounds for the concept of great episodes of disturbance, and the
existence of large regional scale sediment transport pathways. Evidence comes from the Gulf of
Carpentaria and the Arafura Sea and various locations where data are available on the North West
Shelf (NWS). In the Gulf of Carpentaria and the Arafura Sea, Harris & Heap (2009) documented a
series of drowned reef features, which have sediment tails associated with them (Figure 64, Figure
65). Radiocarbon dating of the biogenic material taken by coring through the tails indicates that
the oldest preserved material is ~5600 years. These are therefore long-lasting features, indicating
consistent processes over the long-term.

19

From ftp://ftp.ncdc.noaa.gov/pub/data/paleo/treering/reconstructions/pdo-macdonald2005.txt
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Figure 64. Left – location of eight submerged coral reefs located in the Arafura Sea and the
Gulf of Carpentaria; Right – the orientation of cyclone-associated deposits
compared with the rotation of and the likely wind-driven shelf currents. In all
cases the ‘tails’ behind the reefs are consistent with a cyclonic origin. (From
Harris & Heap, 2009).

Figure 65. Left – Detailed plan view of the bathymetry of a coral reef in the SW of the Gulf of
Carpentaria, with, in colour, the thickness of the sediment tail located to the
NW of the reef; Right – seismic section from SW to NE across the sediment tail
(‘talus’) showing its thickness above older deposits. (From Harris & Heap, 2009).

On Australia’s NWS, a wide variety of features occur, indicative of similar cyclonic bed sediment
transport processes and pathways. These include:
•

Scour and tail features, with their long tails orientated towards the WSW, from both
emergent and submarine bed features (Figure 66);

•

Large and very large sand and gravel dunes, located at many places on the NWS, of
spacing up to 900 m and height up to 8 m, in water depths from 5 m to well over 100 m.
All these major features have crests which are flow-perpendicular, their orientation and
asymmetry indicating transport along the shelf, mostly to the SW and WSW (Figure 67,
Figure 67, Figure 68).
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•

Locally, such as the W. Kimberley coast where the shelf and coastline have different
orientations, shelf bedforms remain orientated to indicate net along-shelf bed sediment
transport to the S (Figure 69).

Figure 66. Scour and tail structures around reefs and other seabed structures on the WA
continental margin, at a depth of ~10 m. The ‘tails’ are up to 1500 m long, and
all point to the SW, indicating the long-term bed transport direction. (From
Larcombe et al., 2014).

Thus, across the NWS of Australia, major features are consistent in indicating this driving process
on the seabed. Further, the array of marine bathymetric features within individual areas is
internally consistent. For example, off Port Hedland (Figure 70), features include:
•

a sediment ‘tail’ to the S of an island;

•

coastally attached sediment bodies up to 10 m high with a sharp leading edge to their W;

•

coastally attached sediment bodies with their eroding side to their E, and;

•

large submarine dunes up to ~4 m high orientated to the W.

•

It is important to note that, apart from the examples in the Gulf of Carpentaria, these
features in northern and NW Australia have not been cored, dated and otherwise examined
in detail, but the overall pattern is fully consistent with a long-term cyclonic origin, similar
to the evidence on the GBR shelf off Innisfail and elsewhere noted above. Neither are
there spatially appropriate groups of surface sediment samples with which to test the
surface evidence for such a long-term transport pathway. So, the evidence is very strong
indeed, but requires corroboration, for both scientific and applied purposes.
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Figure 67. Gravel waves, of 400 - 900 m spacing and up to 8 m high on the WA continental
margin, at a depth of ~10 m. Their lee side is to the SW (left in this image),
indicating the long-term bed transport direction. (From Larcombe et al., 2014).

.
Figure 68. Gravel waves, of 700 m spacing and up to 5 m high on the WA continental margin,
at a depth of ~10 m. Their lee side is to the SW (left in this image), indicating
the long-term bed transport direction. (From Larcombe et al., 2014).
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Figure 69. High-resolution bathymetry of the area off James Price Point, Western Australia.
Note the many WNW-ESE trending lines, most within 5 km of the coastline.
These are large submarine dunes, with crest-to trough heights of up to 6 m, and
all with their steep lee slope on the south side, indicating net bedload transport
to the south. The N-S lines are drowned older shorelines, and are partially
cemented features, which are not now mobile. (From Department of State
Development, 2011).
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Further, during an individual cyclone, any particular location in the shelf will experience a range of
current and wave directions through time, so that various bed features can represent a subtly
different combination of processes and are unlikely to represent the last or even the last few
cyclones. These large features may well integrate the last few thousand years’ worth of cyclones
and reveal the overwhelming dominance of the cyclonic process. A critical point, and relevant to
management, is that therefore many – possibly most – sediments on the middle shelf do not
necessarily reflect an equilibrium with ‘ambient’ processes.

Figure 70. Colour coded seabed bathymetry of the area off Port Hedland, WA, showing an
area 75 km across. Image indicates an array of different seabed features all
consistent with long-term bed sediment transport to the SW: island ‘tail’ to
south of island (Little Turtle Islet; top right, centre of orange dashed circle),
coastally attached sediment bodies up to 10 m high with their sharp leading edge
to their W (centre right, E of the group of Spoil Grounds 2 & 3), coastally
attached sediment bodies with eroding side to their E (lower centre left), large
submarine dunes up to ~4 m high orientated to the W (centre left, W of Spoil
Ground 7). (From SKM, 2011).
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6.5.2

Summary

The key message to be taken is that not only do these various sedimentary features document the
existence of high rates of sediment transport past these reefs, but they indicate repeated shelf-wide
mobility of sediments all along the shelf, possibly to depths of a decimetre or more, occurring over
at least the last 5,000 years, and probably longer. Marine benthic habitats are probably completely
‘reset’ at least every few decades, across much of the GBR shelf.
The middle shelf surface sediments, bedforms and internal structure are controlled almost
completely by the repeated occurrence of cyclones and associated high-magnitude sediment
transport events. These events unmix the surface sediments and redeposit them, ‘downstream’ in a
series of beds associated with different phases of the cyclonic and post-cyclone periods. Only in
extended periods between cyclone-associated sediment transport does bioturbation gradually remix some of the sediments, only later to be largely undone by the next major sediment transport
event. These cycles of sedimentation occur repeatedly, and perhaps especially in areas most prone
to bathymetrically accelerated currents, i.e. those areas where the middle shelf is relatively narrow.
Further, the evidence for cyclonic activity is likely to be variable across the shelf, in nature and in
frequency, including at the coast, and an understanding of this is required in order to interpret the
evidence correctly. The recurrence intervals (years to decades) and high magnitudes of such
disturbances are important context for managers of shelf environments. For example, if it was
otherwise practical and acceptable, the middle shelf of the GBR, or those inner-shelf areas which
display similar evidence of such episodic high-magnitude disturbance, might be ideal long-term
places to relocate dredged sediment.
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7.0

SEDIMENTARY CHANGES ON THE GBR SHELF
ASSOCIATED WITH THE POST-GLACIAL SEA-LEVEL RISE

7.1

Summary – Links to Dredging

7.2

•

The GBR shelf system has changed in character in significant fashion 3 or 4 times during
the last 20,000 years; During the Holocene transgression, volumes of material eroded from
the coastline were in the order of 5-10 M m3/yr (~10-20 M tonnes/yr) for a continuous
period of around 4,000 years;

•

Habitats close to the changing shoreline were constantly adapting to the varying coastal
conditions of sedimentation and water quality. Most existing inner-shelf habitats are
therefore pre-adapted to highly variable conditions of sedimentation and water quality;

•

It is only during the last 8,000 years or so that sediments have started to accumulate in
major depocentres along the GBR shoreline, as embayments formed and began to fill. Far
from preventing coral reef growth, this coincided with the commencement of widespread
reef initiation and growth along the GBR, as well as the formation of large mangrove
systems. Changes in sedimentation are a natural part of the system, so that changes
associated with dredging need to be carefully placed into such a context;

•

The last few thousand years have thus been probably the most complex period regarding
sedimentation at the coastline, caused in part by the dynamic nature of the river deltas, in
terms of their avulsion and channel switching. The Burdekin River has switched the main
point of sediment discharge between Upstart Bay and Bowling Green Bay on numerous
occasions in the last 10,000 years, dwarfing any sedimentary changes in the region which
could possibly relate to dredging operations;

•

It is incorrect in geological, sedimentary and water quality terms to compare reefs in a
geological reef ‘initiation zone’ with those outside in radically different environments.
This has key implications for the choice of sites in dredging-related field measurements.

Introduction

Many of the habitats under perceived threat from dredging lie relatively close to the modern
coastline, on the relatively turbid inner shelf. Past sea-level changes through the Post-Glacial
period brought about major changes in the location and nature of the shoreline and all areas to
seawards, and of the associated oceanography and sediment transport regimes. Consequently these
environments have evolved in a complex fashion, meaning that their composite habitats are likely
to have been well-adapted to ‘change’, and pre-adapted to the variable conditions of the late
Holocene inner shelf. Larcombe & Carter (2004) summarised the changes on the GBR shelf during
this period, which publication forms the basis of the simplified text below.
During the Post-Glacial transgression, i.e. the period of relative sea-level rise between ~20,000 and
5,000 years ago, sea level rose by around 120 m (Figure 21, Figure 22), and the shoreline therefore
moved progressively westwards across the relatively low gradient areas of the (now) GBR
continental shelf.
Report No. J1682v1
Job No. J3031

Page 97

Sedimentary Geoscience of GBR Shelf – Context for Management of Dredged Sediment
"Commercial-in-Confidence"

7.3

Lowstand and early transgression

With sea level at 120 m below present, at 20,000 years ago, the coastline would have been wave
dominated and of relatively high energy, open to the wave regime of the Coral Sea, and material
was shed from the steep upper continental slope to flow eastwards into the Queensland Trough. As
sea level rose and began to traverse the low gradient shelf, the shoreline would have become very
complex as it flooded the suite of ancient carbonate pinnacles formed at previous highstands in sea
level. The carbonate islands would have been subject to a high-energy hydrodynamic regime and
strong currents flowing around their complex bathymetry.

7.4

Transgression across the middle shelf

Later, as the shoreline moved landward and began to traverse the extensive and relatively
featureless low gradient coastal plain that now forms the middle shelf, the shoreline would have
changed in character, into a curvilinear, sandy shoreline, largely translational in character,
transporting sediment along the shoreline and landwards across it. This shoreline would have
probably developed a variety of sandy subtidal, intertidal and supratidal features (i.e. bars, sandy
beaches with berms and aeolian dunes) as it retreated landward under a rapidly rising sea level (see
also Harris et al., 1990). This erosional shoreline’s semi-linear geometry would have inhibited
removal of turbid water away from the coastline (Wolanski & Ridd, 1990) so that there would have
been high coastal turbidity for a few thousand years along much of the central GBR shelf.
This time period from 12,000 to 8,000 years ago represents the move of the shoreline across the
shelf from modern depths of around -50 m to -15 m (Figure 22, Figure 23), a horizontal distance of
around 50 km on the central GBR shelf, at a mean rate of sea-level rise of around 9 mm/yr. There
would thus have been, on average, around 12.5 m of coastal retreat every year for around 4,000
years. With a mobile shoreface say of 6 m thickness (say -4 m to +2 Mean Sea Level), and 12.5 m
of coastal retreat each year, this means that there was 7.5 M m3 per year of shore being eroded and
introduced into the marine environment, per 100 km of shoreline, every year for 4,000 years.
Variations in the rate of relative sea-level rise (Larcombe et al., 1995; Larcombe et al., 1998; Harris
et al, 2008) would have meant that for some periods - possibly of many centuries - these rates
would have been >5 times as rapid, so that erosion might have achieved 40-50 M m3/yr.
Sediment will have been moved along the shelf to the NW, driven by waves and storms, as well as
sediments being repeatedly ‘rolled over’ to landward (as, for example, on the modern NSW central
coast; Cowell et al., 1995) as the shoreline moved ever westwards. Here, the ‘shoreline’ means
also the deltas of the major rivers that delivered sediment into the GBR system during that time.
Further, this phase would have concentrated cyclone remobilisation of the seabed on the (now)
middle shelf. The reworking and erosion of the seabed within a slowly shoreward-moving palaeocyclone corridor can explain the lack of coral reefs on the middle shelf and why the evidence for
drowned postglacial shorelines and lowstand fluvial deposits is also so patchy there (cf. Carter and
Johnson, 1986; Fielding et al, 2003; Larcombe & Carter, 2004).

7.5

Transgression across the inner shelf

When the rising sea level encountered the pre-existing topography of the (modern) inner shelf,
which now forms islands, headlands and coastal promontories, at around 9,000 – 8,000 years ago,
the coastline developed an irregular shape. Sediment accumulation then commenced in
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embayments behind headlands (Belperio, 1983; Tye, 1992), within which turbidity and sediment
accumulation rates were high. As examples, Cleveland Bay developed a sandy transgressive
shoreface (i.e. beach and intertidal and subtidal zone; Carter et al., 1993), but southern Halifax Bay
developed mangroves, sheltered behind Magnetic Island (Tye, 1992), probably because the NWdrift of sand became trapped in the deepening coastal indentation that was Cleveland Bay.

Figure 71. Location of the Burdekin River and Upstart Bay, Bowling Green Bay and Cleveland
Bay, with past vibrocores and seismic profiles (from Belperio, 1983; Way, 1987;
Carter et al., 1993; McIntyre, 1996; Orpin et al., 2004a) and the previous avulsion
history of Burdekin River delta (from Fielding et al., 2006). Date in bold type
coincide with key deposition periods within new sediment cores. (From Lewis et
al., 2014). Over the last 10,000 years, the main Burdekin channel has switched
location numerous times, radically changing the main point of sediment delivery.

As these embayments deepened, the complexity of the shoreline increased, in sedimentary and
habitat terms. The trapping of sediments in embayments meant that other parts of the coastline and
inner shelf probably became less turbid, and in places coastal and inner-shelf coral reefs of various
types were initiated (e.g. Figure 39, Figure 40) closely associated with the coastal and inner-shelf
sediments. Turbid-zone detrital coral reefs like Paluma Shoals (Figure 42, Figure 43) may have
formed on open sections of the coastline, and as coastal erosion continued and the associated
sediment wedge migrated landward with it, would have gradually changed their species
assemblages in accordance with their changing exposure to sediments and light.
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Figure 72. Grey-scale altimeter digital elevation model (DEM) of the Burdekin Delta, with
logarithmic vertical stretch to enhance topographic features. (From Clarke,
2004). Compare with Figure 71.

It is important to realise that the last few thousand years have thus been probably the most complex
period regarding sedimentation at the coastline, caused in part by the dynamic nature of the river
deltas, in terms of their avulsion and channel switching (Figure 71, Figure 72), and their interaction
with the pre-existing topographic features of the coastal plain and inner shelf. In places and at
times, the shoreline passed by the topography, so that offshore island were developed and
sediments passed along the shoreline to their landward side. A complex pattern of along-shoreline
sediment transport developed.
The application of OSL dating techniques on marine vibrocores from the central GBR inner shelf is
producing important new insights into the fate of river-borne sediments along the central GBR.
Lewis et al. (2014) noted that in inner Bowling Green Bay, around 1,000 years ago, there was
probably 3 m of sediment accumulation over a period of only ~300 years, probably directly from
the mouth of the Burdekin River which discharged into the bay at the time. In Cleveland Bay,
around 2 m of sediment accumulated between 5,400 and 4,000 years ago, coincident with the
Burdekin River mouth discharging relatively close by (Figure 71) and before the Cape Cleveland
tombolo formed (Carter et al, 1993) which would have prevented direct drift of sediment from
Bowling Green Bay. There has been little sediment accumulation on the inner shelf of Cleveland
Bay in the last 1,000 years.
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8.0

ANTHROPOGENIC INFLUENCES

8.1

Summary – Links to Dredging

8.2

•

The issue of the deposit and potential effects of the disposal of dredged sediment in the
continental shelf is, primarily, a sedimentary one.

•

There is a critical need for the regulatory approach to inner-shelf benthic habitats to have
clear and logical links with the known seabed dynamics, over a variety of timescales.

•

In sedimentary terms, there is no inherent need to consider capital dredging differently to
maintenance dredging, nor to consider riverine input differently to emplaced dredged
sediment.

•

Approaches to sediment management need to recognise that the key sedimentary issue is to
recognise the nature of the receiving sediment transport pathway, and then consider
whether any additional volume of sediment, of whatever source, might disrupt it.

•

Soil erosion from grazing and agricultural areas is a clear problem for the land, but the
argument that there are resulting detrimental sedimentary impacts on the GBR shelf system
and its habitats is much less convincing. Consequently, whilst there is much fine and
necessary work being carried out to reduce soil erosion, it should be more closely and
clearly linked with reasons of soil retention, not damage to the GBR shelf system. It
follows that care needs to be taken not to apply incorrect reasons – i.e. a perceived major
threat of sediment damage to the GBR – to influence management of dredge sediments.

•

In terms of their sediment mobility, some other environments, such as mangrove systems
or coastal wetlands, have a regenerative capacity far less than that of the continental shelf,
and are far less naturally resilient to the receipt of sediment.

•

TC Winifred moved ~140 M m3 of sediment as it moved across the continental shelf, and a
layer of the seabed up to 15 cm thick was agitated, out to a depth of ~40 m. Such natural
sediment transport events dwarf anthropogenic influences upon the shelf transport regime.

•

It is critical to examine how the long-term variation and episodic nature of the cyclonic
processes might enter into formal assessments of potential hazard from dredging and other
activities and how these might be applied by regulators.

•

An approach which specifically combines a view of the past sedimentary bedform types,
particle size distributions and meiofauna, may assist in the assessment of benthic status and
post-disturbance 'recovery'.

Dredging - How to measure impact and recovery?

Whilst it is not the purpose of this report to document the details of specific dredging activities, it is
worthy of note that there is a wide range of dredging location and activities relevant to the GBR
shelf, and that it is likely that there will be an ongoing need to dredge sediment from ports,
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harbours and dredged channels (Morton et al, 2014). The existing DMPAs used by Queensland
ports vary greatly in character (Table 5).
Table 5. Characteristics of Dredged sediment emplacement Areas used by Queensland ports
since 1990 for maintenance and capital dredging. (From Morton et al., 2014).
Retention capacity is assessed volumetrically.

Whilst the review of Bolam & Rees (2003) rightly notes that impacts and recovery processes are
site-specific, it is pertinent here that their characterisation of habitats does not account for the
dynamic nature of the seafloor, and the timing of the studies with respect to prior episodes of major
disturbance, which there might have been at Townsville and Hay Point. To expand - if studies in
cyclone-influenced regions occur against a background of a seabed habitat very recently influenced
by a cyclone, the ‘recovery’ might be seen to take place at a different pace - possibly faster compared to that if the receiving habitat had been largely undisturbed by a cyclone for a decade or
more. The disposal sites of Townsville and Hay Point would certainly be vulnerable to such
disturbance, so that Bolam & Rees’ analysis misses the key factor of the historical disturbance
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regime 20. While these data (Table 6) are indeed interesting and, taken at face value, are perhaps
reassuring, because of the indicated periods of only a few months for ‘recovery’ - the reasons for
the variations and the significance of these timescales may not be meaningful in helping anticipate
future ‘recovery’ of the habitats concerned.
The assessment of benthic 'recovery' can be an expensive and inexact science. There are promising
but early indications that an approach which specifically combines a view of the past sedimentary
bedform types, particle size distributions and meiofauna, is likely to have application to the issues
regarding dredged sediment on the GBR shelf and elsewhere. Meiofauna comprise diverse
assemblages of organisms with high turnover times, often inhabiting highly dynamic sedimentary
environments, and therefore they represent an opportunity to examine animal-sediment
relationships of relevance to pure and applied science.
Table 6. DMPA recovery periods, for Queensland and overseas ports. References: 1 = Motta
(2000); 2 = Bolam and Rees (2003); 3 = Flemer et. al. (1997) quoted in Vic EPA
(2001); 4 = Chartrand et al. (2008); 5 = Amson (1988). (From Morton et al.,
2014).

Schratzberger & Larcombe (2014) combined sediment and meiofaunal data to explore the role of
the sedimentary regime in shaping the distribution of subtidal sandbank environments and the
associated meiofaunal nematode communities at Broken Bank and Swarte Bank, in the southern
North Sea. The underlying idea was that, because sedimentary facies tend to group various
combinations of physical and time-variable factors, they should improve the likelihood of forming
meaningful and readily interpretable relationships with the infaunal data. The result was positive.
The sedimentary facies fell clearly into groups, respectively representing high, high-moderate and
moderate, and episodic sediment mobility. The key meiofaunal characteristics indicated a range of
faunal similarities within these groupings, which led to readily interpretable patterns in the MDS
ordination (Figure 73).

20

This report makes no specific comment on these disposal sites. They are noted purely to explain the point
that disturbance history is important.
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Figure 73.

Non-parametric multi-dimensional scaling (MDS) ordination of nematode
assemblages.
3D-view of non-parametric MDS ordination of nematode
assemblages coded by sedimentary facies in the southern N. Sea, and relative
level of sediment mobility. The plots are derived from a similarity matrix of
relative abundance of species (left) and traits (right). From Schratzberger &
Larcombe, 2014).

Three key parameters illustrate the general relationships between the groups (Figure 74):
•

the relative frequency of sediment mobility;

•

its magnitude, and;

•

the continuum between erosion, translation (i.e. sediment throughput) and sediment
accumulation.
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The facies groups fell into different areas of this diagram, indicating that this concept might have
some applicable power in distinguishing the status of the animal-sediment relationships. Such
work offers considerable promise for scientific assessment of ‘impacts’ and the post-disturbance
‘recovery’ phases associated with natural or anthropogenic disturbances .

Figure 74. Conceptual diagram of three key controls on sedimentation on some sandbanks in
the southern N. Sea. General relative locations of groups of sedimentary facies
representing high, high-moderate and moderate, and episodic sediment
mobility, plotted against the frequency of sediment mobility, its magnitude, and
the continuum between erosion, translation (i.e. sediment throughput) and
sediment accumulation. (From Schratzberger & Larcombe, 2014).
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8.3

Capital v maintenance dredging. Riverine input versus dredged
sediment emplacement.
What are the reasons to treat them
differently?

There exist two views or arguments which recur at times:
1. Capital dredging is ‘worse’ than maintenance dredging because, as well as being of greater
volume, capital material being dredged is generally different to the material already on the
seabed;
2. Riverine sediment input is different to dredge sediment emplacement onto the seabed.
These two issues are here taken together, because similar issues arise in considering them.
8.3.1

Dredging sediment inputs

There are very few parts of the inner and middle GBR shelf that are not part of an active sediment
transport pathway, whether on a semi-continuous and/or episodic basis. Referring to marine
dredging with disposal at sea, in relation to sediment transport pathways, the following general
points can therefore be made:
Maintenance dredging:
•

tends to remove material from an already overdeepened area, which prevented passage
of some sediment along an active transport pathway. Material is returned to the
seabed;
o

It is sensible to relocate the material where it is unlikely to rapidly return and
again require removal;

o

It is sensible in sedimentary terms to relocate the material further along the
sediment transport pathway, to minimise volumetric ‘disruption’ to the
pathway. However, depending on the nature of the pathway, for example if it
is continuous and replete with sediment, this might not be a key issue;

o

These two issues might not easily be compatible, and for any specific case,
neither might be critical.

Capital dredging:
•

removes material from an area of seabed which may already have been dredged, in
cases where deepening take place, or which might not have been dredged, where
channel widening takes place. In both cases, the result will increase the prevention of
passage of some sediment along an active transport pathway;

•

adds the material to the seabed. Any addition might be volumetrically relevant on a
timescale of perhaps a few months or years, but in many areas of the GBR, it is
probably not critical on longer timescales, because of reworking by cyclones.
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o

8.3.2

In sedimentary terms, the choice of the disposal site might be seen in terms of
whether the transport pathway in which the site is placed is one of a high or
low rate of throughput (i.e. the disposal ‘site’ tends to be relatively dispersive
or retentive).

Fluvial sediment inputs

Regarding catchments and rivers, a great deal of effort has gone into reducing land-based inputs of
sediment down the rivers which deliver fluvial sediment into the GBR shelf system. A deal of
effort is being expended into trying to quantify matters of fluvial sediment delivery (sections 10.5.5
& 12.2) and it is therefore understandable for it to be asked how the volumes of disposed dredged
sediment placed into the GBR sedimentary system compare with likely fluvial sediment input.
However, at least in sedimentary volumetric terms, and probably more broadly in terms of habitat
dynamics, there are no clear answers. More importantly, it is not clear what would be done with
any data, and why, even if the data were well-established.
There are clear and substantial arguments for reducing soil erosion within
the GBR’s catchments on the basis of retaining the valuable agricultural
soils 21. However, the arguments for resulting detrimental sedimentary
impacts on the GBR shelf system and its habitats are much less convincing,
as the bulk of this report describes. Consequently, whilst there is much fine
and necessary work being carried out to reduce soil erosion, it should be
more closely and clearly linked with reasons of soil retention, not damage to
the GBR shelf system. It follows that care needs to be taken not to apply
incorrect reasons – i.e. a perceived major threat of sediment damage to the
GBR – to influence management of dredge sediments.
8.3.3

How might management approach these issues?

Whether considering natural or anthropogenically added sediments, we might consider potential
changes on the GBR system in a number of ways. Whilst indivisible and interlinked in reality, for
discussion purposes we here ask a few simple questions and provide a few related comments,
designed to begin to expose some of the issues rather than be a comprehensive treatment or provide
answers.
Q. Would sediments be added:
o

To a sediment transport pathway replete with or starved of mobile sediment?

o

In a focussed or spread manner, and at or away from a natural zone of (coastal or
shelf) sediment supply?


21

In general terms, comparing dredged sediment emplaced into the seabed
through normal disposal techniques with sediments emanating from the
mouth of the estuaries into the GBR shelf, the differences include:

e.g. for the beef industry, the cane industry and other agricultural purposes.
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o

potential different mobility – for how long might this change
persist? Is a short or long time preferred? Why?

•

The added material being subjected to different processes. (The
dredged sediment emplacement sites within the embayment of
Cairns and Townsville might be exceptions here).

At a critical time of year relative to the ecological ‘needs’ of the habitats?


o

•

e.g. in some cases, it might be wise not to decrease water clarity at a time
of year when the waters are naturally clear and the benthic organisms are
gaining energy to last through less favourable periods.

Of similar sedimentary ‘character’ to existing seabed sediments?


If of broadly similar sediment grain-size distribution then perhaps no
major change in processes.



Different geochemistry might be relevant, and organic content may matter
for a period.

o

At a rate and at a time when it might greatly exceed removal, so that build-up
might occur and re-colonisation of the seabed habitats might take some time, or at
a different time of year with different likely transport rates. Why?

o

To alter bathymetric form of the seabed away from the ‘natural range of states?
•

o

The bulk of data on DMPAs (dredge sediment emplacement sites) are
volumetric data (Table 5). However, for disposal sites or other bathymetric
features consisting of mobile sediment, a stable form does not necessarily
mean stable sediments. In other words, there is a subtle but important
difference between the volumetric characterisation of a site and its role in a
sediment transport pathway. It is possible for material to be transported away
from a feature, yet have that feature remain on the seabed, if it also receives
material from the surrounding seabed. Consequently, the bathymetric form of
disposed material, which might appear relatively stable, does not necessarily
equate with non-dispersion of its material.

To volumetrically disrupt the main extant sediment transport pathway, e.g. adding
dredged sediment relatively rapidly.


There is a concept of the ‘age’ of the habitat. There are perhaps two end
members. Is the substrate full of organisms that are:
•

‘Live fast, die young’, fast reproduction, rapid turnover;

•

‘Live slowly, die old’, slow reproduction, slow turnover.

Disruption of the first may be less critical, than the second. This might
make a difference to the management perspective taken.
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8.3.4

Might emplacement of dredged sediment be used to deliberately add
sediment in an area, where, for whatever reason, a different habitat is
preferred, related to (re-?) establishing mobile sediments above a lag
surface, or thickening an existing sediment body? Or to replenish a
transport pathway where there might otherwise be anticipated affects
further along a transport judged to be detrimental that deposition might
assist with.

A hypothetical case of ‘known’ sediment volumes

Turning to the issue of sediment volumes, let us consider a hypothetical case.
The circumstances:
•

Volumetric numbers have been established for river input and dredged sediment, for each
year over a 10-year period, for the entire central GBR, and that there is some confidence in
the numbers.

The questions:
•

How are these numbers to be used?

•

Is it acceptable if the dredge amount each year is 10% of the natural rate? Why?

•

What about if it is of the same magnitude, or 5 times as much, or 10 times (see also section
8.3.5). Why?

•

What information is required to begin to assess these issues?

Given the different nature of the sedimentary issues involved between natural fluvial sediment
input and sediment input from dredging, such comparisons appear to compare ‘apples’ with
‘oranges’.
Specifically regarding disposal of dredged sediment, and adapting the general questions posed
above (section 2.3.2) to the issue of dredged sediment disposal, broader questions which would be
involved here include:
•

Given the evidence for past and ongoing sedimentary changes in the dredging area,
including riverine inputs, and cyclone-associated sediment transport, how will the
regulatory regime consider the temporary impacts of dredging in this area?

•

What is the rationale behind the view of habitat resilience in the area incorporated into the
view of the habitats taken by managers?

•

How do water quality ‘guidelines’ reflect the measured and potential variation? Is it clear
what the requirements of the habitats are and over which time periods?

•

Do the water quality ‘guidelines’ recognise the variety of habitat types (e.g. types of coral
reefs) and their long-term variations? What does long-term mean here?
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These are challenging questions, but are by no means the whole suite of relevant questions.
Amongst other matters, it might not be necessarily clear:
•

what is and isn’t the desirable specific management outcome, and why?

•

whether such an outcome might be realistically achievable?

•

how the outcome could be measured? and;

•

whether it would be possible to positively attribute measured changes to management
actions?.

From the sedimentary perspective, there remains much to be tested.
As an example, regarding water quality the issue of added dredged sediment might only be of
relevance if the local availability of sediments for resuspension is a limiting factor in the first place,
in which case added sediment might increase local sediment transport rates and influence water
quality. On much of the GBR inner shelf, sediment is not a limiting factor on water quality,
because of the many metres of muddy material available for transport. Adding another few grain
diameters onto this thick pile of sediment is unlikely to have a measureable difference to sediment
transport, because shear stress acts at the seabed surface only. As noted by Larcombe & Woolfe
(1999) - and perhaps relatively unappreciated at the time - changed local ‘supply’, in terms of
added material at the bed, can only realistically change matters if sediment availability was limited
beforehand.
This limitation is generally only the case at the inner-shelf to middle-shelf boundary where the
feather edge of the inner-shelf sediment body downlaps onto the middle shelf carbonate plain.
Here, the time-integrated result of processes which disperse inner-shelf sediment slowly downslope
onto the middle shelf, are matched by those processes moving that material back upslope onto the
inner shelf and along the shelf to the NW. In general terms, to landward, there is always plenty of
fine sediment available to be resuspended, but in contrast, to seawards, there is rarely fine material
available for resuspension even though there is generally sufficient energy. Hence, overall, adding
material to the system, wherever it is added, can only really change (and infinitesimally) the
amount of suspended material on this boundary. In this case, the whole inner-shelf moves
fractionally seawards - geologically, this is ‘progradation’ of the inner-shelf.
Further, and as noted by the work of Storlazzi et al (2009), sediment brought down by rivers can
shift around in some coral reef environments as prevailing waves and currents change, and they
showed that later resuspension and ongoing redistribution of that sediment may be of greater
concern than the original river plume. Thus, the initial input of sediment is not necessarily the key
issue regarding, in the case of Storlazzi et al. (2009), corals, it was probably more the impact of
ample sediment becoming newly available in an otherwise relatively sediment-starved local
sediment transport pathway.
Similar general impacts might well occur if dredged sediment was emplaced, for example, onto a
fringing coral reef flat, where the local sediment transport pathway might long have been relatively
starved of available mobile sediment. However, with dredged sediment placed into the muddy
GBR inner shelf, this is unlikely to be the case.
Hence, it becomes clear that any approach to sediment management needs to recognise that the key
sedimentary issue is to consider whether any additional volume of sediment, of whatever source, is
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of consequence to the nature of the receiving sediment transport pathway. Unless these aspects are
understood, such comparisons are meaningless.
The above questions and examples re-emphasise the importance of considering the sediment
transport pathways regarding such issues. It is vital to consider the oceanographic and sediment
transport regimes in appropriate ways to understand the potential influence of sediments introduced
to the GBR shelf, whether by humans or natural processes.
8.3.5

A hypothetical case of disposal at sea with an approaching cyclone

As part of considering the practicalities of the disposal of dredged sediment at sea, it is useful to
enter into the partly philosophical argument of how the long-term variation and episodic nature of
the processes might enter into formal assessments of potential hazard, and how these might be
applied by regulators, and, perhaps more importantly, why? In the past, such considerations might
have been considered too hard, not relevant, and/or not part of the existing guidelines. We consider
them essential.
To highlight the significance of such issues, we can consider a simple hypothetical case, where
some clean dredged sediment needs disposal and a cyclone is approaching the area 22.
The circumstances:
•

A severe cyclone is guaranteed to cross the GBR shelf in 3 days time;

•

In the precise area where the cyclone would cross, a quantity of dredged sediment, of
suitable quality for disposal at sea, is waiting on vessels for potential disposal at sea.

The questions:
•

Should the material be disposed of onto the inner-shelf seabed before the cyclone?

•

Should the material be disposed of onto the middle-shelf seabed before the cyclone?

•

Would this be the perfect time to dispose of this material or would this be a terrible
mistake? Why?

Logical extensions to this hypothetical are the cases if:
•

The material was of much larger volume, and/or already on the seabed, and/or;

•

The cyclone was guaranteed to occur within the next month, and/or such cyclones were
likely with a return frequency of every 5 years;

22

It is recognised that at present, most disposal sites are designated, that most sites are on the inner shelf and
that in practice, dredge schedules are determined many months (or years) in advance, but the hypothetical
case described here is made to try to reveal the thinking behind the perceived hazards to benthic
environments.
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•

A large river mouth a few tens of km to the south was likely to disgorge a large volume of
fluvial sediment into the GBR system for a few days after the cyclone made landfall.

Without labouring the point, there are no clear right or wrong answers here, but it is vital to
examine the reasoning within the discussions, and the need for interplay between the physical,
ecological and management realms. The cause and effect issues are vital to appreciate. Exposure
of all relevant parties to such questions might help to expose the critical issues, critical information,
and develop a more informed discussion and way forward. Whilst presented here to stimulate
some critical thinking, a workshop or other forum in which to actually have such discussions might
be a worthwhile consideration.
8.3.6

Conclusion

A discussion is necessary on the nature of management in such large and complex sedimentary
systems, which should identify and justify the specific things management is aiming to achieve,
and how measurements might be made of progress and success. From the sedimentary perspective,
this needs to consider sediment transport pathways and the physical scales of sedimentary
processes, upon which much pioneering work needs to be done.
Basic mapping of the sediment transport pathways and their physical characteristics appears a vital
step in the process. At present, across the GBR, with almost no exceptions, there is an insufficient
level of detail on the relevant sediment transport pathways to make sedimentologically defensible
judgements on what effects the disposed dredged sediment might have on them and the associated
habitats. Whilst there is some geologically based evidence to help assess the likelihood of longterm detrimental influences upon the seabed, the hard evidence on the ground, and especially
applicable to specific disposal sites, is absent.
As a result, there is generally insufficient evidence with which to test claims of environmental
damage caused by dredging, so that there is little upon which to base judgements of what areas and
contained habitats might be influenced by dispersed sediments 23, at what times, and under what
conditions, not to mention the significance and attributed causes of any observed ecological
changes.
Taking the above into account, in sedimentary terms at least, there is no inherent need to consider
capital dredging differently to maintenance dredging, nor to consider riverine input different to
emplaced dredged sediment. Site-specific, time-specific, purpose-specific, process-specific and
sediment transport pathway-specific studies are required. An approach to management involving
comparison of fluvial and dredged sediment volumes is sedimentologically inappropriate.

8.4

Cyclones - comparison of cyclone volumes with dredge volumes

Whilst the essential conclusion here is probably the one made above regarding volumetric
comparisons, in this case there are also some useful contextual numbers to consider. We can
compare the quantities of sediment disturbed by dredging relative to other processes (Table 7). It
has been estimated (Carter et al., 2009) that in 1986, TC Winifred moved 140 M m3 of sediment as
23

Judgement initiated, for example, from the use of computer simulations.
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it moved across the continental shelf. A layer of the seabed up to 15 cm thick was agitated, out to a
depth of ~40 m. The quantity of sediment that is moved during a major cyclone is much larger
than all capital dredging operations.
Table 7. Estimated quantities of sediment disturbed and duration of resuspension for various
natural and anthropogenic processes and events.
Process / event

Quantity of sediment disturbed

Approximate duration a sediment
particle is resuspended for

Sediment suspended by TC Winifred
TC Yasi (estimated)
3 M m3 dredging project
TC Cyclone Althea (estimated)
Cleveland Bay only
Cleveland Bay Maintenance
dredging (typical)
Sediment suspended in SE Trade
wind events in Cleveland Bay

140 M m3
500 M m3
3 M m3
40 M m3

Few days
Few days
Few days
Few days

0.4 M m3

A few days each year

0.1 M m3

A month each year

There is little direct data of the quantity of sediment suspended in other major cyclones but a rough
estimate of the resuspension due to these cyclones can be made by scaling from the results for TC
Winifred (Table 8). TC Winifred was a Category 3 system (Reardon & Walker, 1986), roughly
160 km in diameter and with maximum gusts estimated to be up ~200 km/hr. TC Yasi was a low
Category 5 system (Turton, 2012) with a diameter of 600 km and with estimated maximum gusts of
~285 km/hr. The area of shelf affected by TC Yasi was ~4 times that for TC Winifred and with
considerably higher wind speeds. On the basis of the diameter of TC Yasi alone, ignoring the
effect of higher wind speed and the fact that much of the shelf affected by TC Yasi was up to twice
as wide as the area influenced by TC Winifred, it can be estimated that more than 500 M m3 of
sediment was suspended by TC Yasi. There is a very high degree of uncertainty upon this figure,
perhaps as much as -50% to +100%, because with such strong cyclones, a number of hydraulic and
physical limitations come into play.
TC Althea which hit Townsville in 1971, which destroyed or damaged 90% of houses on Magnetic
Island and produced a 3.66 m storm surge, had slightly higher wind speeds than TC Winifred. If it
is assumed that a layer of sediment 15 cm deep was agitated over the roughly 300 km2 area of
Cleveland Bay, it can be estimated that 30 M m2 of sediment was agitated in Cleveland Bay during
TC Althea. As above, there is a very high degree of uncertainty. The result of 30 M m2 compares
with typical maintenance dredging volumes over the last decade of 0.4 M m3 (Port of Townsville,
2013).
The cyclones noted above (Table 8) are Severe Tropical Cyclones, but recent measurements
indicate that even the weaker category 1 or 2 cyclones can resuspend very large quantities of
sediment, far from the eye of the cyclone. In 2014, routinely collected turbidity data taken at
Freshwater Point near the Hay Point Port facility during the passage of TC Dylan (low category 2
which crossed the coast 150 km to the north near Bowen) can be used to indicate that peak
suspended sediment concentrations at the seabed reached almost 700 mg/l. Assuming 250 km of
coastline was affected, with resuspension out to 6 km from the coast (roughly to the 5 m isobath),
and a depth-averaged suspended sediment concentration of a third of the bottom value (R.
MacDonald, unpublished data), an estimate of 1 M m3 of resuspended sediment is arrived at. This
number has a degree of uncertainty similar to those estimates made above.
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Table 8.

Statistics of selected Severe Tropical Cyclones off Queensland.
average one cyclone crosses the GBR coast each
http://www.bom.gov.au/cyclone/about/eastern.shtml).

Note that on
year (From

Cyclone
name

Date

Central
Pressure
hPa

Approximate diameter
of region with gale force
winds (km)

Estimated max. wind
gust (km/h)

Althea

1971

970

400

200

30 (Cleveland Bay
alone)

Winifred
Larry
Yasi

1986
2007
2011

958
955
929

160
100
600

180
200
285

140
-500

8.5

Estimated volume of
material
resuspended (M m3)

SE Trade Winds

There is also considerable sediment moved during SE trade wind events (Figure 75). A sedimenthydrodynamic analysis using a 22-year wave-climate record by Orpin et al. (1999) indicates that
high-energy wind-waves capable of resuspending bed sediment in water depths to around 15 m
occur for approximately 40 days/yr in the Townsville region. Similar periods are likely to be
observed for much of the GBR coastline, because the events are caused by the large-scale synoptic
meteorological patterns. During these periods, water turbidity close to inner-shelf reefs will
generally exceed 20 NTU (roughly 20 mg/l) and other seabed areas with a muddy substrate, such as
Cleveland Bay can exceed 200 mg/l (Larcombe et al., 1995). Based upon a bay area of 300 km2,
an average water depth of 5 m and a depth-averaged suspended sediment concentration of 1/3 of
the bottom value (R. MacDonald, unpublished data), a rough estimate of the quantity of sediment
resuspended in Cleveland Bay each time there is one of these SE Trade wind events is about 0.1 M
m3.
It is notable that the requirement for considerable maintenance dredging operations at most ports is
an indication of the considerable quantities of sediment which are naturally resuspended and which
are ultimately trapped in channels, berths and basins. In Cleveland Bay for example, the 0.4 M m3
of sediment that falls each year into the channels, berths and basins of the port will be only a very
small fraction of the total sediment that is disturbed over the whole bay during a year. The
requirement for maintenance dredging is proof of a dynamic sedimentary environment and the
presence of an active sediment transport pathway.
The SE trade winds can affect almost the entire Qld coast simultaneously and it is thus possible to
make a rough estimate of how much sediment is in suspension at one time along the coast.
Assuming a coastline length of 1500 km, resuspension out to 10 km from the coastline, in a mean
depth of 5 m, a (conservative) depth-mean concentration of 10 mg/l produces a result of ~0.5 M
tonnes of sediment in suspension at any one time (on average throughout the year). This number
contains a high degree of uncertainty.
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Figure 75. MODIS Aqua Image of 12 October 2006. This satellite image, taken during a
strong dry-season wind event, clearly shows the turbid coastal boundary layer
which, for example, in Cleveland Bay (middle arrow), extends seawards to
beyond Magnetic Island.
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9.0

NUTRIENTS RELEASED FROM DREDGING

9.1

Summary – Links to Dredging
•

Nutrient release from dredging activities is 10 times less than riverine input, which itself is
around 20 to 100 times less than nutrient cycling within the GBR shelf sediments. For
example the Nitrogen which would be disturbed by dredging of a 3 M m3 dredging project
is around 1,000 T compared with an annual discharge of Nitrogen in rivers of the Wet
Tropics of 10,000 T, and an annual cycling flux of 200,000 T.

•

Most of the relatively small quantity of nutrients associated with the sediment disturbed by
dredging does not become available in the water column as it is trapped on sediment
particles and buried. All the nutrients involved with cycling across the sediment interface
become available to the biota.

•

Dredging sediment disposal sites will cycle sediment into and out of the water column but
will cover the original sediment which would also cycle sediment into and out of the water
column. There is no evidence that dredge sediment emplacement grounds, over long
periods, continuously leak nutrients into (and out of) the water column at a different rate
from the original sediment that is covered.

•

Because large cyclones disturb much larger quantities of sediment that dredging, they also
disturb much larger quantities of nutrients. The Nitrogen associated with the sediment
disturbed by Tropical Cyclone Winifred was around 50,000 T compared with 1,000 T for a
3 M m3 dredging project.

•

The role of dredging in the nutrient budget of the GBR is negligible.

9.2

Introduction

It has been hypothesized that increased input of nutrients, to the GBR, primarily Nitrogen and
Phosphorous, has had a detrimental effect on corals (Brodie et al. 2007; Fabricius et al. 2010). The
two main mechanisms by which nutrients are proposed to affect corals are:
•

enhancing algal growth on coral reefs thereby altering the balance between algae and coral
species, and

•

increasing phytoplankton concentrations which may increase the survival probability of
Crown of Thorns Starfish larvae (which feed on the phytoplankton) thus leading to
infestations of the Crown of Thorns starfish.

In the last decade or so, the main focus of concern over nutrients has been the enhanced discharge
of (sediment-associated) nutrients from rivers, due to the development of agriculture since
European settlement of the river catchments. It has been estimated that river-borne nutrients have
been increased by a factor of ~9 (Kroon et al. 2012). More recently, it has been proposed that
nutrients released from dredged sediment could also have a significant effect on the nutrient loads
on the GBR, and hence the ecology.
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9.3

Nutrients in the GBR lagoon and the influence of dredging

Although enhanced nutrient input from rivers, and dredging, must cause some localised effects for
short periods of time, it is unreasonable to expect that they could cause a significant system-wide
effect because there are other far more important mechanisms which control the fluxes of nutrients
(Furnas et al., 2011). Of crucial importance is the cycling of nutrients into and out of the seabed
(Figure 76, Figure 77) which vary with location and time of year.
Here, we note the dynamics of Nitrogen, but similar arguments apply to Phosphorous. Using
numbers to a single significant figure, regarding Nitrogen (N), there are two end members:
•

In the wet season for the inner-shelf of the Wet Tropics, the cycling of Nitrogen across the
sediment interface is 10 mmol/m2/d, compared with river inputs of 2 mmol/m2/d. In other
words, nutrient cycling is 5 times larger than river fluxes;

•

For the middle and outer shelf, and the dry season, cycling of Nitrogen across the sediment
interface is 5 mmol/m2/d compared with river input of 0.007 mmol/m2/d, so that nutrient
cycling is 700 times larger than river fluxes.

In addition to cycling across the sediment interface, there are also fluxes of nutrients caused by the
resuspension and settling of sediment which are similar in magnitude to the cycling fluxes, further
reducing the significance of the riverine discharge.
The other factor of primary significance to nutrient concentrations in the GBR lagoon is the
proximity of, and water exchange with, the Pacific Ocean. The main reef matrix of the outer GBR
shelf, where 99% of the corals are located, is up to 100 km from the coast where rivers discharge
and dredging activities occur, but is adjacent to Pacific Ocean waters, of low nutrient
concentration. Residence times of water on the outer GBR are in the order of a few weeks (section
4.2.2) and thus enormous volumes of water are continuously flushed out of the lagoon to be
replaced with water from the Pacific Ocean. It can be estimated that for the Southern GBR, every 8
hours, a volume of water is flushed to the Coral Sea equivalent to a full year’s river input
(Choukroun et al., 2010).
The overwhelming importance of the Coral Sea in determining the nutrient conditions for the outer
shelf reef matrix is clear (Figure 78). In this figure, the flux magnitudes are given using multiples
of the annual river input of Nitrogen, I (top left). For example, the cycling associated with
sediment resuspension and redeposition is roughly 100 times the river load (Ridd et al., 2012).
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Figure 76.

Wet season averaged Nitrogen fluxes (mmol/m2/d) for the inner-shelf and
‘offshore’ zones of the Wet Tropics. The line widths (to printer resolution) are
scaled to the magnitude of the fluxes. (From Furnas et al., 2011). Note that the
river fluxes are very small compared to the cycling fluxes. Dredging fluxes are
far smaller than the river fluxes and would be too thin to be visible on this figure.
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Figure 77. As Figure 76 but for the dry season.
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Using:
•

the data given in Furnas et al, (2011) for the Wet Tropics region;

•

a flushing time of 1 month;

•

an area of the deep water part of the shelf (>20 m) of 10,000 km2;

•

an average depth of 40 m;

•

and a concentration of Coral Sea water of 5 µ mole/l, and;

•

a Nitrogen discharge from the rivers of 10,000 tonnes/yr (Wet Tropics),

it is calculated that the exchange of Nitrogen with the Coral Sea is roughly 30 times higher than the
river inflow.

Figure 78. Schematic W–E cross-section across the GBR shelf, with the seabed and outershelf reefs shown in grey. Nitrogen fluxes into, and storage within, the lagoon
expressed as factors of the yearly annual N discharge from rivers (I). Green
lettering denotes the magnitude of the storage of Nitrogen in the water column
and top 20 cm of bottom sediments and the water column. Black lettering
denotes various fluxes, with data from Furnas et al., 1995, except the exchange
with the Pacific Ocean which uses Furnas et al. 2011). (Modified from Ridd et al.,
2012).

Report No. J1682v1
Job No. J3031

Page 120

Sedimentary Geoscience of GBR Shelf – Context for Management of Dredged Sediment
"Commercial-in-Confidence"

Despite their relatively small magnitude, river inputs of Nitrogen may be important to some innershelf communities for some short periods close to river mouths in flood, as might be inputs from
resuspended inner-shelf sediment, but for the outer reef tract and over long periods, the river
discharge appears negligible. Given that dredging fluxes are one or two orders of magnitude less
than the riverine fluxes (Table 9), it is logical to conclude that nutrient release from dredging
operations are negligible when considering the long term fluxes of nutrients.
The quantities of Nitrogen involved with dredging are very small compared with other influences,
and especially compared with Nitrogen cycling, however even these small dredge-related numbers
may overestimate the actual contribution of dredging to the nutrient budget. Most of the relatively
small quantity of nutrients associated with the sediment disturbed by dredging does not become
available in the water column because it is trapped on sediment particles and buried. If this was not
the case, then the emplaced dredged sediment would be significantly reduced in Nitrogen content
compared with its original dredged state and compared with the seabed which it covers. The
Nitrogen in the emplaced material will eventually cycle into and out of the water column but this
will generally be at a broadly similar rate to the original seabed. The notion that dredged sediment
“leaks” Nitrogen or other nutrients ignores the fact that nutrients are naturally cycling across the
sediment/water interface continuously, and this is true for dredged sediment and the original
seabed, which has now been taken out of the nutrient budget. There is no evidence that dredge
sediment emplacement grounds, over long periods, continuously leak nutrients into (and out of) the
water column at a different rate from the original sediment that is covered.
The relative effects of the nutrients associated with dredging can be further placed into perspective
by comparison with areas of the Wet Tropics and other fluxes (Table 9). The rivers of the Wet
Tropics region (as defined by Furnas et al., 2011) discharge roughly 10,000 T of Nitrogen annually.
Assuming the smallest reasonable figure for the cycling flux of 5 mmol/m2/d, and an area of 10,000
km2, the annual cycling of Nitrogen through the sediment-water interface is around 200,000 T.
Tropical cyclones suspend very large quantities of sediment which contain nutrients in a similar
form to those eroded from the land and discharged in rivers, and also similar to nutrients disturbed
in dredging operations.
Tropical Cyclone Winifred (1986) resuspended approximately 140 M m3 of sediment (Carter et al.,
2009), so that, assuming the total Nitrogen content of the sediment is 0.03% (Furnas et al 2011),
the cyclone disturbed 50,000 tonnes of Nitrogen. Using similar reasoning, the total weight of
Nitrogen contained in the top 0.2 m of the sediment in the Wet Tropics shelf (area 10,000 km2) is
roughly 1 M tonnes. Bioturbation and cyclonic disturbance affect roughly the top 0.2 m of the
sediment column, so this material actively contributes to the nutrient processes of the lagoon. The
large cycling fluxes across the sediment interface are roughly 20% of the stored Nitrogen mass of
the top 0.2 m of the sediment. The large quantity of Nitrogen stored in the top layer is potentially
exchanged with the water column over timescales of a few years, depending on cyclonic
disturbances, and certainly much shorter than the timescales of increased agricultural input (around
100 years). Therefore, nutrient fluxes of the lagoon are likely to be dominated by the huge nutrient
storage of the sediments, in conjunction with the large cycling fluxes.
In contrast to the nutrient cycling fluxes and the Nitrogen associated with cyclones, the weight of
Nitrogen associated with a 3 M m3 dredging project is about 1,000 T (using an assumed 0.03%
Nitrogen content of the sediment). That portion of the nitrogen attached to sediment and buried
beneath the depth of cyclonic disturbance may not become available to the biota, and only the
Nitrogen contained in the porewater will be rapidly released.
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Chlorophyll concentration is often used as a proxy for nutrient supply. It is notable that in those
publications which have claimed widespread or intermittent eutrophication of the GBR lagoon
(Brodie at al., 2007) the data presented indicates that the offshore half of the GBR lagoon, i.e.
beyond the inner shelf, has no significant increase in Chlorophyll concentrations (see Section
10.6.2; Figure 83, Figure 84). Enhanced chlorophyll concentrations, where present, are generally
evident in parts of the shelf far from the Coral Sea and areas which contain muddy sediments, such
as the shallow embayments of Cleveland Bay and Trinity Bay. Such areas exchange water
inefficiently with the Coral Sea and have relatively large nutrient cycling fluxes in relation to their
small water volumes. Although claims have been made that high chlorophyll fluxes in these
regions are caused by enhanced riverine input, it is also possible that a more likely hypothesis is
that the high concentrations are due to the large distance from, and inefficient exchange with, the
Coral Sea.
Table 9. Approximate amounts of Nitrogen associated with various components of the GBR
shelf system. Nitrogen stored in sediments is based upon an approximate 0.03%
concentration ratio (Furnas et al., 2011) (see main text). The natural cycling of
Nitrogen across the sediment/seawater interface is the dominant mechanism in
the Nitrogen budget and dwarfs Nitrogen disturbed by dredging.
Key aspects

Nitrogen fluxes

Storage in the top 20 cm of the sediment in the Wet Tropics.

1,000,000 tonnes

Fraction in the top 20 cm cycled into the water column each year

20%

Annual cycling through the sediment-water interface of the Wet Tropics

200,000 tonnes/yr

Nitrogen associated with sediment suspended during Cyclone Winifred

50,000 tonnes

Annual discharge by rivers of the Wet Tropics

10,000 tonnes/y

3

Nitrogen associated with a 3 M m dredging project

1,000 tonnes
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10.0

‘TIPPING POINTS’ AND ‘DEATH BY A THOUSAND CUTS’ LINKING DREDGING WITH OTHER PERCEIVED THREATS
TO THE GBR

10.1

Summary – Links to Dredging

•

A range of published scientific papers have claimed and/or predicted various levels of
impacts on the GBR system, from a range of potential drivers. Some of these papers, when
scrutinised, have significant degrees of unreliability. Many more, which can dominate the
scientific debate, remain untested. Despite this, they help form public policy and drive
issues regarding sediments and the GBR shelf system.

•

There is insufficient quality assurance performed on scientific papers upon which are based
public policy and economic decisions worth many billions of dollars.

•

Peer review is necessary, but by itself, is an insufficient process of quality assurance.

•

It is in the interests of the Port Authorities and all other parties to test the science behind
the claims made about various stressors’ influences on the GBR shelf. Published research
which claims damage to the GBR should now be subjected to appropriate independent
scientific scrutiny.

10.2

The history of concerns about ‘threats’ to the GBR

The iconic nature of the GBR has legitimately led to concern about its conservation since the early
days of the conservation movement in the 1960s. Early conservation campaigns focussed on the
potential mining of the coral for calcium carbonate and the prevention of oil exploration and
exploitation. In addition, the mass mortality of almost all corals on a large number of reefs due to
the Crown of Thorns Starfish (COTS), discovered in the 1960s (Pearson and Endean, 1969),
triggered speculation that human activity was adversely affecting large tracts of the reef. These
general concerns brought about the declaration of the Great Barrier Reef Marine Park in 1975.
With the declaration of the park and the banning of any mining, significant attention was directed
towards COTS, and further outbreaks in the early 80’s triggered fresh concerns about the state of
the GBR’s coral reefs. Fortunately the AIMS long-term coral monitoring programming
commenced in the mid 80’s and has became a very important source of data.
By the 1990s, attention was starting to focus on the influence of river runoff on the GBR system
due to the increased loads of rivers due to agriculture (e.g. Brodie, 1992, McCook, 1999; see also
Wolanski et al., 2003a). The year 1998 saw a worldwide mass coral bleaching event (HoeghGuldberg et al., 1999) which also severely impacted the GBR. A repeat event in 2002 saw the
focus of concern move to climate change, and the role of changing temperatures, pH and cyclone
frequency and intensity. At this time, the role of COTS as a stressor to the GBR was perhaps not
the primary focus, but this changed by the end of the first decade of the new century with the
hypothesis that nutrient enrichment of the water facilitated the survival of larval stages of COTS
(Brodie et al., 2007; Fabricius et al., 2010).
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Dredging in the GBR region has perhaps become a focus of increased concern since the expansion
of Queensland’s energy exporting ports in the last decade. Previously, dredging was certainly
regarded as a local issue affecting regions within a few tens of kilometres from various ports, but
recently port expansion is being linked to system-wide decline of the entire GBR (UNESCO, 2012,
http://whc.unesco.org/document/117104).
In commentaries about threats to the GBR, the concept of a ‘tipping point’ is often invoked. In
their review of Australian ecosystems considered susceptible to ‘tipping points’, Laurance et al
(2011) wrote
“we define a tipping point rather loosely as a circumstance by which a relatively modest
change in an environmental driver or perturbation can cause a major shift in key
ecosystem properties, such as habitat structure, species composition, community dynamics,
fire regimes, carbon storage, or other important functions. The tipping point is an
ecological threshold beyond which major change becomes inevitable and is often very
difficult to reverse”.
This concept has also been used by the “GBR consensus statement” (Brodie, 2013) and a large
number of mainstream media reports 24. In essence, the claim is that, due to multiple stressors, the
GBR is approaching a point of ‘no return’, whereby the ecosystem is vulnerable to widespread
phase-changes that could fundamentally alter ecosystem properties such as habitat structure and
species composition (Laurance et al., 2011), and that even a small stressor could tip the GBR ‘over
the edge’. Laurance et al (2011) considered that ‘coral reefs’ were the 4th most likely Australian
ecosystem to be susceptible to a tipping point, because of
“their narrow thermal and water-quality tolerances, heavy reliance on key ‘framework’
species (reef-building corals), and high susceptibility to nutrient runoff and eutrophication
(Johnson and Marshall, 2007; Hughes et al., 2010). In our view the most vulnerable reefs
are those near rivers carrying heavy nutrient loads from nearby farmlands, and those at
near-equatorial latitudes off Cape York Peninsula and northern Western Australia (Table
1), which are susceptible to coral bleaching associated with global warming. Isolated
reefs, such as Ningaloo Reef in Western Australia, are also vulnerable because local
species declines are not as easily offset by immigration as occurs in less-isolated reefs (e.g.
Underwood, 2009).
“The greatest threat to coral reefs in Australian waters is probably rising sea
temperatures, followed by extreme weather events (especially heat waves and destructive
storms), ocean acidification, and pollution. Reef destruction and overharvesting of fish,
crustaceans, gastropods, and other reef species are ancillary threats, but are lesser
problems in Australia than elsewhere in the tropics”.
Of particular relevance to the GBR shelf, their references do not appear to acknowledge the welldocumented variety of coral reef environments (section 3.0) and likely temporal changes.

24

http://www.abc.net.au/worldtoday/content/2012/s3640739.htm

http://www.smh.com.au/environment/climate-change/coral-wonderland-at-tipping-point-201207132210n.html.
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One process by which an ecosystem is seen as reaching a ‘tipping point’ is often referred to as a
‘Death by a Thousand Cuts’ 25. This emotive phrase describes an argument which invokes
compounding effects between multiple stressors, and the impact of two or more factors acting
together is seen as much worse than that expected from the sum of their individual impacts
(UNESCO, 2012 26).
For the Port’s point of view, the Tipping Point and Death by a Thousand Cuts (DBATC) concepts
tie dredging-related influences to other stressors of the GBR such as the influence of agricultural
activity. Thus it is in the Ports’ interests to test the science behind the claims made about those
stressors. This chapter therefore includes:
•

a discussion of the Tipping Point and DBATC concepts;

•

an initial examination of the reliability of the some of the science which claims damage to
the GBR, and;

•

a philosophical argument, asking whether there needs to be a more robust quality assurance
process to ensure that the science upon which public policy and commercial decisions are
made, and public money is spent, is indeed reliable and fit-for-purpose.

10.3

The ‘Tipping Point’ and ‘Death by a Thousand Cuts’ concepts

The GBR faces perceived threats from agricultural runoff (sediment, nutrients and pesticides),
rising temperatures, falling pH and fishing, amongst others. The fact that there are a large number
of perceived threats each of which by itself may be tolerable but which together are very
dangerous, poses many challenges for science. Firstly, it can be very difficult to show that a
particular threat by itself is having any measureable effect. Indeed it is notable that in the literature
on the GBR which claims significant decline, rarely are statements made positively attributing a
quantitative loss of coral, seagrass or other aspects of the GBR ecosystem to a particular cause.
Thus, it is not possible to attribute a proportion of coral loss to sediments, nutrients, or dredging.
This is not a criticism of the science but recognition that the GBR sedimentary system is a highly
complex one, with many linked processes, operating at different spatial and temporal scales, and
that there multiple potential stressors. In contrast, it is relatively easy to make a quantitative
attribution to the loss of North Queensland rainforest to clearing for sugar cane, clearing for
pasture, clearing for urban development and roads.

25

http://www.theguardian.com/environment/planet-oz/2014/jan/31/great-barrier-reef-australia-dredgingabbot-point-coal-export
http://www.spiegel.de/international/world/australia-debates-how-to-protect-the-great-barrier-reef-a900911.html
http://news.nationalgeographic.com.au/news/2013/06/130608-great-barrier-reef-australia-world-heritageunesco-environment-science-global-warming/.
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Unfortunately, despite its appeal and apparently reasonable nature, the DBATC concept is also
virtually impossible to counter. Any argument that cannot be falsified (or be disprovable) must be
viewed with caution. It is virtually impossible to prove a negative, i.e. to prove that a specific
factor isn’t the cause. Essentially the question must be asked “how small must the proven damage
from a particular stressor be before it is not considered to be a ‘cut’ which could send the GBR
over the edge of a Tipping Point?” Without quantitative knowledge of the contribution of the
effect of each stressor, the ultimate conclusion of the DBATC argument is that only zero effect
from a particular stressor can be tolerated. This implicitly prevents discussion of what level of
‘stress’ caused by dredging is tolerable.
This is not a practically useful conclusion to arrive at, and probably not what is intended by
proponents of such arguments. Nevertheless, it is important to ask, from the point of view of the
Ports Authorities, what level of ‘stress’ caused by dredging is tolerable? This does not seem to be a
question which is answerable with the present state of the science, so the response tends to be “less
than at present”. This answer itself necessarily initiates a series of difficult questions, noted
elsewhere in this report (section 8.3).
The Tipping Point argument, applied to the GBR, has other problems, less philosophical in nature.
There is a presumption that the GBR ecosystem is a very unstable system which is highly sensitive
to small perturbations; however the scientific evidence for this proposition is weak. It is very
important to protect the GBR system and its many components, but the ecological resilience of the
GBR system is rarely talked about. The GBR system has a long track record in this regard,
including experiencing a range of natural ‘stressors’ beyond present levels, as detailed elsewhere in
this report. There is a fundamental ecological principle that ecosystem diversity provides
resilience. As noted by Furnas (2003), scientists studying the GBR and adjacent coastal waters
have identified:
•

>350 species of hard corals;

•

72 genera of soft corals (ca. 300-500 species);

•

>300 species of other cnidarians;

•

>1,500 species of fish;

•

>5,000 species of molluscs;

•

>140 species of echinoderms;

•

>1,500 species of polychaete worms;

•

>1,500 species of sponges;

•

>250 species of ascidians;

•

>500 species of macro-algae;

•

15 species of seagrasses;

•

37 species of mangroves;
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•

27 species of marine reptiles (sea snakes, crocodiles, marine turtles);

•

24 species of birds that inhabit and breed on islands;

•

27 species of marine mammals (whales, dolphins and the dugong).

The GBR ecosystem is indeed remarkably diverse, and it might follow that it inherently has a high
degree of resilience. It may be argued that the recent group of cyclones over the last few years is
unusual or put severe stress on the system, so that extra care is needed in managing potential
impacts. However, the geological evidence on the GBR shelf (e.g. sections 6.3, 6.4, 6.5, Table 4
and elsewhere) indicates that over the last 1,000 years at least, and probably much longer, there has
been a repeated pattern of periods of lesser and greater cyclone intensity operating on timescales of
1 or 2 decades. This means that perturbations in the system associated with cyclones are the norm,
rather than the exception. It might also be argued that many of the diverse number of species are
now listed as endangered or vulnerable, and that any reduction of diversity threatens its resilience
in some way. We are not qualified to comment on specific biological matters, but regarding
ecological variation in a general sense, just because something is rare does not necessarily mean it
is endangered. These judgements are made more difficult for organisms which occur in habitats
and environments subject to episodic large and, to date, relatively poorly understood changes.
Another point of note is that there are many reef systems around the world which are far more
‘stressed’ than the GBR. For example the reefs of the Caribbean lie adjacent to a population of
around 50 million people, and support a large fishery. In contrast the GBR has a population of 0.5
million living adjacent to it, there is no herbivorous fishery, total fishing pressure is minimal, and
most coral reefs are distant from the coast and rarely visited. Although the Caribbean reefs are in
some cases highly degraded, they still mostly support live coral assemblages. We may not want the
GBR reef system to approach the state of the Caribbean reefs, but the evidence from the Caribbean
does not strongly support that the proposition that the GBR is near a tipping point.
Further, comparing the inner-shelf turbid-zone coral reefs of the GBR with the reefs elsewhere on
the shelf cannot support an argument that the system is approaching a tipping point. As noted
elsewhere in this report (sections 3.0 and 5.4.3) and in the literature, the inner-shelf reefs
experience naturally high turbidity, high nutrient concentrations, large temperature fluctuations,
and support large numbers of corals. Comparing these with other reefs has little scientific
justification – it would be comparing apples with oranges.
Driving the GBR’s outer shelf reefs to experience similar sediment and nutrient concentrations to
the inner GBR (1%) would require an increase in fluxes many orders of magnitude greater than
what are occurring today, but there is no tipping point between these states so it is difficult to
sustain an argument that the outer GBR is approaching a tipping point. One possible counter to this
argument is the evidence that there has been a dramatic loss of coral in the southern and central
regions of the GBR in the last few years, and this will be discussed in the next section.
The re-initiation of the GBR after the last ice age 20,000 years ago, further counters arguments
about high sensitivity to small perturbations. During the last ice age, sea level was around 120 m
lower than today, the previous reefs were small flat-topped hills on a vast flat coastal plain, that
would later become the GBR ‘lagoon’. Sea level rose sufficiently fast that coastlines were eroding
at many metres per year, releasing large quantities of sediment into the marine system over
thousands of years (section 7.4). Temperatures were also rising however during the mid-Holocene,
around 5,000 years ago, the GBR thrived under conditions which by today’s standards would be
considered to be stressing the corals (section 5.3). The episodic nature and young age of the innerReport No. J1682v1
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shelf reefs (Figure 24, Figure 25) indicate that these inner-shelf reefs, although important in their
own right, are not crucial to the survival of the main GBR reef matrix (the 99% of corals) on the
outer shelf reef tract and cannot represent the status of reefs of other types in other environments.
In conclusion, used together, the tipping point and DBATC arguments can be used to claim
significant damage due to any stressor, and it is an argument virtually impossible to counter
because even the smallest extra stress can, by the definition of a tipping point, send the system over
the edge. Nonetheless, based on the existing scientific evidence, there is considerable doubt that
the GBR is anywhere near a tipping point.

10.4

How reliable is the science that indicates that the GBR is close to a
‘tipping point’? The need for some quality assurance.

As mentioned above, measuring the decline of the GBR is relatively difficult, especially compared
with other endangered ecosystems. For example, it is a trivial task to conclude that almost all of
the lowland rainforests of North Queensland, Australia, have been destroyed (by clearing for
agriculture), because a cursory look at a satellite image shows large areas of sugar cane where
rainforests once stood. A similar comment could be made of the Borneo or Amazon rainforests –
loss of habitat is obvious, and easy to detect and measure. However, the GBR has not been
subjected to such dramatic direct damage. There has probably been no direct coral loss due to port
related dredging since the 1980s, and this was direct loss due to the harbour development at Nelly
Bay, Magnetic Island (Rick Morton, pers comm., 2015). Coral has not been lost directly from
dredging operations for major ports on the Queensland coast because berth and port channels are
generally distant from coral reefs. Therefore, with the likely exception of a few small corners of
reefs directly affected by all past dredging activity, measuring at most a few football fields or so,
coral remains on all of the 3,000 reefs of the GBR marine park, in an area of 350,000 km2.
The question, however, is whether the coral is growing more slowly, or is less healthy, or if the
coral coverage on a particular reef has been reduced. This is far more difficult to demonstrate than
the wholesale destruction of habitat for agriculture. In addition, not a single species has been
reported as extinct on the GBR, and there are no widespread introduced feral animals or invasive
plant species. Compared with the Australian land ecosystems, which have seen massive species
extinction, land clearing for agriculture, and ecosystem collapse due to invasive plants, upon initial
inspection, the GBR is in excellent condition.
Demonstrating change in the GBR is made difficult by the natural temporal variability of the
system. A particular reef can look fine this year but appear devastated next year due to a Crown of
Thorns Starfish plague, passage of a cyclone, and/or bleaching from high temperatures. However,
reefs that suffer such impacts are likely to fully recover in a decade. These cycles of change, of
which most is entirely natural, have now been well documented by the Australian Institute of
Marine Science long term coral monitoring programme (AIMS LTMP) (Sweatman et al., 2011).
Of course, just because measuring a decline in reef health is difficult does not mean that it is not
occurring, and given the internationally iconic nature of the GBR, any significant reduction in its
condition over the long term is intolerable. However, the lack of a clear signal of decline, masked
by the natural variability of the whole system, means that scientists are forced to resort to indirect
measures of the system or to analysis of datasets where advanced and sometimes opaque statistical
techniques are required to discern a weak signal from the background noise. This leaves
considerable scope for misinterpretation, as is demonstrated in more detail below.
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There is reasonable cause to doubt that much of the existing science really demonstrates that the
GBR is severely damaged.
Before outlining the arguments, it should be appreciated that the authors of
this report do not dispute that there has been some damage done to GBR
ecosystems by human activity, and do not dispute that the GBR faces threats
in the future. Further, there is no implication of any conspiracy by
scientists or organisations to misrepresent the situation.
Selections of keystone papers which claim that the GBR faces serious problems are reviewed
below. These are major papers by influential scientists in prestigious organisations. In some
works, serious faults are identified, which in many cases completely invalidate the claimed
conclusions of the work. However, the key point is not that there is a problem with the science,
because no paper is perfect, and improvements and developments in thinking, data and
interpretation are all part of science. The key point is that there is no guaranteed system of quality
assurance that would normally occur, as would, for example, in industry when major resources
were going to be expended. In particular there is no mechanism for this work to be antagonistically
reviewed except for the journal peer review process which is often very cursory in nature.
It will be proposed that for important papers, claiming major damage to the reef, a far deeper
review process is necessary. Such a deep review would involve going back to the original data
sources and testing to make sure there are no alternative explanations. Such a review process
would take months rather than hours to complete. Most of the work below has been reviewed by
one of the authors of this report (P.V. Ridd) and his co-workers, entirely by chance. If this author
had not taken it upon himself to review these papers with his co-workers, or if he did not have
sufficient funds available to be diverted from other projects, most of the work below would not
have been reviewed. ‘Review by chance’ is not sufficient if these papers are to be used for public
policy decisions.

10.5

Demonstrated problems with extant GBR science

10.5.1

Keystone Paper: Pandolfi et al. (2003): Global Trajectories of the Long-Term Decline of
Coral Reef Ecosystems. Science, 301: 955–958. 1062 citations (150 in 2014)

Finding in question: The outer and inner GBR are 28% and 36%, respectively, down the path to
ecological extinction. This paper analysed data in the literature to measure the degradation of reefs
world-wide. It broke the organisms of the reef into seven categories and estimated the degradation
of each of these groups. These data were then combined in a statistical analysis to provide a figure
for the total degradation towards ecological extinction.
Faults: See (Ridd, 2007).
The numerical scale used to “measure” the state of the reefs was not well-founded and hence
distorted the result. The analysis implied that 25% of the journey to ecological extinction was
represented by the change from “pristine” to a state described as “human use with no evidence of
reduction of marine resource”, i.e. to a state that is effectively pristine but defined as not pristine.
By poor choice of definition, authors had effectively hardwired a 25% decline into their analysis.
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The categories were poorly weighted and focused largely on human target species, rather than
species that are ecologically important to reefs, most notably the corals themselves. For example,
the corals of a coral reef were weighted equally to each of seagrasses, large herbivores, and filter
feeders (which often are a very minor part of a reef ecosystem). Considering that corals are the
central ecological feature of reefs, this was an unjustifiable choice of weighting.
In most cases it is doubtful that the literature cited demonstrated the claimed decline in ecological
state. For example, the work by Wollston (1995) titled “A Few Anecdotes from 60 years Ago in
Nth. Qld.” was used to support the spurious claim that the corals of the inner GBR are 25% of the
way to ecological extinction.
Conclusion: No part of the conclusions of this paper is reliable, due to multiple methodological
problems and improper use of the literature.
10.5.2

Keystone Paper: De’ath et al. (2009): Declining coral calcification on the Great Barrier.
Science 323, 116-119. 424 citations (over 100 this year)

Finding in question: A study of 328 corals on the GBR indicated a 14% reduction in growth rates
has occurred between 1990 and 2005 and that the corals of the GBR are declining “at a rate
unprecedented in coral records reaching back 400 years”. In the same manner that tree growth
rates over hundreds of years can be measured by analysing tree rings, coral growth bands can be
used to study coral growth rates. This work used a complicated (but opaque) statistical analysis to
combine growth data from many parts of the GBR to give an average growth rate since the 1600’s.
Faults: (see Ridd et al., 2013, and D’Olivo et al., 2013).
A reanalysis of the data by Ridd et al. (2013) showed that the apparent reduction in growth rate was
caused by two problems:
•

There were serious problems with the physical measurements of the outermost coral bands,
which systematically bias recent growth bands to give lower growth rates.

•

The original analysis made the unjustified assumption that coral growth rate does not
change with the age of the coral.

This would not have been a problem except that the age distribution of the corals surveyed changed
dramatically with time due to a change in the sampling regime, leading to a reduction in the
average age of the corals after 1990. When these problems were taken into account (Ridd et al.,
2013), the dramatic fall in growth rate after 1990 was no longer evident and a small increase in
growth rates since the early 1900’s become evident (Figure 79). This is consistent with the earlier
research finding that a 4% increase in coral growth rate has occurred at studied GBR sites between
the 1400s and 2000 AD (Lough and Barnes, 2000).
Further work by D’Olivo et al. (2013) on a different set of corals in the GBR also showed no
reduction in growth rates over the last decades. Indeed, this work also revealed an increase in
growth on middle and outer shelf reefs (where 99% of corals live) of 10% per decade, but a
decrease of 5% per decade on the inner-shelf reefs.
Conclusion: The original finding that there has been a reduction in coral growth rates since 1990 is
wrong.
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Figure 79. Coral calcification rate on the GBR. (a) Calculated by De’ath et al (2009). (b)
Reanalysed to take into account measurement errors and ontogenetic effects
(From Ridd et al., 2013). Note the fall post-1990 disappears and the data reveal
an increase in calcification since 1900. Dotted lines represent error margin.

10.5.3

Keystone Paper: De’ath and Fabricius (2010): Water quality as a regional driver of coral
biodiversity and macroalgal cover on the Great Barrier Reef.

Ecological Applications

20:840–850. 110 citations

Finding in question: Water quality improvement to the GBR by minimizing pollution from
agricultural runoff will reduce macroalgal cover on average by 39%, and will increase the richness
of hard corals and phototrophic octocorals on average by 16% and 33%, respectively. This
conclusion was based upon a comparison of the “pristine” northern section of the GBR with the
central region of the GBR. The central GBR, which certainly has a different mix of macroalgae,
hard corals and phototrophic octocorals, was presumed to be significantly impacted..
Faults: See Ridd et al. (2011).
At the core of this paper is the assumption that the pristine northern GBR was the same as the
central region before European settlement. It ignores the possibility that these pristine reefs have
been different across historical and geological timescales to those reefs labelled as ‘‘impacted.’’
This is an epic and unacceptable assumption given the large oceanographic, climatic and
geomorphological differences between the two regions. It would be akin to assuming that the
vegetation around Sydney would once have been the same as that a thousand kilometres away
around Melbourne, and that any differences that now exist are due to human impacts.
Furthermore, this work completely ignores a considerable body of literature describing the
relationship between hydrodynamics and local sediment and nutrient dispersal, which casts
significant doubt as to whether systematic differences in physical conditions and biodiversity at the
majority of reefs can be inferred from land use changes alone.
Conclusion: The conclusions are unreliable due to unreasonable assumptions.
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10.5.4

Keystone Paper: Hoegh-Guldberg et al. (1999): Climate change, coral bleaching and the
future of the world's coral reefs. Mar. Freshwater Res., 1999, 50, 839-66 Science, 301: 955–
958. 2337 citations (over 250 in 2014)

Finding in question: The prediction was made that by 2015, large scale coral death will occur seven
years per decade for the GBR due to coral bleaching. High temperatures in the middle of summer
can kill corals by bleaching, which is the expulsion of the symbiotic algae that live inside the coral
polyp, producing energy by photosynthesis. The hypothesis is that if global temperatures rise,
coral reefs around the world face extinction. This paper predicted that bleaching should now be
occurring almost every year and was based upon the mass bleaching event of 1998 and the output
of climate models.
Fault: This prediction has been shown to be wrong - the last major coral bleaching event on the
GBR occurred in 2002 (Figure 80). Bleaching has been a relatively minor contributor to coral loss
(De’ath et al. 2012) and instead, damage by Crown of Thorns Starfish and physical damage by
cyclones have been shown to be more important. In addition, recent work has shown that corals
are now able to adapt to temperature changes by using different clades of zooxanthellae (Howells
et al., 2011). Some clades give the coral the advantage of fast growth but leave them liable to
bleaching; other clades allow more moderate growth rates but are relatively tolerant of bleaching
events. The strategies adopted by different corals is a likely to be the result of 200 million years of
evolution of corals to changing environmental conditions over time scales from years to millennia.

Figure 80. Prediction of the frequency of mass coral bleaching events (Hoegh-Guldberg et al.
(1999)). It was predicated that by 2015 there would be massive coral bleaching
events seven times per decade. Time has shown this prediction to be incorrect.
The last mass bleaching event was in 2002.

The hypothesis that corals will be seriously affected by moderate temperature rises has always been
rather tenuous. Corals are a tropical species which tend to grow faster in warmer water and grow
best on the equator. The only regularly temperature-stressed corals of the Queensland coast live in
Moreton Bay, which is too cold in winter. Therefore, warmer waters might not generally stress the
corals of the GBR system, which generally live in temperatures significantly lower than those of
the equatorial seas. Clearly, if the high-end IPCC predictions of climate change for the end of the
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century are realised, the GBR may be affected; however, this paper made a prediction on the basis
of a slight temperature increase which is well within the tolerance bands of corals.
In conclusion, this paper, with over 2,000 citations, made a definite prediction which has been
proven to be incorrect.
10.5.5

Keystone Paper: Kroon (2012): Towards ecologically relevant targets for river pollutant
loads to the Great Barrier Reef. 14 citations

Finding in question: If erosion of sediment from agricultural runoff was to be reduced by 7,000 k
tonnes/yr, and Nitrogen pollution (fertilizer) was to be reduced by 6,000 tonnes/yr, the
concentrations of suspended sediment and Chlorophyll A (Chl A) in the Great Barrier Reef waters
would be reduced by around 40%. This would bring the concentrations down to values that are
presumed to be “natural” and solve the perceived stress to the GBR caused by agricultural runoff.
This paper was based upon the assumption that the concentration of sediment and Chl A in the
GBR is solely determined by a linear relationship to the yearly inputs of sediment and nutrients
from rivers.
Fault: See Ridd et al. (2012).
The explicit assumptions made by Kroon (2012) regarding the linear relationship between the
riverine loads of Total Suspended Solids (TSS) and Dissolved Inorganic Nitrogen (DIN), and
coastal TSS and Chl A, respectively, implies that there are no other sources of TSS or DIN to the
water column of the GBR lagoon. The references cited by Kroon (2012) to support these
assumptions provide little justification and, in some cases, offer clearly contradictory evidence.
Additionally, Kroon (2012) had not considered a large and important body of literature (e.g.
Larcombe and Woolfe, 1999a, b) that shows that TSS on inner-shelf reefs is controlled almost
entirely by wave resuspension of existing sediment on the muddy inner shelf and not by river input.
Kroon (2012) has also not considered the work of Furnas et al. (1995, 2011) which shows that
cycling of Nitrogen across the sediment/water interface of the lagoon is 100 times more important
than riverine input of Nitrogen. Kroon thus ignores the dominant mechanisms controlling sediment
and Chl A concentrations and assumes an entirely unrealistic and unsubstantiated mechanism.
Conclusion: The assumptions made by Kroon (2012) are not justified, and the calculations by
Kroon (2012) of the effects on the GBR lagoon of reducing TSS and DIN loads in rivers are
unreliable.
10.5.6

Keystone Paper: Wolanski et al. (2008): Wet season fine sediment dynamics on the inner
shelf of the Great Barrier Reef. 50 Citations

Finding in question: Flood plumes significantly affect the suspended sediment concentration (SSC)
on inner-shelf reefs. This contradicts earlier research by Woolfe and Larcombe (1999) and
Larcombe and Woolfe (1999a,b), which suggest that the SSC is dominated by wave resuspension
of sediment and that sediment availability has not changed since European settlement, because
large quantities of sediment are available on the seabed due to deposition over millennia.
Fault: See Orpin and Ridd (2012).
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This paper focused on data of SSC and salinity near the coastal coral reefs close to the mouth of the
Tully River. One of the main conclusions was that “the bulk of the fine sediment reached coral
reefs from the first flush of mud eroded from the river catchment…”. This was based upon a single
brief spike in a time series of SSC data on one of the coral-reef sites. However, the SSC peak
occurred one day before the river flood, so it is highly unlikely to have been caused by the river
discharge. Even without the timing problem, the hypothesis that the SSC spike at the coral-reef site
was caused by the river is implausible because the peak river SSC was far lower than the SSC at
the coral site. River plumes always lose sediment very rapidly due to deposition as they move
away from the coast. In this case, we would be forced to conclude that the water somehow
concentrated the sediment by a factor of over 10 if the coral SSC peak was caused by the river.
Close inspection of the data indicates that the coral SSC peak was most likely caused by a change
in wind direction, which generated waves from a different direction, causing resuspension of
bottom sediment.
Conclusion: The paper makes a range of unsubstantiated claims about the relative impact of river
discharge on the SSC in GBR waters.
10.5.7

Keystone Paper: Bellwood et al. (2004): Confronting the coral reef crisis. 1631 citations
(over 300 in 2014)

Finding in question: It was concluded that there had been a 50% reduction in coral cover in the
GBR from the early 1960’s to 2000 (Figure 81). The authors joined together two time series of
coral-cover data to span this period. From 1986 to 2003 the high quality AIMS LTMP data were
used, which is based upon large scale systematic surveys; but for the period 1963 to 1985, the
authors used ad-hoc and low quality data from disparate short-term, and small-scale studies from
isolated areas of the reef.
Fault: See Boer et al (in press) and Sweatman and Sym (2011).
The use of the very low quality data before 1986 had a large influence on the result. The low
quality data were used in an attempt to determine if coral cover was changing before the start of the
AIMS LTMP studies in 1985 – a laudable aim. However, data were included from individual
papers that happened to report coral cover on widely flung parts of the GBR – in some cases
collected across an area of only a few square metres. The pre-1986 data had no declining trend and
huge scatter, but because the arithmetic mean for the pre-’86 period was greater than for the post
‘86 period (a result of the non-Gaussian distribution of coral-cover data), the result of joining these
datasets was to imply a significant decline. Bellwood et al. (2004) effectively added noise (the pre
’86 data) to good data (the post ’86 data), and inferred a decline in coral cover across the joined
record.
Another significant problem with this paper was that no literature source was cited for the pre-86
data (the second author was apparently responsible for these data). For this reason, Boer et al. (in
press) attempted to reconstruct the pre-1986 data of Bellwood et al. (2004) from the literature, but
it proved impossible to match their results (Figure 82).
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Figure 81. Reproduction of the Bellwood et al. (2004) ‘meta-analysis’ of coral cover decline in
the GBR from 1963 to 2003 (see Fig. 1a in: Bellwood et al. 2004). Each dot
represents the mean coral cover for a particular year. Before 1986, data were
taken from the literature. After 1986 the AIMS LTMP data are used. Note the
discontinuity at 1986. Original data from before 1986 were not able to be
supplied (T. Hughes pers. comm.) and Boer et al. (in press) attempted to
duplicate the results (Figure 82).

Figure 82. Comparison of GBR mean coral cover (%) between data series. (Be2004 is the
original compilation of Belwood et al. (2004) and Bo2011 is the compilation of
Boer et al (in press). The r2 correlation coefficient between the series is 0.02.
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The reason for the lack of ability to reproduce the results of Bellwood et al. (2014) is that the way
the data from the literature are aggregated and weighted can greatly affect the coral-cover figure for
a particular year, and Bellwood et al. (2004) have been unable to provide their methodology. For
example, if in a particular year there were three papers that reported coral cover on the GBR, one
for a single reef and an area of 10 m2 of coral, another for a different reef which reported upon 10
separate patches of 20 m2, and a final paper which reported the coral cover for a line transect of 200
m (quite possibly all using totally different survey methods), how does one calculate the average
for the year? One could average the results of the three papers, or weight the results by the area of
coral surveyed, or alternatively weight each reef surveyed equally irrespective of the area surveyed
on each reef. Boer et al. (in press) demonstrated a considerable difference in results depending
upon the method of aggregation.
10.5.8

Summary

The discussion above demonstrates that there is significant doubt about the veracity of some of the
most influential papers (a combined total of ca. 5,000 citations) that argue for a human-influenced
decline in the state of the GBR.
Critical analysis of these papers, to date undertaken largely by P.V. Ridd and his co-workers, is a
very time-consuming task, which in many cases involves going back to the original data. The
authors estimate that if a large dataset requires analysis, each critique takes many months work, and
generally cannot be supported by government or university funding sources. Instead, this work was
funded by diverting funds from other projects. Unfortunately, the scientific literature does not
provide a similar degree of scrutiny for all important papers. In the specific case of the GBR, given
the demonstrable fact that the keystone literature regarding the GBR that has been reviewed so far
appears to have major inadequacies, it would clearly be prudent to subject other keystone papers to
similar independent scrutiny.
A brief analysis of a further three important papers is given below. Each of the three papers makes
a significant claim about the declining state of the reef, and for each there is a good prime facie
case that there is a problem with the analysis. The pertinent question is not just whether these
papers are right or wrong, it is more about who is going to do the type of in-depth analysis required
to demonstrate whether there are any serious flaws with the work. The authors estimate there is at
least 2 person years of work involved in returning to the original data and making the necessary
checks to test the work properly. There is no guarantee that this will happen.

10.6

Significant papers which have not been subject to thorough
antagonistic review.

Three keystone papers have been selected. Each rests upon a major dataset, and each makes
significant claims about the declining state of the GBR. There are other papers that could be
analysed, but the three below were selected because they make some of the most significant claims,
and are the basis of many statements in the media, by politicians and organisations of all types political, environmental, scientific, and industry. The first and second papers relate to the effect of
agricultural sediment and nutrient runoff, respectively, so they go to the heart of the debate on the
effect of agriculture on the GBR. The third paper makes a claim that the GBR will be almost gone
within 10 years “without intervention”.
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10.6.1

Keystone paper requiring analysis #1: Fabricius, De’ath, Humphrey, Zagorskis, Schaffelke
(2013). Intra-annual variation in turbidity in response to terrestrial runoff on inner-shelf
coral reefs of the Great Barrier Reef. 31 Citations

Significant Claim: Fabricius et al. (2013) used a three year time series of water-turbidity data at 15
fringing reefs, and used statistical techniques to identify the influence of wave climate and river
flow on turbidity. It was concluded that there is an important influence of river plumes on the
turbidity and sediment concentrations on the GBR, with the implication that turbidity has
significantly increased in historic times due to the delivery of higher river sediment loads because
of agricultural activity.
Background: For two decades there has been a debate over the influence of turbid river plumes on
the GBR. There being no doubt that increased erosion on agricultural land has increased the
sediment loads of the rivers, a plausible hypothesis is that a concomitant increase in suspended
sediment concentrations (turbidity) in nearshore/coastal GBR waters should have occurred. In fact,
the sediment concentrations in these plumes are generally extremely low (Orpin and Ridd, 2012,
and Larcombe and Woolfe, 1999a, b), and Orpin and Ridd (2012) have shown that resuspension of
sediment by waves is the dominant mechanism of increasing sediment concentrations in GBR
waters. Many of the inner-shelf (turbid water) reefs live surrounded by fine sediment which has
been deposited over the last few thousand years and thus there is ample sediment available for
resuspension. Thus, any “extra” sediment that has resulted from enhanced erosion on the land over
the last 200 years has added only an insignificant increment to sediment availability.
Coring of the highly turbid inner-shelf fringing reefs has shown that they have successfully lived in
very muddy environments since they were formed many thousands of years ago. Perry et al.
(2008b) studied the extremely turbid Paluma Shoals reef and found that the coral assemblages
exhibit no measurable evidence of community shift attributable to post-European water-quality
changes 27. Perry and Smithers (2011) cautioned that ‘‘degraded reef states cannot de facto be
considered to automatically reflect increased anthropogenic stress’’, i.e. those reefs that may appear
to be “degraded” may be in a natural state which is different to the picture-postcard ecosystems
associated with the clear water outer GBR. Surprisingly, this literature is relatively poorly cited,
considering its fundamental importance to understanding inner-shelf reefs.
In the light of this previous work, the paper by Fabricius et al. (2013) points out that “Turbidity was
also up to 10-fold higher on reefs near, compared to away from, river mouths” and makes the
surprising claim that “a reduction in the river loads of fine sediments and nutrients through
improved land management should lead to measurably improved inner-shelf water clarity in the
most turbid parts of the GBR”.
At first glance, it appears that Fabricius et al. (2013) has shown a genuine influence of river plumes
on the GBR inner-shelf. The significance of this might be, depending on one’s perspective, an
important first indication of human impact or an obvious finding regarding the nature of rivers, or
somewhere in between. The significance and attribution of the claimed increase is unclear, because
their paper does not address the question of the length of time that these increased concentrations
occurred. Using the figures they present, the increase appears to be no more than 1 NTU for
perhaps a few days of each year.
27

Note that Perry et al. (2008b) tested for changes in coral communities that they inferred might be
consistent with such water-quality changes, had such changes occurred.
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Typical turbidities on these reefs during wave resuspension events (which occur every week or so)
often exceed 10 NTU. Very roughly, the slight excess turbidity from the river plumes would occur
perhaps 5% of the time on these very close coastal reefs, which constitute much less than 1% of the
GBR. It therefore appears hard to make a defensible argument that this is likely to be ecologically
significant, especially if it has been occurring gradually over the last 200 years (cf. the argument
regarding organic matter made in section 5.4.3).
It should be stressed that even small parts of the reef system are worth considering for protection,
but the message here is that for 99% of the coral reefs of the GBR system, the rivers are of little
practical sedimentary relevance. Prime-facie, this does not appear to indicate an important systemwide rise in turbidity for the GBR, but there needs to be a proper analysis done.
The Fabricius et al. paper is based upon a large dataset of perhaps a million data points, and will
therefore require considerable time and effort to scrutinise in the required detail.
10.6.2

Keystone paper set requiring analysis #2: Brodie, De’ath, Devlin, Furnas, Wright (2007)
Spatial and temporal patterns of near-surface chlorophyll a in the Great Barrier Reef
lagoon. 98 citations, and Fabricius, Okaji and De’ath (2010) Three lines of evidence to link
outbreaks of the crown-of-thorns seastar Acanthaster planci to the release of larval food
limitation. 55 citations

Significant Claim: Nutrient pollution from agricultural runoff has caused plagues of coral-eating
Crown of Thorns Starfish (COTS), which are destroying the reef.
Fabricius et al. (2010) used laboratory experiments to demonstrate that higher Chlorophyll A (Chl
A) concentrations (due to phytoplankton) increase the survival rate of Crown of Thorns Starfish
(COTS) larvae. Citing the work of Brodie et al. (2007), who claim that Chl A concentrations are
twice as high in the central region of the GBR (which receives more agricultural runoff) than in
other regions, they propose that the higher Chl A concentrations in the central GBR trigger COTS
outbreaks and thereby in due course act to reduce the coral cover. This is a central theme of the
recent GBR Consensus Statement (Brodie et al., 2013), which outlines the main arguments for how
agricultural practices are damaging the reef. The hypothesis rests crucially upon the observation
that Chl A concentrations are higher in the central GBR region than the relatively pristine northern
region. This observation, which is the work of Brodie et al. (2007), will be the main subject of
scrutiny of this section.
Background: The hypothesis that COTS are destroying the GBR has gone in and out of favour
since the first COTS plagues were identified in the 1960’s in the pioneering days of marine biology
on the GBR. Right from the beginning it was claimed that these plagues were not natural, though
the basis for this assumption was unclear. At first it was suggested that the COTS outbreaks were
caused by overfishing of Triton shells, which are a known predator of adult COTS (Pearson and
Endean, 1969). A major outbreak in the early 1980’s, and the associated media attention,
precipitated the AIMS long-term monitoring program, which documents the percentage of coral
cover of over 214 Reefs.
Other work has disputed the hypothesis that COTS outbreaks are anthropogenically caused. By
searching for COTS skeletal remains in sediment cores taken from reefs, Walbran and Henderson
(1989) have shown that COTS outbreaks have occurred continuously during the last few thousand
years and that there is no evidence that they are more widespread today. There was some critical
commentary about this work (e.g. Fabricius and Fabricius, 1992), which was largely addressed by
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Henderson & Walbran (1992), but curiously the original work by Henderson and Walbran (1989)
seems to have been almost forgotten and is very poorly cited, despite its great significance.
In the scientific literature, linking COTS outbreaks to nutrient pollution has occurred throughout
the last decade. As it is certain that higher nutrient loads are coming from river plumes, these
indeed have the potential to cause enhanced phytoplankton (Chl A) concentrations, which in turn
could influence COTS larval survival. However, the supposed doubling of Chl A concentrations
due to agricultural nutrient enrichment in the central GBR (Brodie et al., 2007) is problematical for
two reasons:
•

First, the GBR waters are very rapidly flushed to the Coral Sea (around 1 month e.g.
Choukroun et al., 2010). So, for example, the same volume of water that is discharged by
rivers in an entire year is flushed to the Coral Sea in about 8 hours. Simple mass balance
calculations indicate that this rapid flushing must reduce system-wide long-term nutrient
enhancement to very low levels.

•

Second, the river discharge is only a very small component of the nutrient cycle in the
GBR. For example, the recycling of Nitrogen and Phosphorus through the seabed is over
100 times the rate of delivery from rivers (Furnas et al., 1995).

It is therefore difficult to understand what mechanism could cause the doubling in phytoplankton
concentrations solely from a minor increment in nutrient input from rivers into this well-flushed
system.
One possible explanation to this paradox is that the assertion that the Chl A concentrations in the
central GBR are double those of the other regions may be wrong, or is misrepresenting the
fundamental differences that may exist between the various regions. Determining an average Chl
A concentration for a region is not a trivial task, because it can depend on the proximity of the
sampling sites to the open sea. Due to rapid flushing, sites close to the Coral Sea will have low Chl
A concentration. The shelf width thus becomes a primary factor controlling Chl A concentration
due to the less efficient flushing of wider shelves. The northern GBR is very narrow, at ca. 20 km
at one of the transects used by Brodie et al. (2007), in contrast to the central region which is ca. 100
km wide. It is notable that the central GBR displays a strong Chl A concentration gradient across
the shelf, which is likely to be the result of the longer flushing times of the inner-shelf waters
compared with the very short flushing times of the offshore water. The northern GBR shows no
cross-shelf concentration gradient, possibly because the entire shelf is rapidly flushed, along with
the lagoon. A simple average of the concentrations for the two regions that does not take account
of the shelf-width difference, such as that apparently done by Brodie et al. (Figure 83) is fraught
with danger (Figure 84) and may prove to be completely incorrect.
Another obvious difference between the northern and central regions of the GBR is the effect of
large sheltered muddy embayments along the coast of the central region, which are likely to contain
higher Chl A concentrations because of the natural cycling of nutrients across the sediment/water
interface. These muddy embayments were sampled by Brodie et al (2007) in Cleveland Bay and
Trinity Bay, whereas the only large muddy embayment in the northern region (Princess Charlotte
Bay) was not sampled.
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Townsville

Far North

Figure 83. Chlorophyll concentration in the Townsville and Far Northern zones of the GBR
(From Brodie et al., 2007). These plots use the relative distance across the shelf
as the horizontal coordinate.

The reader may assume that such problems would have been taken into account in the sampling
design and subsequent data analysis, but such optimism may be misplaced. There appears to have
been no analysis of the data that related the distance to the Coral Sea to Chl A concentration. It
would also be interesting to explore the influence of the sites located in the muddy inner-shelf
embayments, which are well-represented in the central region, but entirely absent from the northern
region dataset. Given the importance of this dataset, there is ample justification for reanalysis.
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Townsville

Far North

Distance from Coral Sea
Figure 84. As for Figure 83, but the far Northern data are scaled to take account that the Far
Northern region is much wider than the Townsville region. The graphs are
aligned to match the positions of the boundary with the Coral Sea. It is notable
that the Chl a concentrations are very similar in the north and Townsville
regions (0.4 mg/l) for similar distances from the Coral Sea.

10.6.3

Keystone paper requiring analysis#3: De’ath, Fabricius, Sweatman, Puotinen (2012). The
27-year decline of coral cover on the Great Barrier Reef and its causes. 189 Citations

Significant Claim: This paper concludes that there has been a 50% reduction in GBR coral cover
between 1985 and 2011, and predicts that “without intervention… (coral cover) ….. will likely fall
to 5–10% within the next 10 y”. The measured decline consisted of a slight decline between 1985
and 2005, mostly due to losses in the central GBR, followed by a steep decline from 2005 to 2011,
due to losses in the southern GBR. This reduction was caused by 10% bleaching, 42 % COTS and
48% cyclones.
Background: As stated above, the Australian Institute of Marine Science Long Term Monitoring
Program (AIMS LTMP) has used standardized techniques to measure the coral cover on 214 reefs
since 1985. The AIMS LTMP issues periodical reports, and up to 2008, was claiming that there
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had been only a modest reduction in coral cover, mostly in the close inner-shelf reefs. However,
this most recent analysis (De’ath et al. (2012) used new statistical methods and came to the much
more alarming conclusion – a 50% reduction in coral cover by 2011 and an extrapolation to near
oblivion.
There are several prime facie reasons to question these conclusions, but the most important relates
to the environmental conditions that prevailed on the GBR in 2009 and 2011. De’ath et al. (2012)
show that the coral cover for the southern GBR fell by 80% between 2005 and 2011. It is probable
that this decline was caused by the passage of two intense cyclones: TC Yasi, which is famous for
destroying much of the towns of Cardwell and Tully in 2011, and more importantly, a rare category
5 system, TC Hamish in 2009. TC Hamish is less well known, because rather than make landfall, it
moved parallel to the outer GBR shelf, close to and over the outer-shelf, along the entire length of
the central and southern shelf. In doing so, it TC Hamish had high potential to damage corals on
the GBR. Great Barrier Reef Marine Park Authority stated that “more than 50 per cent of the coral
reefs in the Great Barrier Reef Marine Park were affected by destructive or gale force winds”
(GBRMPA 2011). This event, which as far as the GBR is concerned, might have been one of the
most extreme events of the last 100 years, was not mentioned by De’ath et al. (2012) even though
an analysis of the relative loss of corals from cyclones was calculated.

Figure 85. Path of category 5 Tropical Cyclone Hamish 2009. Great Barrier Reef Marine Park
Authority stated that “more than 50 per cent of the coral reefs in the Great Barrier
Reef Marine Park were affected by destructive or gale force winds” (GBRMPA
2011). Although this was perhaps the most destructive event for the GBR in 100
years, it was not mentioned in De’ath et al. (2012).

It is probable that the episodic large-scale massive loss of corals that occurred in 2009 is a natural
feature of the GBR’s long term environmental setting. Occasional cyclones and extreme storms
have trajectories that expose most of the GBR to intense winds and waves, and it has been known
for decades that such events can strongly affect individual reefs. What remains unknown, however,
is how often such events affect a large fraction of the area of the GBR? In undertaking further
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analysis of these data, it would be necessary to analyse other cyclone tracks since records began, in
order to place the effect of TC Hamish and Yasi into an appropriate context. For example, have
there been other cyclones which caused similar damage, before the AIMS LTMP data began in
1985, and after which presumably the coral cover rebounded? Instead of predicting the continued
decline of the GBR in ten years, should we be predicting a typical rebound instead – as is observed
of individual reefs within ten years of their cyclonic disturbance?
Other questions which need to be answered are:
•

Are the weightings used by De’ath et al. (2012) appropriate to arrive at the final average
coral cover for the GBR?

•

Why do the authors attribute all the coral loss to COTS, bleaching and cyclones but none
of the loss to the effect of sediment smothering, when the first two authors have made
claims in other work that sediment is adversely affecting the GBR (e.g De’ath and
Fabricius, 2010) see comment above). Is the methodology to attribute loss of corals to
bleaching, COTS and cyclones appropriate?

The above commentary provides a prime-facie case that these three highly influential papers may
have serious errors. Only detailed reanalysis of the original data will determine if the papers are
sound, or if there are major flaws.

10.7

Discussion

In the above discussion about the state of the GBR, seven papers were mentioned where it is at
least likely that important conclusions are highly debatable. In addition, there is a prime-facie case
that a further three important papers are questionable. Six of the first seven papers were reviewed
by P.V. Ridd and his co-workers at considerable cost, with funding diverted from other sources.
For the final three papers, there is no guarantee that these will ever be reviewed. The fault here lies
not with the original authors of the suspect papers. All are excellent scientists who have made an
important contribution to science in these papers. The problem is that there is no guaranteed
mechanism by which the work is thoroughly reviewed. All the papers were peer reviewed, but
although peer review is an important part of the process, in its normal form, it is not rigorous
enough to subject the original work to genuine antagonistic review. To do this, it is generally
necessary to use the original data, to check analytical methods and results, and ensure that
alternative explanations are thoroughly considered. This could take many week or months, and in
conventional peer review, is never done.
Given that large expenditures of public funds should be based upon good science, it would seem
prudent to submit the science which suggests that the GBR is close to a tipping point, to a quality
assurance process which is much more thorough than simple peer review. The lack of a proper
quality assurance process for many environmental issues upon which large quantities of
government funds are expended should be compared with the procedure that a large company will
go through before making a major investment. Examples, which are discussed in detail below,
could be (a) a large mining company buying up a smaller company which might own a promising
minerals prospect, and (b) pharmaceuticals companies when they embark on commercialising a
drug based upon promising university research. Would they rely solely on peer review before
expending potentially billions of dollars, or would they apply a far higher level of due diligence
and check the crucial data very carefully?
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10.7.1

Case A: Large mining company buying a mineral prospect.

After the initial discovery of a minerals prospect, typically an extensive drilling programme is
undertaken to “prove” the resource. This will determine the size of the resource, the mineral
concentrations, the potential for impurities to cause problems with processing, and the difficulty of
mining the prospect. These promising prospects are often sold to other companies which have the
funds and expertise to develop the resource. Before sale, all the data are heavily scrutinised to
ensure, as far as is possible, that the resource is viable, and to determine the value of the resource.
To make its decision, the mining company buying the resource would not rely solely upon some
scientific papers, published in journals for which the only quality checking is by an unknown
reviewer who may be associated with the original author, and who may have spent only a few
hours on the review.
10.7.2

Case B: Developing pharmaceuticals

The cost of taking a promising compound to a commercial drug is in the order of a billion dollars,
so drug companies must take care at the beginning of a programme to make sure the initial
information upon which they are basing the investment is sound. They will not accept that a peer
reviewed journal article is adequate proof that the original work is sound. Instead they try to
replicate the original results. It is interesting to note that when these tests are made, a disturbingly
large number of important scientific papers are found to be wrong – over three quarters according
to Prinz et al (2011) of the German drug company Bayer writing in the journal ‘Nature Reviews
Drug Discovery’. This issue has come to some international prominence with the prestigious
magazine The Economist (19/10/2013) writing
“A rule of thumb among biotechnology venture-capitalists is that half of published
research cannot be replicated. Even that may be optimistic. Last year researchers at one
biotech firm, Amgen, found they could reproduce just six of 53 “landmark” studies in
cancer research. Earlier, a group at Bayer, a drug company, managed to repeat just a
quarter of 67 similarly important papers.
Although it is disturbing that in the pharmaceuticals industry, there appear to be some problems
with the accuracy and reproducibility of published research, the large companies apply a rigorous
quality assurance process which traps and filters out much of the unreliable work. This does not
occur with many environmental issues. Instead, peer review is regarded as the gold standard.
Apparently nothing further needs to be done in the way of quality assurance and large sums of
government funds can be spent, new developments can be halted and extra expenses can be
imposed on commercial activity.
It is one thing to argue that a large number of individual research papers on disparate topics may be
in error, but quite another to argue that almost all the papers showing decline of the GBR are in
error. Although there are a large number of papers which claim some stress on the GBR (e.g.
increased riverine loads, increased dredging, higher temperature, lower pH, higher chlorophyll
concentrations etc) the number of papers which actually document a measureable decline of the
coral is very small and by far the most important are those associated with the AIMS long term
monitoring programme. Nevertheless, is it possible that so many papers can be in error? It is
probably unlikely. It may well be that much of the science would withstand scrutiny, but in order
to make reliable decisions, we must first determine what science is sound and what is not. If, for
example, it transpires that the effect of nutrients in causing COTS outbreaks is minimal, then
resources can be better focused into other areas.
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Although it is improbable that all the science showing the GBR is damaged is unreliable, it is
possible that there is a systematic failure of the scientific processes which has diverted the
conventional thinking in a particular direction. It is pertinent to ask for the case of the
environmental sciences:
•

Is there a chance that some marine scientists are partially driven by ideology?

•

Is there a chance that peer review amongst this group is self selecting of the dominant idea?

•

Is there is a robust debate without intimidation?

•

Are funding opportunities affected by one’s views on the reef?

•

Is contrarian opinion welcomed because it spurs debate and sharpens ideas?

10.8

Conclusion

It is difficult to answer these questions, but if there was a proper quality assurance process, the
answers would matter less. There is now a clear need to subject that important research which
claims damage to the GBR to appropriate scrutiny, and funds must be made available for this task.
The task must be undertaken by those outside the community of scientists who, for want of a better
classification, would be authors of, or associated with, the GBR Consensus Statement. In the same
way that in a court case, the defence and prosecution barristers must be independent of each other
and try to disclose the truth to the jury in an adversarial system, only those not associated with
claims that the GBR is in danger should undertake the work to review the science which suggests
that the reef is indeed damaged.
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11.0

MEASURING SEDIMENT TRANSPORT AND RELATED
PARAMETERS

11.1

Summary – Links to Dredging

•

Neither ‘industry best practice’ nor the ‘newest science’ guarantees that results are most
accurate, most robust or most appropriate. The appropriate science needs to be performed,
which here is largely marine geoscience. The key is to identify the specific questions to be
answered and ensure that the data are appropriate to answer it. Appropriate scientific
knowledge on marine sedimentary issues is weakly represented in the regulatory sphere,
and much of the expertise is located within industry.

•

Assessment of sediment transport using turbidity has large uncertainties, especially perhaps
at times where the sedimentary influence is most critical to the biology. Turbidity may
sometimes be appropriately used as a qualitative tool, but cannot be considered as a
quantitative one.

•

‘Sedimentation’ in the marine environment is often an issue of concern. ‘Limiting levels’
of sedimentation, measured by settling tubes, are often not fit for purpose, especially in the
light of a wealth of new data and the need for an appreciation of sedimentary context.

•

It is critical to measure and understand the appropriate sedimentary processes if studies are
to be defensible and applicable in sedimentary terms. Measurements must be made of all
the key sedimentary processes and the oceanographic forcing, using solidly established
technology, completely pertinent to the sedimentary issues in hand, supported by a wealth
of published science.

11.2

Neither ‘industry best practice’ nor the ‘newest science’ guarantees the
best results.

In the regulatory sphere, there can be an understandable tendency to try and standardise
measurement and assessment procedures, but unless kept under thorough and constant review, such
standards can lead to periods of stasis in the procedures applied, gradually limiting the practical
application of the work performed and the potential for extra understanding – as noted above, the
persistence of the use of turbidity is a example. “Industry best practice” does not necessarily mean
‘most accurate’ or ‘most robust’ or most appropriate' if the techniques deployed and their
interpretation lag the applicable science too far, and or there is a real or perceived unwillingness by
clients or consultants to incorporate new ways of working into the work.
Once conceived and published, there is an essential period of time when new science ideas and
techniques make their mark and are, in effect, tested by the scientific community for aspects such
as accuracy, appropriateness and robustness, and there is generally a following period when the
science may make its way into the applied science and consulting fields. Especially for those
clients with a focus on permitting issues, this latter stage is generally only hastened where there are
specific requests or requirements laid down by the regulatory agencies.
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This process of incorporating appropriate science is enhanced if the regulatory agencies are able to
make these judgements with a feeling of 'independence', and a feeling that this independence is
demonstrable to other parties. Independent and appropriate scientific knowledge on marine
sedimentary issues is weakly represented in the regulatory sphere, and much of the expertise is
located within industry. For regulators, this makes the process of developing and applying
guidelines and similar advisory documents very difficult, especially if the consultancy sphere is
unreceptive and/or the industry is, or is perceived to be, unwilling to fund the ‘new’ type of work.
Nonetheless, it remains the responsibility of the regulatory agencies to ensure that the science upon
which their advice is based, and requests and decisions made, are the best available. At present, the
system may lack the potential arrangements, and funding, for appropriate external input on matters
of considerable environmental significance. This is a situation which deals all parties a less than
ideal outcome, and reduces trust in the process.
Finally, and as expounded on in detail by Falkenberg & Styan (2014), the appropriate science
needs to be performed, which in this case is marine geoscience. The key is always to identify the
specific questions to be answered (section 13.1) and ensure that the data are appropriate to answer
it. The nature of the field data are thus critical. Below are a few examples where the ‘industry best
practice’ or ‘standard practice’ measurement methods appear to have lagged the science too much,
to the detriment of all parties.

11.3

The way that things are measured is important.

Much of the current level of understanding of the sediment dynamics of the GBR shelf is based on
unpublished data and published data in non-sedimentary journals. As noted above, this is partly a
result of history, but in the present context it is relevant to note that there is therefore scope for
reviewing the nature of data collection and measurement design of related studies, to improve their
ability to answer the key questions regarding sediments in general and dredged sediment in
particular. Whilst not being exhaustive, there are some issues worthy of note here.
11.3.1

Turbidity ≠ SSC.

The measurement of water turbidity is a measurement technique that rightly made its way to the
core of many marine measurement and monitoring programs in the 1990s. However, 25 years
later, it remains there today, including in Australia (e.g. Falkenberg & Styan, 2014), but with
regard to the science advances since then, and the implications for application, is in need of a
critical re-assessment, at least by users in the consultancy and regulatory sphere. This reassessment
has largely taken place by the academic and research communities (e.g. Mikkelsen, 2014)., where
turbidity is used as a first-order indication of sediment transport events
There is a wealth of background established science – including that developed before the turbidity
logger became mainstream, which emphasises the subjective nature of the turbidity measurement.
Mostly, the optical measurement is influenced by many variables (see review by Bunt et al, 1999).
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Measured turbidity depends upon many factors:
•

Particle size;

•

The nature of the PSD (esp. multimodal, i.e. mixtures);

•

Particle shape;

•

Particle surface roughness;

•

Flocculation;

•

Particle Refractive Index;

•

Particle composition;

•

Particle concentration;

•

Particle colour.

Even purely in terms of size, this means that there can easily be an order of magnitude uncertainty
in the results (Figure 86, Figure 87).

Figure 86. Optical backscatter (OBS) output versus TSS concentration for unimodal sized
samples of ground glass. Yellow and brown lines indicate the x10 difference in
the OBS response of 37 um (medium silt) particles compared to 106 um (very
fine sand) particles. Such a particle size difference can easily take place between
a flowing tide and slack tide, so that in the absence of better information, one
would not know whether the TSS value derived was an order of magnitude too
large at slack tide or too small at peak flow, or anywhere in between. (Modified
after Conner & de Visser, 1992).
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Figure 87. OBS output as a measure of the proportion of silt in a silt-sand mixture. (From
Green and Boon, 1993).

Statistical calibration from turbidity (NTU) to suspend sediment concentrations, using water
samples, is generally used to get around this, and whilst the plotted relationships can sometimes
look enticing they need to be used carefully at best, and can give completely the wrong result at
worst (Figure 88, Figure 89). The relationship between turbidity and TSS is variable in time and
space, and highly dependent upon the specific sedimentary processes. A strong statistical
calibration can simply mean that the suspended sediments tend to have a high proportion of fine
grains, of relatively stable characteristics. Where there is a weak statistical calibration, it can be
that the most important points, from a sedimentary and ecological perspective, are the outliers.
Practically, this might mean that one tries to calibrate for a number of separate types of
oceanographic and sedimentary conditions (resuspension, transport, rapid settling) but this is rarely
appreciated and, for understandable practical purposes, not done.
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Figure 88. Left - A ‘strong’ calibration from Australia’s NW shelf of turbidity (NTU) against
TSS concentration (mg/l); Right – detail of the lower part of the calibration.
Here, a measurement of 2 - 10 NTU could indicate a TSS concentration of
anything between 20 and 120 mg/l, which is a huge uncertainty in the ecologically
critical part of the range. The spread results from a variety of near-bed
processes able to produce the same turbidity, including resuspension of high
concentrations of very fine and fine sand, and settling of silty sands greatly lower
in concentration. So the strong calibration here is, in fact, merely a statistical
artefact.

Figure 89. A ‘weak’ calibration from Australia’s NW shelf of turbidity (NTU) against TSS
concentration (mg/l). This is a typical result of the calibration process. Here,
the left margin of the data represents transport of fine sand under tidal currents,
and the lower right portion of the data represent wave events transporting sand
at 10 x the concentration. Intermediate data represent the gradation between
these end members. PSD data were obtained using a LISST-100x.
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The significance of such ‘outliers’ can be illustrated well by time-series data (e.g. Figure 90). Here
two co-located turbidity loggers provide confidence in the instruments themselves, because they
record essentially the same numbers. However, they were ‘blind’ to the rapid settling event of fine
sand late in the time period, where concentrations reached 100 times that of the period before.
Here, had biological monitoring problems with benthic biota late in this monitored period, for
example burial by sand, the turbidity logger data would offer little clue as to why. Worse, if this
was related to sediment emplacement, biota might have been killed on day 10, to be found later by
diving activities, but the turbidity data would never be able to explain why or when it occurred.
The key is that the uncertainties in the statistical calibrations are often greatest at those times where
the sedimentary influence is most critical to understanding biological effects. The measurements
simply don’t provide enough information to identify the reason why biological effects might have
occurred. Depending on the specific purpose of a measurement exercise, and with some existing
sedimentary information, turbidity may sometimes be appropriately used as a qualitative tool, but
cannot be considered as a quantitative one.
The overall message is simply that turbidity is many things, but an accurate measure of TSS it
certainly isn’t, especially for ecological purposes, and probably not for volumetric ones either. If
work on issues of sediment transport is to remain credible, ‘standard’ field measurement and
monitoring work has to catch up with the proven technology and interpretations. This includes
assessing the significance of flocculation on sediment dynamics, to build upon the initial work of
Wolanski and colleagues (e.g. Wolanski, 1992; Ayuki & Wolanski, 1995; Wolanski & Gibbs,
1995; Wolanski et al., 1997, 2003b, 2008; Bainbridge et al., 2012), for which in situ measurement
of settling rates are critical.

Figure 90. Time-series data, showing around 40 days of data from a site on Australia’s NW
shelf. Purple and blue lines = turbidity data (NTU) from 2 co-located turbidity
loggers. Black line = TSS concentration (mg/l) measured using a LISST-100X.
Note that a) the turbidity loggers produce very similar data, and that the
pattern of change with TSS is reasonable for the period of ‘tides plus waves’, but
that b) there is a severe difference on days 9-11 (circled), where the turbidity
loggers are blind to the major TSS peak, which in this case was formed by a
different process – the rapid settling of high concentration of fine sand.
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Figure 91. Particle size distributions and volume concentrations associated with the time
series data in Figure 90: LEFT – the mean PSD curve (black, with instantaneous
max. (red), and min. (green) values for the period of ‘tides plus waves on days
26-29; RIGHT – the same for day 10, of ‘neap tides plus small waves’, where a
rapid settling event occurred.

11.3.2

Turbidity ≠ light availability.

The review of Erftmeijer et al (2012) describes well the range of practical studies of dredging and
their influences on corals. There is however, a factor that arises in their useful Table 2 and the
associated text. It is important to realise that turbidity itself kills or affects nothing, because corals
do not experience it. They do, however, experience contact with sediments, and reduced light.
Some papers mistakenly conflate turbidity with water clarity in the data analysis and the
conclusions. Whilst turbidity certainly affects PAR (Photosynthetically Active Radiation), they are
however very different optical properties and should not be assumed to relate in simple fashion.
The turbidity of water, as measured by most optical backscatter devices (OBS, commonly called
nephelometers or turbidity meters) depends largely on the bulk reflective properties of suspended
material. In contrast, the reduction in PAR, which is that generally inferred from increased
turbidity, reflects the proportion of light blocked by suspended material, plus some light scattered
towards the PAR sensor. Hence, for example, if:
•

the suspended particles are opaque and reflective, the turbidity may be very high and PAR
near the bed be very low,

•

but if the suspended particles are translucent and reflective, turbidity might be high and
PAR relatively high too.

Logically, other combinations also exist.
Recent papers on the subject (e.g. Roberts et al, 2014) develop our understanding of the potential
different lunar cycles in light reaching the seabed, especially in tidally-driven settings, and infer
that one phase of the springs–neaps tidal cycle may be more advantageous than others, in terms of
irradiance and photosynthesis at the seabed. In general practical terms, such results might mean
that it appears prudent to consider protecting this phase of the tides above others, perhaps by
ensuring that human activities are not permitted to cause a decline in water clarity at these key
periods. However, despite these useful advances, in such studies, the consideration of the
opaqueness (translucency) of the particles themselves remains absent (Roberts, pers. comm. 2014.).
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Whilst it may seem an overly technical distinction, the difference between turbidity and clarity has
the potential to be important, especially given that sediments in the GBR shelf are generally of
mixed type. In most places and occasions, the bulk of suspended material is mixed in nature. The
terrigenous sediment component is not uniform, and comprises different shapes and a variety of
optical properties. These have different characteristics to the associated biogenic particles, whether
formed of biogenic tests or vegetable organic matter. All these particles reflect or absorb light in
different ways. Finally, there is potential temporal variation in the availability of different grains
for suspension, e.g. related to seasonal variation, other periodic factors and a variety of episodic
factors.
11.3.3

Sediment traps ≠ sedimentation ≠ sediment accumulation.

There remains a series of issues regarding the measurement of ‘sedimentation’ in the marine
environment. Clearly, this is a key issue given that the deposition of particulates onto marine
benthic organisms is often an issue of concern. However, there is much apparently contradictory
evidence about the measurement and effects of sediment on coral reefs. The data gathered and
presented in the review of Rogers (1990) have remained widely quoted as ‘limiting levels’ (e.g.,
Stafford-Smith, 1993; Fabricius, 2005) in relatively uncritical fashion (Hopley, et al., 2007),
especially from a sedimentary perspective. In analysing the data from Paluma Shoals, Larcombe et
al. (2001) specifically addressed these issues and concluded that Rogers (1990) review had been
superseded by a wealth of contradictory new data. More importantly, they noted that an
appreciation of sedimentary context was vital – unsurprising in geoscientific terms – and hence that
‘limiting numbers’ are not necessarily transferable from one place to another. One potential
mechanism was local adaptation, perhaps evident in increased levels of heterotrophy on corals at
inner-shelf turbid-zone reefs (e.g. Anthony, 2000; Anthony & Larcombe, 2003).
Rather than comment at length, below we draw on and emphasise the review of Storlazzi et al
(2011) which is essential reading for those wishing to use sediment traps in their research, and
those who wish to evaluate previous work using sediment traps. Interestingly, the influence of
sediment trap design and energetics on sediment trap collection rates were first addressed about
three decades ago (e.g., Tooby et al. 1977; Gardner 1980a, b; Butman et al. 1986), yet sediment
traps are still commonly used in various energetic coral reef and continental shelf environments,
and as standard tools for monitoring ‘‘sedimentation’’ in coral reef environments. The limitations
in applying sediment trap data to estimates of net sedimentation rates on a reef surface are rarely
discussed in the literature. This should be a concern to the coral reef research community, for many
researchers and regulatory agencies use sediment traps as the standard methodology for monitoring
‘sedimentation’ in coral reef environments (Pernetta 1993; Rogers et al. 1994; Almada-Villela et al.
2003; Wilkinson et al. 2003; Hill and Wilkinson 2004; Jordan et al. 2010), including in
Australasian waters.
In much of the literature where sediment traps were used to measure the effects of
‘‘sedimentation’’ on corals, it is clear from deployment descriptions and interpretations of the
resulting data that information derived from sediment traps has frequently been misinterpreted or
misapplied. Storlazzi et al. (2011) offered a range of protocols to try and ‘standardise’
measurements, but, despite this, they conclude that:
“Even with such standardization and with a thorough understanding of the hydrodynamic
processes involved, variability in the wave field, currents, and sediment distribution over a
range of spatial scales, as well as poorly understood trapping dynamics in coral reef
environments, makes interpretation of sediment trap results complicated.
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Further, they state
“The data presented here, in conjunction with past studies, suggest that sediment trap
collection rates are much more apt to record information on suspended-sediment dynamics
than to provide any useful data on sedimentation”.
In brief, the technology has long been used inappropriately and it appears high time for more
modern sedimentologically defensible approaches to be used on the issue.
11.3.4

Measurement is required of the key processes.

As argued above, there are new and effective ways of measuring the appropriate sedimentary
processes, which also means measuring the oceanographic forcing28. It is critical to measure and
understand the appropriate processes if the measurements are to be defensible and applicable.
Inferred or assumed values are often wrong in practice, especially in sediments of mixed size and
composition, which are typical of the GBR shelf, both at the surface and below it (e.g. Belperio,
1983; Gagan et al., 1988, 1990; Carter et al., 1993; Larcombe & Carter, 1998; Woolfe et al., 2000;
Larcombe et al., 2001; Carter et al., 2002; Orpin et al., 2004a; Carter et al., 2009).
No measurement technique is beyond reproach, because instruments can be used poorly, data can
remain un-corroborated, data can be misinterpreted and applied inappropriately. However, there
are some significant advances in the measurement of sediment transport that offer great benefits for
all parties associated with the issue of sediments on the GBR shelf. Regarding sediment transport,
the key instruments are those which measured characteristics in-situ, such as the LISST-100X,
LISST-STx. These provide in-situ measurements of:
•

Particle Size Distribution PSD (in um), or ‘scatterer’ size distribution for complex particles
(see Davies et al., 2012);

•

Settling velocity distribution (mm/s);

•

Particle volume concentrations (µl/l).

Taken together, these are used to calculate:
•

Concentration of total suspended solids (TSS, measured in mg/l);

•

Particle density;

•

Particle transport rates - in combination with flow data;

•

Maximum particle flux to the seabed – again, in combination with flow data.

At time of writing, there are well over 150 international journal publications which use this
technology on various purposes in the marine environment. This is solidly established technology
with a wide range of advantages, and completely pertinent to the sedimentary issues in hand.

28

Such as the various types of currents, plus waves, tides & buoyancy.
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These data can be enhanced significantly with in-situ recordings of the suspended particles, using,
for example, holographic camera systems (e.g. the LISST Holo). Whilst the PSD and TSS data
have been noted above, the in-situ settling velocity measurements are of particular relevance to
assessing the potential effects of disposed dredged sediment. Field measurements at Broome
indicated significant temporal changes in settling velocity (Larcombe et al., 2015; Figure 92). For
some individual sand-sized fractions, settling velocity varied by 75% over the 1-month
measurement period, with implications for uncertainties when calculating particulate dispersal and
settling from plumes.

Figure 92. Upper = Variation in measured in-situ settling velocity of six particle size bins
between 6.5 µm and 180 µm over a 1-month period at Broome, WA. Lower =
tidal elevation for the period. Inset = mean settling velocity curve against
equivalent spherical particle diameter, for the whole measurements period
(black), also showing max. (red) and min. (green) recorded values. Yellow lines
indicate variation for particles of 150 µm diameter. (Data source - Larcombe et
al., 2015).
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12.0

IMPLICATIONS

This section comments on the broad implications of this report for the Port’s industry, implicitly
addressing the questions:
•

What next?

•

How to avoid these issues in the future?

•

What should we be doing instead?

12.1

The need for a long-term, strategic and informed approach

The situation that the Queensland ports, and other related industries find themselves in regarding
marine sedimentation is partly a result of a combination of science and management approaches
which have been less than focussed on the medium and long-term (many years to decades). This is
not restricted to Queensland. In Western Australia, for example, Styan & Hanley (2013) reviewed
the major dredge-related monitoring work conducted to inform the environmental impacts of the
Gorgon Project on the NW Shelf of Australia. This extract from their conclusion, although long,
bears careful reading:
“We believe that the best way to deal with what may seem like excessive requirements for
environmental approvals and monitoring is for port managers/developers to drive a shift
towards learning more from, and how to do, environmental monitoring of dredging, with a
goal of then using this as an evidence base to argue for change. Although managers will be
understandably focussed in the short term on doing whatever monitoring they need to meet
conditions issued by regulators (so as to maintain authority to continue dredging), we
believe that any data they collect almost certainly has more long term value for research
into how future management and monitoring should proceed. Thus, managers should look
to build this value wherever possible and use this to guide how monitoring programmes
are designed and run.
“The port industry as a whole should work with scientists, consultants and regulators to
ask better questions and make sure any work they commission is capable of more than just
simply meeting immediate compliance monitoring requirements. We could learn much
more from monitoring through a range of simple steps like making data freely available so
that they can be used for research into better ways of managing and monitoring dredging.
“We believe the port industry could also take the lead on a coordinated national approach,
particularly in initiating a collation of and making available data from past programmes,
as well having input into research using these data and the extension of subsequent
findings. Potentially, industry has much to gain from and also probably has the greatest
potential to improve the way dredging is managed and monitored in Australia; it also has
strong corporate social responsibility drivers to pursue this. Regardless of the strong
social and economic imperatives for port development, such arguments can only be made
with a proper understanding of what the actual environmental costs of dredging are, which
must be based on good science via well-designed and appropriately scaled monitoring
programmes. To do this and to realise the value from the large amount of monitoring work

Report No. J1682v1
Job No. J3031

Page 156

Sedimentary Geoscience of GBR Shelf – Context for Management of Dredged Sediment
"Commercial-in-Confidence"

already done in Australia we need to be more strategic and aim to learn much more from
our monitoring efforts.”
There is indeed a wealth of existing information which has derived from the suite of scientific and
collaborative programs studying aspects of the GBR system in the past decades, and a deal of
commercially funded studies, some of which are less easily accessible. While it should be clearly
acknowledged that data mining can have serious limitations, because past datasets are often not
appropriate for new specific purposes, the intent of the final message is clear and should be heeded.
Value for money comes from the long-term benefits of the work performed, in reducing the money
spent later on repeat exercises which themselves add little. Program design is therefore critical.
Such a generic approach, tailored to the specific purposes of the Ports, should fit well with the
needs of the QPA, and of the other parties involved in operating within the GBR shelf system. In
this regard, there are number of aspects which can greatly help improve the situation regarding
marine sedimentary issues for the Queensland Ports sector. One key aspect - perhaps the key one is noted below.

12.2

Updating regulatory expertise & knowledge

This report might be viewed in part as repeating some old news from past publications, which may
indeed be so, but it also is a genuine attempt to direct some attention towards some oft-missed
sedimentary geosciences with relevance to management and regulation. It is pertinent to ask why
there is a need to re-emphasise this material. Historically there been variations in the quantity of
sedimentological research on the GBR system, with major steps made in the 1990s, but it is clear
that sedimentological research on the GBR shelf, and perhaps particularly in terms of sedimentary
processes, took a major backward step in the early 2000s with the decline of the Marine
Geophysical Laboratory at James Cook University, Townsville, and the once large group of
associated researchers. That decline took place well over a decade ago, and whilst there has
recently been some re-emergence of sedimentary geosciences, with various papers by Lewis,
Smithers and others, the sediment dynamics remain poorly related to the geological record and
weakly linked with management and regulation.
As evidence for the lack of recent information, the bulk of the evidence on the major sedimentary
consequences of cyclones on the shelf of the GBR, noted elsewhere in this report, is from work
performed and published by Gagan and co-workers on the sedimentary deposits of Cyclone
Winifred, which occurred in February 1986, around 30 years ago. Some later updates and
syntheses have been published (e.g. Larcombe & Carter, 2004; Carter et al, 2009) but overall, such
research and, far more importantly, its critical significance for the way that the GBR shelf operates
as a sedimentary system, has not been acknowledged in the subsequent decades. This is a
disappointing state of affairs, with effects which cascade through the regulatory and management
regimes. The corporate knowledge of such work could probably be retained better and used
appropriately, and this would be boosted by the engagement of the relevant expertise within the
regulatory agencies. It is historical fact that for a number of decades there has been a relative
dearth of engineering, geological and sedimentary expertise within GBRMPA and AIMS and
associated advisory bodies. Given the prominence of these federal organisations in management
and science assessment and advice on the GBR shelf, one consequence has been that some of these
aspects have not necessarily been accorded their due importance in various research and
environmental management activities.
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In recent years, the increasing involvement of scientists working on issues of land erosion has
helped developed aspects of thinking regarding sediment production in the catchments. Regarding
some key outputs of computer simulations, especially in terms of the transport of sediment into the
GBR shelf system, some recent papers have received attention. As an example, Kroon and a suite
of co-authors, working on the CSIRO’s Water for a Healthy Country Flagship Program, have
published a series of papers addressing sediment supply along rivers into the GBR shelf system,
including some published in the Special Issue of Marine Pollution Bulletin (edited by Devlin &
Schaffelke, 2012). Such papers have included specific recommendations regarding catchment
management (e.g. Bartley et al., 2014) and have been promoted as the way forward in setting
targets for land-use changes and water quality change in the GBR lagoon (e.g. Risk, 2014), citing
their ecological relevance. From a physical science perspective, this would seem premature. For
example, Ridd et al (2012) noted scope for improvement in the treatment of the array of relevant
coastal and marine sedimentary science in these papers, and the work of Bainbridge et al. (2014)
indicates clearly that the simulations carried out are in need of extensive and careful ground
truthing.
Computer simulations of sediment transport in the marine environment have become commonplace
requirements of regulators, but are increasingly used by some who are understandably unfamiliar
with the detailed technical foibles of the sedimentary assumptions involved and the resulting
caveats on the simulation results, let alone the consequent uncertainties on the derived
interpretations of environmental impacts. Computer simulations certainly have a role and are
useful tools, but such simulations:
•

cannot replace appropriate sedimentological measurements, and, besides, they require such
field measurements as inputs;

•

they have not developed sufficient defensibility to avoid these issues arising to date.

There appears to be a risk that too much reliance is being given to their outputs, and far too little to
appropriate field measurements (see also Morton et al., 2014). Further, what is “ecologically
acceptable” (Bartley et al., 2014) is a highly complex issue, and needs to involve judgements
necessarily including geological and sedimentary science viewpoints (e.g. Larcombe et al., 2008;
Morris et al., 2011).
The large suite of turbidity data summarised by MacDonald et al. (2013) and other published
datasets indicate that the GBR Water Quality Guidelines regarding suspended sediments are too
generalised and are probably inappropriate for application in many cases. Further, existing
management plans can utilise threshold SSC values derived from mean-annual turbidity
concentrations, which risk having limited relevance to the seasonally variable critical ecological
processes. These sediment transport processes, and the consequences for water quality and
habitats, operate on a wide range of timescales. It is acknowledged that timescales of greater than a
few years have been difficult for regulation to appreciate and deal with in practical fashion.
Regarding regional sediment accumulation and turbidity, Hopley et al (2007) wrote that such key
physical phenomena
“are thus beyond the normal temporal scale of ecology, and failure to
acknowledge this and the processes involved may lead to the overestimation
of anthropogenic impacts”.
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However, timescale of decades and more are precisely the timescales that the Port sector and other
marine industries invest in and operate with, so the industry has most to gain by establishing a
sound understanding of the business risks faced by working in such dynamic marine sedimentary
environments. It is therefore probably essential for the Ports and other industries to grasp the nettle
and encourage regulators and other parties to consider more realistically the timescales of 10s to
100s of years, the associated sedimentary processes and consequences for the ecology.
To conclude, there is a sound rationale for far greater uptake of the physical science at all stages of
the science, regulation, and management process, including the development of such science skills
within the regulatory bodies concerned. This is a long-term issue which requires redressing for
everyone’s benefit. Success can begin to redress the historical imbalance and help over a number
of key management areas, including regarding knowledge and ethos, approach, the nature of
“science for management” funding, regulation and management.
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13.0

‘LONG-TERM’ CONTEXT IS VITAL TO ‘FUTURE-PROOF’
PROJECTS AND TO ASSESS ENVIRONMENTAL IMPACTS

There are a large number of active and planned projects along Australia’s coastline and on the
continental shelf whose timescales are several decades, including ports, harbours, dredged
approach channels, swing basins, jetties, offloading facilities, hydrocarbon pipelines, oil and gas
platforms, FLNG vessels and other structures. With investments on such timescales, it is prudent
to realistically assess the potential physical hazards a development might encounter (e.g. Larcombe
& Morris, 2011) so that the project can be designed to meet future anticipated hazards. One past
approach has been that facilities are designed to a ’working stress design’, which means that the
facility has a fair chance of experiencing the condition over its lifetime. For an event with a
statistical ‘return period’ of 100 years, a facility with a design life of 20 years has a 0.182
probability of experiencing that condition. If the development is for a 50 year period, then a 250
year condition needs to be catered for to retain the same risk of exposure. Such estimates are used,
for example, in the calculation of potential extreme oceanographic conditions to form engineering
design criteria (e.g. Forristall, 1992) 29.
There are similar general concepts when time-series data require assessment. A statistical rule of
thumb is that to determine the presence of a signal from a time series, the time-series must be 5
times as long as the signal. So, to assess whether there is a signal of around 10 years in length, data
representing at least 50 years requires assessment. In practical terms, it requires acknowledgement
that such statistical exercises can become complicated by the highly non-linear nature of the
dynamics of continental shelves over periods of decades, and whilst interesting, can produce
misleading ‘results’. Nonetheless, once the presence of a statistical signal is confirmed, there can
be work to determine its nature and significance.
Regarding both hazard assessment and data interpretation, clearly the longer the time spanned by
evidence, the lower the uncertainty in the interpreted conclusions. However, in many coastal and
marine environments, there are points at which systems can change their physical state – this might
be a switch in a river mouth, a breach of a lagoon barrier, or the disruption and removal of a
widespread lag layer capping more mobile sediment, so that statistical models alone are inadequate
in assessing future physical conditions. Such changes can also occur on much larger scales, driven
for example by changes in ocean circulation patterns and meteorological conditions, and by
tsunamis.
For the above, in terms of dredging and sedimentation, for developments with a planned lifespan of
30 or 40 years, time, the record of oceanographic and sedimentary processes and of bed elevation
changes (erosion, accumulation, etc) should be assessed over a period of at least 150-200 years.
The aims are to understand the range of potential effects of the environment upon the development,
and of the development upon the environment, so that design and operation can be planned in
informed fashion. Practically this means examining dated geological sequences, from, for example
careful studies of sediments, along with other features than can provide supporting information,
such as analysis of coral cores (McCulloch et al., 2003; Lewis et al. 2007). This type of assessment
is rarely done for the sedimentary impacts of developments, although there are some recent
29

More recent design practice specifies the annual probability of ‘catastrophic failure’, which uses much
longer return periods, of 10,000 years or so. Virtually all Australia’s coastal and marine systems have
changed radically many times over such timescales, emphasising their purely statistical nature.
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examples in the northern hemisphere regarding planning for new coastal nuclear power stations
where the issue has been recognised (e.g. Larcombe & Morris, 2011) and appropriate studies
performed. In places in the N. Hemisphere, these can also take advantage of bathymetric datasets
extending back many decades, but appropriate data do not exist for Queensland waters.
In Australia, the aspect of long-term assessment appears to have been underappreciated. There are
at least four reasons why the decadal-century scale perhaps remains a large gap in understanding:

30
31

•

Human life spans and geological timescales. Whilst, with some thought, we can
understand periods of a human lifetime or so, it can be difficult to conceive of time periods
of hundreds of years and perhaps especially to conceive of natural processes and
magnitudes different in nature and/or far greater in magnitude to those which experienced
during an individual’s lifetime. There are also a variety of short-term imperatives which
influence human decision-making (e.g. Figure 7) which act to inhibit taking, or being able
to take, a long-term view.

•

Depositional processes. Decadal signatures are rarely identifiable on continental shelves,
because of the complexity of shelf sedimentary processes (i.e. forcing) & low net rates of
accumulation (i.e. products). For the GBR shelf, this is exacerbated because the shelves
receive relatively little terrigeneous sediment and in-situ production of carbonates is also
limited, so that the rate of vertical accumulation is low, reducing the capacity to preserve a
coherent signal. Further, those coastal depocentres which do exist, such as the infilling
north-facing embayments of Bowling Green Bay and Cleveland Bay, are themselves
subject to repeated episodic reworking by cyclones, evidenced by the presence of cheniers
on their coastal plains (e.g. Belperio, 1983) and by the complex depositional history of
their sediments (e.g. Lewis et al., 2014).

•

Technological, especially dating of deposits. There are relatively few analytical techniques
available to date material deposits on the GBR shelf over timescales of decades to
centuries. Most techniques are applicable to date material thousands of years old and
older. There is some recent and promising use of OSL dating on Quartz grains on innershelf sediments (Lewis et al., 2014), but this is at an early stage. Having said that, there
have been few studies targeted to investigate this issue, with some exceptions based, for
example on identifying increases in elements associated with human activities in the
catchments (such as mercury in sediments, Walker & Brunskill, 1997) and the possibility
of good evidence remains in the right locations.

•

Humans. Whether operating in social, political, regulatory or industry spheres, humans in
general base few key decisions about the long term, and knowledge of the animals (some
need education about natural long-term variations). Politicians and others in regulation
tend to, whether actively or passively, consider issues in terms of periods of governmental
terms and other aspects, but rarely the long term. As examples, the Australian National
Assessment Guidelines for Dredging 200930, and the West Australian Environmental
Assessment Guidelines for Marine Dredging Proposals (EAG7) 31, are considered as state

http://www.environment.gov.au/marine/publications/national-assessment-guidelines-dredging-2009
http://www.epa.wa.gov.au/EPADocLib/EAG7-Dredging_071011.pdf
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of the art documents (Morton et al., 2014). However, they do not acknowledge the issues
of decadal to century timescales.
Recognition of these issues is a necessary first step to improving the situation. We might reflect on
whether the perceived status of benthic habitats, the perceived hazards to them, and the approach to
management of nearby human activities would be different if, for example:
•

It was known that the seabed in an area was subject to an ongoing 10-20 year cycle of
almost complete resetting of benthic habitats through bed mobility of very high
magnitudes;

•

It was known that a reef considered to be at risk of becoming algal-dominated was a
detrital reef with a long history of being reworked repeatedly by cyclone-associated flows.

Such knowledge is amenable to determination and should be an acknowledged focus for the future.

13.1

Forming better and testable questions

There is a need to ensure that all studies, but especially those expensive operations performed in
the field, are designed to test something with a degree of scientific rigour. Perhaps at times, work
is performed which ‘addresses’ or ‘informs’ people on an issue. Over time, this has led to a wealth
of data and information on dredging and its potential impacts, but much less on solid unequivocal
knowledge.
The questions should specifically include questions to produce a better understanding of the past
and present state of the sedimentary system which is being subjected to actual or potential
disturbance.

13.2

Sedimentary work should define sediment transport pathways

Despite that it is to everyone’s benefit to enhance environmental management & project design at
development, operational and decommissioning stages, there remains an over-riding risk in many
developments that effort is spent trying to resolve unwelcome impacts after the fact, rather than
recognising the causes and designing appropriately. In our view, it is critical to acknowledge that
there are fundamental and highly pertinent sedimentary knowledge gaps which need filling.
The sediment transport pathways described above are established geological entities across the
world’s continental shelves, but for much of Australia, their locations, rates of sediment throughput
and volumes are largely unknown. As well as being a startling scientific omission at present,
especially given the value of the GBR shelf to a wide range of parties, work to carefully document
these pathways would have beneficial consequences for engineering, environment and hence the
approach to management.
Grain size and composition are natural tracers, and as noted elsewhere, the pattern and distribution
of material on the GBR shelf provide many clear indications regarding the sources and long-term
transport pathways and sediment sinks. Many of the sedimentary papers referred to in this report
here (e.g. Woolfe et al., 2002, Figure 34 and many others), clearly indicate that characterising
sediments by mean grain size, or by % mud, % silt etc, are unnecessary simplifications, and restrict
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understanding of the processes which result in the distribution of sediments. Whilst simple
approaches can sometimes be fit-for-purpose, predictive models of shelf sediment transport are
increasingly being demanded in assessments of human impacts, whether regarding marine
engineering projects and/or regional studies of pollution dispersal and accumulation, so that more
complex models need designing and testing (Larcombe, 2006). The presence on the GBR shelf of
polymodal sediments – in terms of size and composition – aid the delineation of shelf sedimentary
facies, help infer characteristics of the sediment environments, but are also of great potential use in
positively identifying the dispersal of sediments disposed of at sea (e.g. Okada et al, 2009).
Regarding the GBR shelf, a recent and topical example is useful to illustrate some points. There
have been recent findings of coal-derived material whose spatial trends appear to occur with
distance away from the Hay Point coal terminal (Burns & Brinkman, 2011; Burns, 2014). Where
the associated PAHs in the trapped suspended sediments might have originated from, how they
entered the water and whether they might be damaging to organisms or ecosystems is outside the
expertise of this report’s authors. Nonetheless, it is the case that the spatial distribution of samples
(Figure 93) may tend to favour the identification of gradients across the shelf rather than in other
directions. There are few samples from the middle shelf and their relationship to sedimentary
environments is not given.

Figure 93. Location of sediment and re-suspended sediments caught in sediment traps in the
water column taken from Burns and Brinkman (2011). IS = inshore, MS = mid
shelf, SB = shelf break and other designations refer to inner and outer reefs.
Sampling transects were inshore to offshore of Mackay, Queensland in the
central GBR. Coal ports are located at Abbot Point north of the Whitsunday
Islands, Hay Point near Mackay and Gladstone Harbour to the south of this
figure. (From Burns, 2014).
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Further, that sediments – and in this case almost neutrally buoyant ones – derived from the air,
seabed and/or water column, might be transportable up to 200 km or more should be of no surprise
to the geoscience community, nor we hope to anyone absorbing the wealth of evidence for
sediment transport and water movement presented in this report and available in the literature.
That these organic molecules can be identified in such detail is testament to the scientists and
analytical techniques involved, but what the actual distribution pattern of such material is within
the seabed sediments is unknown, and the interpretation and significance remain unclear at present.
This spatial type of work, although necessarily using many more samples and taking into account
the sedimentary environments, is crucial to determining the actual – as opposed to simulated –
distribution of materials on the seabed, but it needs to be based upon a sedimentary foundation.
Without doing so, uncertainties abound which only serves to encourage speculation.
From the Ports’ perspective, it would seem sensible to commission work designed to definitively
determine where the material from their facilities is actually distributed, place this information into
its physical context, and thus form a solid base to the necessary ecological and management
considerations. This will require far larger sampling programs than have been performed
previously.
13.2.1

Sediment emplacement Sites – where, and why?

There have long been debates over whether disposal sites for sediment emplacement at sea are
better if they are dispersive or retentive of the disposed sediment (e.g. Morton et al., 2014 and
references therein). From a sedimentary perspective, and probably an ecological one too, there is
no ‘one size fits all’ answer, because there are so many site-specific factors. A more sophisticated
question, and a sedimentologically sensible one, is
‘What effect is the disposal activity likely to have on the local sediment
transport pathway’?
Whilst this can be a technically detailed question to answer, such a question forces thought on the
context about the quantitative dynamics of the system within which the activity take place, and
emphasises the primary physical nature of the human activity taking place, upon which biological
and ecological considerations rest (see also sections 2.3 and 8.3).
Clearly, this question is also pertinent to extraction activities, whether for aggregates to use for
building, or, as is more relevant here, for maintenance and capital dredging. Work should be
commissioned to definitively determine where the material from Port facilities is actually
distributed, place this information into its physical context, and thus form a solid base to the
necessary ecological and management considerations. At all stages of projects, greater emphasis
should be given by all parties on undertaking sedimentologically appropriate studies using
scientifically appropriate techniques and tools (e.g. Okada et al., 2009).

13.3

Can the Ports’ Sector take a lead?

The ports themselves also have lessons to learn regarding many of these issues. They are one of
the various industry sectors with an investment in the environmental integrity of the GBR system
and its habitats and ecology. At present, Long-Term Dredge Management Plans have relatively
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little requirement to understand and consider the potential effects upon those sediment transport
pathways influenced by their developmental and operational activities.
With the present interest in sediments, it might be sensible to reduce the uncertainties for all parties
by beginning to define the pathways relevant to their region so that they can be taken into account
in the Long-Term Dredge Management Plans. As well as providing long-term benefits to the ports,
the recent government strategic review of ports along the GBR shelf in Queensland would have
benefitted by having such information available.
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14.0

POTENTIAL RESPONSES TO DREDGING ISSUES RAISED
BY STAKEHOLDERS

Below are some potential criticisms of the Ports and/or other industries that exist at present and that
might emerge directly or indirectly in the future, with some initial comments on potential
geologically and sedimentologically relevant responses.
Table 10. Potential issues that might stimulate consideration of an industry response.
Key
statement
from critics

Expansion of potential
or likely meaning of
criticism

Comment and relevant
sections of the report

Sedimentary aspects to a
potential response

1

Disposed
sediment is
new to the
system and of
different
quality

The sediment is new and
of different character
(texture, composition) to
that already in the area,
and therefore may have
detrimental impacts.

This report does not
explicitly note the nature
of disposed material

The disposed sediment is not
polluted. Well-established
regulations and procedures are
designed to ensure that this
remains the case.
Wrt capital dredging, it is ‘old’
and natural sediment that may
have last been mobile in the
system a few thousand years
ago or more. This is not
necessarily a great deal
different to natural erosion, of,
for example, ‘mud lumps’ on
beaches north of Cairns (see
Carter et al., 2002).
Changes in sediment character
may be a minor influence.
Larger changes might be if the
dredging goes down into
Pleistocene clays, but this
material tends to be stiff
cohesive material which, if on
the seabed may be re-mobilised
relatively slowly.

2

Dredged
sediment
may take a
long time to
become
“natural”

The new sediment on the
seabed is ‘different’ and
‘unnatural ‘and could
cause a long-term chronic
problem.

Together, sections 6.2,
6.3, 6.4, 8.2, 8.3 & 8.4
help indicate that this is
not necessarily the right
question or perspective.
It might be incorrect to
assume that existing
sediments are ‘normal’
and/or ‘unchanging’.

In many instances the dredged
sediment is very similar to
surficial sediments.
It is accepted that the areas of a
disposal site will be adversely
affected by disposal. The fact
that different sediments are
being emplaced may not be
important. The sediments at a
location may themselves be
greatly variable through time.
It’s probably better to consider
the natural variation of bed
sediments.

It will be a long time
before the sediments are
undetectably different
from the pre-disposal
case.
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Key
statement
from critics
3

Disposed
dredged
sediment
introduces
extra
nutrients

4

Incremental
change is
bad

5

Aerial
photographs
of dredging
operations
make it
obvious that
dredging is
having a
harmful
effect.

Expansion of potential
or likely meaning of
criticism

Comment and relevant
sections of the report

Sedimentary aspects to a
potential response

Section 9

The potential effect of nutrients
associated with dredging is
hundreds of times less than that
associated with recycling of
nutrients across the seabed and
other natural factors.

Dredged sediment is
another additional stress
the GBR is being
subjected to, and one
which can be prevented,
so it is logical to do so.

As for item 2 above.
Is this a case of ‘need to
be seen to be managing
something’?
The problems of relating
specific ‘cause’ with
‘sedimentary effect’ are
many.
Further, there are great
difficulties in collecting
data which are able to
show significant change,
and also then link it with
significant biological
change.

The likely occurrence of longterm periodic and episodic
sedimentary changes means that
this needs to be carefully placed
into context.
Effects from cyclones mean
that many areas are repeatedly
cycling through natural phases
of ‘destruction’ and ‘recovery’,
which dwarf dredging impacts.
Clearly any stress on the reef
should be minimised and put in
the context of its economic
benefit. The stress of dredging
on the GBR is very small,
generally confined to the areas
close to the disposal sites and
the dredging operations. These
are far from the main sections
of the coral reef.
It might be unwise to focus too
much attention on reducing a
limited threat to the GBR
system if this results in
significant environmental
damage to other less resilient
ecosystems.

We can see the plumes
within the receiving
waters and therefore it
must have a detrimental
impact.

Together, sections 4.0,
5.4.2, 5.4.3, 6.2.1, 6.3 &
8.0 all indicate that it is
more relevant to consider
the natural variation of
sediment transport
processes.

Visibility isn’t evidence of
significantly different physical
processes, nor of the likelihood
of processes detrimental to
biological or ecology.
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Key
statement
from critics

Expansion of potential
or likely meaning of
criticism

Comment and relevant
sections of the report

Sedimentary aspects to a
potential response

6

The science
evidence
indicates that
dredging is a
problem.

Surely the bulk of the
evidence now points
towards this being a key
issue.

The whole report
contributes here.
Let’s not confuse a lack
of understanding with ‘it
can’t be true’ or ‘it isn’t
useful’.
At present the regulators
are not getting the right
advice and are not
prepared to pay to get it.
Is there any convincing
evidence to indicate that
dredging is doing
damage?
How much of the
existing ‘evidence’ is
considered as
sedimentologically
defensible?
How many square
kilometres of coral or
other habitats have been
damaged by dredging?

This industry-funded report
contributes here to help redress
an imbalance in the existing
evidence and perspective.
Use appropriate scientists for
the relevant sedimentary issues.
Sedimentologists may well be
thin on the ground but this isn’t
a reason for not including them
as part of the search for a
solution.
The GBR marine park houses a
system bigger than both
Victoria and the United
Kingdom. The proposition that
emplacement of natural
sediment onto the inner-shelf
seabed near ports along the
Queensland coast can have any
large-scale sedimentary effect
on the GBR is unsustainable.

7

We must use
independent
experts

Scientists used by QPA
are biased.

It is simply wrong to
bracket all consultants
and industry bodies as
putting environmental
concerns below others.
Universities and
regulatory agencies have
explicit or implicit
agendas as much as any
other bodies do.

The funding source of a
scientist can always be
questioned but in the end the
quality of the argument and
evidence is all that matters.
The right argument, backed up
with appropriate data, however
funded, is still the right
argument.
The process needs to be
transparent – then we can make
best use of the available
appropriate expertise.
Evidence indicates that
considerable relevant
sedimentary geoscientific
expertise resides in the private
sector.
This is presently unavailable in
the public sector at AIMS and
GBRPMA.
Work that has been undertaken
by funding from industry can be
tested by other scientists. The
funding source is largely
irrelevant.
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Key
statement
from critics

Expansion of potential
or likely meaning of
criticism

Comment and relevant
sections of the report

Sedimentary aspects to a
potential response

8

You must
prove that
you will do
no harm.

You cannot show
conclusively that you will
not damage the
ecosystem, so you must
stop activities.

Report section 8.3 is
perhaps most relevant
here, supported by the
evidence for natural
changes.
The argument is an
emotional one rather
than a practical one.
Such a ‘burden of proof’
is very complex, even
when only considering
physical issues
associated with
sediments, and is
probably impossible
given the wide range of
additional ecological
factors involved in
influencing the actual
and perceived ‘health’ of
ecosystems.

This really does come back to a
practical and political issue,
backed up by scientific
evidence.
It is impossible to ever
conclusively demonstrate that
there will be no damage from
any human activity. This
argument could be used to stop
anything.
Instead, practically, the
economic benefits of a
particular activity are weighed
up with the environmental
hazards as best as one can
estimate them. These are the
sort of judgements which
humans make every day.
Further, this report indicates
that the evidence considered so
far has not been broad enough
and deep enough.

9

Models
indicate that
dredged
sediments
are a
problem.

The model results are a
key indicator of likely
damage so we must act on
their results.

‘Industry standard’
hasn’t been good enough
to prevent the present
problems.
Most models have not
been tested adequately.
Sediment transport
models are different and
each has strengths and
weaknesses.
Models require detailed
field measurements if
their results are to better
simulate reality.

Models form one component of
the evidence, and inform
decisions rather than control
them.
There are scientific techniques
which industry and regulators
are beginning to engage with to
improve matters.

10

Restricting
dredging
activities is
simply part
of good
governance

--

Governance needs to
recognise the geological,
sedimentary and
oceanographic science,
and the ‘communal best
interest’ in both the short
and long term.
The most recent papers
on the GBR (e.g.
http://www.sciencedirect
.com/science/article/pii/S
0025326X13003822
don’t do so.

Governance processes can be
improved by use of the relevant
science, without which any
process will be less than ideal.
If restricting dredging and
disposal in the GBR means that
dredged sediment is emplaced
in more ecologically sensitive
areas, then surely that is bad
governance.
It is also bad governance to risk
damage to important export
industries based on poorly
conceived environmental
threats.
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15.0

RECOMMENDATIONS FOR INDUSTRY

A comprehensive treatment of all relevant factors was not possible in the available time, nor was it
the intention, of this report. Thus, it might be beneficial for the QPA to consider having a few
more relevant issues addressed in more detail.
Specific recommendations are, in no particular order:

1. Test the Key Research
There is now a clear need to subject that important research which claims damage to the
GBR to appropriate scrutiny, and funds must be made available for this task. The task
must be undertaken by those outside the community of scientists who, for want of a better
classification, would be authors of, or associated with, the GBR Consensus Statement. In
the same way that in a court case, the defence and prosecution barristers must be
independent of each other and try to disclose the truth to the jury in an adversarial system,
only those not associated with claims that the GBR is in danger should undertake the work
to review the science which suggests that the reef is indeed damaged.
2. Test Sediment Transport Pathways
Whilst sediment pathways on some continental shelves are relatively well documented,
applicable data and maps simply do not exist for the GBR shelf in an applicable form. This
is a major gap in knowledge, which, whilst it remains, will continue to prevent effective
sediment management and regulation, as well as prevent the development of credible
interpretations of the significance of changes in many habitats on the GBR shelf.
The incorporation of geoscientific information into the practical use by regulators is not
necessarily simple but cannot be ignored. The current wealth of uncertainty does no-one
any good, and until reduced, the risks to all parties remain heightened and the true hazards
to the environment remain unknown. Uncertainty increases the potential to take
inappropriate short-term reactive measures when something appears to go wrong.
An ‘integrated approach’ needs to include the long-term view that geosciences provides,
especially at the regional and local scale. Firm use of oceanographic and sedimentary
processes as a basis for management would benefit all interested parties in reducing the
current uncertainties. Indeed, it is nearly essential if causes are to be established regarding
sedimentary issues (Risk, 1992) and excessive claims of anthropogenic impacts are to be
avoided (Hopley et al., 2007).
This does require, at least over the next decade, a clear strategy to make appropriate
sedimentary measurements and analyse the appropriate parameters in order to arrive at firm
conclusions, which are:
•

testable by others; and

•

able, at later times, to be analysed for temporal change in relation to
sedimentary processes at the appropriate timescales.
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Effective measurements in the field of deposits, bedforms, processes and sediment
transport are required to genuinely inform all parties:
a. Establish Sediment Transport Pathways at Ports
From the Ports’ perspective, it would seem sensible to commission work designed
to definitively determine where the material from their facilities is actually
distributed, place this information into its physical context, and thus form a solid
base to the necessary ecological and management considerations. This will require
far larger sampling programs than have been performed previously.
b. Improve Long-Term Dredge Management Plans
Such plans should have a requirement to understand and consider the potential
effects upon those sediment transport pathways influenced by their developmental
and operational activities.
3. Hazard Assessment
Work is required to examine how the long-term variation and episodic nature of the
cyclonic processes might enter into formal assessments of potential hazard from dredging
and other activities and how these might be applied by regulators.
4. Benthic Status and Recovery
Pilot fieldwork should take place to test whether a view of the sedimentary bedform types,
particle size distributions and meiofauna can assist in the assessment of benthic status and
post-disturbance 'recovery'.
5. Forming Better and Testable Questions
All studies associated with the assessment of the impacts of dredged sediment in the
marine environment, especially those expensive operations performed in the field, should
be reviewed to ensure that they are designed to test something specific, with an appropriate
degree of scientific rigour and the realistic chance of an answer. Wherever possible, the
questions should specifically include questions to produce a better understanding of the
past and present state of the sedimentary system which is being subjected to actual or
potential disturbance.
6. Improving Field Measurements
Significant and pertinent improvements in sediment transport measurement technologies
have been made over the last decade but have not yet been incorporated into field programs
requested by the regulators or commissioned by the Ports. Field measurements of sediment
transport commissioned by the Ports should be improved to bring them up to
sedimentologically defensible levels. Measurements must be made of the key processes
using established technology, pertinent to the sedimentary issues in hand, supported by a
wealth of published science. Such measurements must include contemporaneous
monitoring of oceanographic forcing (e.g. currents, waves, tides, density structure etc).
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7. Improve the Range of Expertise available and utilised
Approaches to the assessment of dredging impacts that focus on ecology are fraught with
difficulty and uncertainty. Inclusion of sedimentary expertise is vital to underpin effective
and efficient management. N. Queensland is well recognised as having world-leading
marine biological and marine regulatory expertise which together contributes to underpin
Australia’s management of the GBR system. Over the past few decades, the uptake and
use of geology, sedimentology and sedimentary processes into management has been less
successful, despite their fundamental scientific and management importance. This may, in
part, be a function of the lack of internally available expertise.
The QPA should recommend that AIMS and GBRMPA add such expertise to their staff,
and draw more on the considerable sedimentary expertise which exists in the industrial
sector. Further, the QPA should consider requesting that the regulators clarify their
approach to inner-shelf benthic habitats, including the links with the known seabed
dynamics.
8. Public education on coastal turbidity
QPA should start to take and collect satellite and aerial images of the coastal zone showing
how the inner-shelf waters are generally turbid. It is important to educate all the public and
interested scientists such waters are not, and have never been, sparkling clear blue water.
9. Hindcasting habitat stability under cyclones
On the W coast of Australia, past cyclones are routinely modelled in order to predict past
wind fields, waves and currents associated with Tropical Cyclones. QPA should consider
strategic work to use such modelling on historic GBR cyclones, with the aim of predicting
the past mobility of the seabed at Port disposal sites and at relevant nearby seabed habitats.
The result would be a hindcast time-series of the past major sediment transport events for
these sites, and thus of relative habitat stability over the last few decades, including those
events which effectively ‘resets’ the habitats. This information would form powerful
background context to use in discussions about potential hazards to habitats.
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Further, QPA made a request that relevant scientific aspects which were not able to be dealt with in
detailed in this review should be noted. Here, there are a number of topics:
•

Evidence from past dredging activities and monitoring exercises;

•

The pros and cons of various models and modelling exercises;

•

Dredge plumes;

•

Complex coastal and inner-shelf environments – e.g. Gladstone, Curtis Island;

•

The practical determination of sediment transport pathways and transport rates;

•

How to approach long-term changes and episodic environmental behaviours once they are
recognised;

•

Concepts such as ‘resilience’ and ‘regime shifts;

•

Recasting the questions in terms of ‘risk and reward’.
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